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Abstract

This paper gives an overview of the current (mid-term) status of the project “Analyse von Betriebsschaden”,
funded by the German Aeronautical Research Program, Phase IV (LuFo 1V), whose objective is the
assessment of the influence of damaged high pressure turbine nozzle guide vanes onto the low engine order
excitation of the downstream rotor blade. To quantify the forcing, the modal forces for the rotor eigenmodes
of interest are obtained by solving the instationary Navier-Stokes equations for a full assembly of stator and
rotor ring. Since the computing resources for such a calculation are too high to be routinely employed for the
assessment of in-service damage patterns, the approach chosen is to perform a sufficient number of forced
response calculations with different damage patterns in advance and use the results to build a surrogate
model that will be used to assess the severity of damage patterns by simple interpolation. The focus of this
paper thus lies on (i) parameterization of the damage, (ii) the process to automatically perform a large
number of forced response calculations and (iii) the chosen surrogate model.

1. INTRODUCTION

During the operation of jet engines it is possible that
damages occur on the trailing edges of the high pressure
turbine nozzle guide vanes (NGVs), see fig. 1: Due to the
extremely high temperatures in this region of the engine,
which on average exceed the melting temperature of the
employed vane material by more than 300 degrees during
takeoff, any unintended decrease of the vane cooling
mass flow can lead to a loss of trailing edge material. The
structure of the NGV can withstand a significant amount of
trailing edge material loss, thus posing no imminent threat
to the engine. But additionally the damage changes the
flow through the affected passage, causing a so-called
low engine order excitation of the rotor blades
downstream [1]. During normal operation of the engine a
small amount of low order excitation is present due to
allowable tolerances in the static components, but
extreme cases of throat width variation can lead —in
extreme cases— to high cycle fatigue failure of the rotor
blade, due to resonances in the operating range, as seen
in the Campbell diagram in fig. 2. Thus it is very important
to be able to quantify the damage-induced rotor forcing in
case a trailing edge damage is detected during routine
engine inspection. This quantification can be obtained by
solving the unsteady flow for a full NGV and rotor ring,
typically modeled using the Reynolds-averaged Navier-
Stokes equations together with a suitable turbulence
model. The rotor forcing is then obtained by projecting the
instationary rotor blade pressure onto the rotor
eigenmodes of concern. Due to the large mesh that is
required (approximately 30 million grid points) and the low
frequency contents that need to be resolved, such a flow
calculation requires currently around 2 weeks on 40
processors. This is clearly too time and CPU-resource
consuming for routine use. On the other hand a growing
fleet of engines that enter service necessitate the
capability of quick assessment of in-service damage
patterns. In order to facilitate the desired quick response
times in the order of at most several hours, the following
approach has been chosen: Using a suitable
parameterization of the shape of the individual trailing
edge damages and of the distribution of those damages

over the circumference of the NGV ring, a customized
design-of-experiment matrix is set up with a suitably high
number of damage shapes. For those specified designs
the forced response calculation is performed offline. The
resulting forcing values are used to build an interpolating
surrogate model which can be employed to assess future
in-service damage patterns without the need to resort to
lengthy CFD computations. In the following paragraphs
this solution approach will be described in more detail:
First the parameterization of the damage shape will be
described. The next section details the generation of a
customized design-of-experiments matrix. Then the
process employed to automatically perform the required
forced response calculations is described. In the last
section the first results of forced response calculations will
be discussed.

2. DAMAGE PARAMETERIZATION

If one employs a general approach for the
parameterization of the individual damage shape, for
example by using a spline with 5 control points, the
resulting dimension of the design-of-experiment (DOE)
would lie in the order of 400 degrees of freedom. For a
reasonably accurate response surface we should allow at
least 5 points per degree of freedom. This would lead to
2000 required forced response calculations, each of which
needs 2 weeks on 40 processors to complete. This is far
too resource consuming even on a very large high-
performance computing cluster. Thus the need to reduce
the dimensionality of the problem as much as possible is
clearly evident. In the following sections we describe the
approximations employed to obtain a manageable small
number of free variables for the resulting design-of-
experiment.

2.1. Parameterization of individual damage
shapes

Inspection of available pictures of trailing edge damages
of the engine in question suggests that the individual
damage can be approximated well by a trapezoidal shape,
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as shown in fig. 1: It is possible to describe the individual
damage shape reasonably with five parameters, the
damage width at trailing edge (wy) and damage front (wz)
as well as the damage depth (d) and the mid-point heights
(h1, h2), as shown in fig. 1. But even with five parameters
per damage shape the resulting number of degrees of
freedom would be 200, since there are 40 NGVs present
in the assembly under study. This dimension is too high,
thus —in order to reduce the dimensionality further— a
statistical analysis of all available trailing edge damage
shapes has been carried out: All available damage
shapes have been approximated by trapezoids, i.e. the
parameters wy, wy, hy, hz and d have been calculated for
each shape. The results of this analysis were (i) that the
damage is mostly centered at mid-span, i.e. hy =h, = 50%
height, as seen in the histograms depicted in figure 3, and
(ii) that there exists a correlation between damage area
and the other three parameters: When the obtained
values for wy, w2 and d are plotted over the damage area,
as shown in figures 4 to 6, a high degree of correlation is
evident for the parameters w; and d: They can be
approximated with the cubic functions shown in figure 4
and 5 with adjusted correlation coefficients of r,+=0.74
and ry=0.87 respectively, i.e. there exists a statistically
significant correlation. The third parameter w, on the other
hand shows a more random behavior. Nevertheless it was
decided to also approximate the parameter w, with a
cubic function as shown in figure 6, even if the correlation
coefficient of this approximation is only r,,=0.46. This
enables us to deduce the damage shape from a single
value, the prescribed damage area, thus reducing the
number of free parameters per NGV to only one. Several
examples of the damage shapes generated by the curve
approximations to wy, wa, d and hs =h, = 50% are shown
in figs. 7 and 8. The number of free parameters for the
design-of-experiment is now equal to the number of
NGVs, i.e. 40 in our case.

2.2. Generation of the design-of-experiment
matrix

The free parameters of our DOE setup are the damage
areas of the 40 individual NGVs, where the area value a is
defined as the amount of missing area expressed as
percentage of the total area, given by the product of true
chord and mean radial height of the NGV. The upper
bound of the damage area was chosen to be 15%, based
on the results of the statistical analysis above. In order to
limit the number of meshes that have to be generated for
the damaged NGVs, 7 discrete levels of damage were
selected with a = [0%, 2.5%, 5%, 7.5%, 10%, 12.5%,
15%] damage area. Some examples of the associated
damage shapes are shown in fig. 8.

To further reduce the dimensionality of the problem, the
circumferential variations from the flow disturbances
upstream of the NGV will be neglected, thus making the
assembly under consideration rotationally symmetric: Any
duplicate of a damaged NGV assembly that is created by
rotating the NGV ring by an integer multiple of the pitch
angle will yield the same forcing on the following rotor ring
as the original non-rotated assembly. This fact fortunately
reduces the required number of designs significantly,
since each design site introduces all its rotated copies into
the design matrix without the need to perform individual
forced response calculations of these rotated copies. This
will be exploited in the setup of the design-of-experiment
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matrix as follows: The design-of-experiment matrix will be
built up from three parts: The first design sites are
selected to be the single NGV damage cases of the
prescribed levels a; since those single damage cases are
believed to occur most frequently during operation. The
second set of design sites are selected to be those cases
that excite a pure engine order frequency in the engine
operating range, which will lead to a resonance of the first
flap mode, i.e. the worst case scenario. From the
Campbell diagram in fig. 2 it can be seen that in our case
the 7 engine order up to the 12" engine order need to be
considerd. Those pure engine order excitation cases are
created by placing [7, 8, ...,12] NGVs with damage level a7
as equally as possible on the circumference of the NGV
ring. The third set of 30 additional design points are
chosen in such a way to evenly fill the design space
(space-filling design). This can been achieved by using a
simulated annealing optimization algorithm as described
in [6]: Starting from an initial latin hypercube design, the
algorithm iteratively seeks to improve the space filling
criterion, in our case the maximization of the minimal
distance (maximin criterion) found between all possible
combinations of design sites. It selects those design sites
that exhibit the minimal distance and perturbs randomly
selected entries of the corresponding design vectors. In
our case the algorithm operates on the full set of 7+6+30
designs, and the minimum distances are evaluated also
for all rotated copies of all design sites in order to take the
cyclic symmetry into account. The algorithm is allowed to
change only the last 30 entries in order to preserve the
first two sets of the design matrix. The optimization is
repeatedly started from different randomly generated
initial latin hypercube designs and the best solution found
after 10 trials is selected as design matrix. If the rotational
symmetry is taken into account, the 43 designs of the
optimal design matrix represent a total of 1620 designs
including the rotated copies, i.e. approximately 40 designs
per degree of freedom. This number of points should be
sufficient for the generation of an interpolating surrogate
model.

3. FORCED RESPONSE ANALYSIS: SOLUTION
METHODOLOGY

The results presented in this paper are obtained using the
Rolls-Royce proprietary code AU3D, an unsteady flow and
aeroelasticity solver [2,3] which is based on unstructured
meshes [5], thus offering high flexibility for modeling
complex geometric shapes. The code solves the
Reynolds-averaged Navier-Stokes equations with Spalart-
Allmaras turbulence model and has been tested on a wide
range of turbomachinery flows [4]. The structural part of
the solver employs a modal model obtained from a 3D
finite element representation of the rotor blade, see fig. 9.
The structural mode shapes, for example the first bending
mode which is also shown in fig. 9, are then interpolated
onto the fluid mesh. During the instationary computations
the structural and fluid boundary conditions, i.e.
displacements and pressures, are exchanged at every
time step. Although the solver permits movement of the
fluid mesh to represent the instantaneous shape and
position of the structure undergoing deformation under the
influence of the fluid forces, the forced response
calculations described in this paper are performed without
mesh motion. This reduces computing time and allows the
computation of the forces acting on several modes and
nodal diameters at once. This feature is especially
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important since we do not know in advance which nodal
diameter and mode shape is excited most by the
randomly damaged assemblies. The limit cycle
displacements for each mode and nodal diameter are
obtained in a post-processing step from the computed
modal force time histories.

3.1. Grid generation

The assembly studied in this paper is representative of
modern high-pressure turbine (HPT) assemblies. The
NGV blade row has 40 vanes, and the following row
consists of 74 rotor blades. Both blade rows are cooled,
but the details of the cooling flow were omitted in this
study to reduce the computational effort. The numerical
grids used for NGV and rotor blade row are hybrid
meshes, consisting of hexahedral elements in the
boundary layer and prismatic elements in the rest of the
passage, see fig. 10. The grid sizes of a single NGV and
rotor blade passage are 260k points and 240k points,
respectively. The meshes are unstructured in the blade-
to-blade plane and the 3D grid is obtained by sweeping
the unstructured mesh along the blade span [5]. The
radial distribution of grid layers and the parameterization
of the unstructured mesh follows the recommendations of
a mesh refinement study [7], undertaken to find economic
meshes of high accuracy.

3.2. Forced response calculation

In the calculation process, schematically depicted in fig.
11, the first step consists in generating single passage
NGV meshes for all damage levels and solving the steady
flow of these single passage NGV-only setups. In the next
step the NGV rings for all design-of-experiment sites are
created by automatically assembling undamaged and
damaged NGVs into a full assembly according to the
given design vector. Additionally a single rotor passage
with periodic boundary conditions is placed downstream
of the NGV ring. This setup is solved until a steady flow
state is reached which yields the initial flow solution for
the following time-accurate flow forced response
calculation, where the full NGV ring is connected to the
full ring of rotor blades. Here the flow equations are
advanced in time using second-order accurate implicit
time integration with a constant time step that resolves the
passing of one NGV pitch with 150 time steps. After each
time step the current static pressure on the rotor blades is
projected onto all specified mode shapes and nodal
diameters to yield the modal forces. (The nodal diameter
denotes the number of vibration cycles around the
circumference of the rotor ring.) As can be seen from the
Campbell diagram in fig. 2, low engine order resonances
are expected to occur for the engine orders from 7 to 12.
Ideally, a separate forced response calculation should be
carried out to assess the resonance at the different
speeds with the correct flow boundary conditions, but in
order to reduce computational cost, the forced response
analysis will only be carried out at 90% speed. The levels
of forcing will then be rescaled to the appropriate
resonance speeds using the turbine inlet pressure as
described in [8]. After the forced response calculations
are finished, we thus have obtained the modal force
amplitude for each nodal diameter which will be used to
build a surrogate model, as described in the next section.
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3.3. Surrogate model generation

Surrogate models, also called meta models or response
surfaces, can be subdivided into approximating and
interpolating models. The approximating models are
chosen when the output to be modeled contains random
errors, for example when the results are obtained by
performing measurements in the laboratory. In our case
the results are obtained by performing computer
experiments, and the result depends deterministically on
the input parameters: If the same input parameters, i.e.
damage areas for the NGVs in the assembly, are used for
two forced response calculations, both will exhibit the
same resulting modal force amplitudes. Thus in the case
of computer experiments an interpolating model is the
better choice. For scattered data points in a high-
dimensional space, the interpolating surrogate models
most often employed are radial basis functions (RBF) [9],
kriging [10] and neural networks [11]. Since in our case
the number of interpolations points (1620) and the
dimension of the problem (40) are quite high, the
optimization steps in both the kriging and neural network
approach can be very time consuming. Thus we will start
with a radial basis function model and check the
approximation quality using the cross validation
technique. For the radial basis function model, the user
has to specify the kind of basis function to use and the
degree of the polynomial for the approximation of the
global trend. The correct choices are not obvious and
differ from application to application. Thus we will fit RBF
models for all possible combinations of basis function and
polynomial degree, evaluate the goodness of fit by
performing a cross validation for each model and then
select that model which displays the lowest error. The
cross validation is performed by randomly removing an
entry from the design matrix, rebuilding the RBF model
with the reduced set of design points, then comparing the
interpolated value obtained from the RBF model for the
removed data point with the actual, known value, thus
obtaining an error measure. This is repeated several, in
our case 10 times, and the final root-mean-square value
of the relative error is used to select the best model for
our application.

4. RESULTS

Due to the very high computational effort involved in this
study, not all forced response calculations of the specified
design-of-experiment matrix have been finished yet, thus
we will only report preliminary results in this paper. In the
following section the steady flow solution around a level-7
damaged vane will be examined in closer detail in order to
obtain a better understanding of the damage-induced flow
distortions. The next section describes the analysis of the
frequency content of the total pressure variation in
circumferential direction of the steady full NGV ring+single
rotor passage setup. This will be a good indicator of the
engine order excitations that can be expected in the
forced response calculations that follow and can serve as
a test of the surrogate model generation algorithms, as
described in the following paragraph. The last section
reports first results of the forced response calculations.
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4.1. Steady flow solution around a vane with
trailing edge damage

For the calculation of the steady flow, prescribed values
for total temperature, total pressure and flow angles
where used as inflow boundary conditions and static
pressure was prescribed as exit boundary condition
downstream of the rotor. The interface between the full
NGV assembly and the rotor passage is modeled as a
mixing plane. In fig. 12 the absolute Mach number is
shown for an NGV with level-7 damage inserted into an
otherwise undamaged assembly. We see two strong
vortices forming at the edges of the damage and an
increase in velocity on the leading edge suction side
region of the undamaged counterclockwise adjacent vane.
Those damage-induced vortices lead to a significant
change of the NGV wake, which can be seen in fig. 13,
where the total pressure is shown in the NGV exit plane.
The vortices additionally distort the wakes of the two
adjacent vanes, but the distortions are restricted to the
wake region plus and minus one pitch around the
damaged vane position.

4.2. Fourier decomposition of the total
pressure in the NGV exit plane

In order to obtain a first impression of the engine order
excitations that can be expected in the following forced
response analysis, the circumferential frequency content
of the total pressure in the NGV exit plane of the steady
flow solution has been analysed: For each radial grid layer
a Fourier decomposition based on multiples of the engine
rotation frequency has been carried out and area-
averaged over the radial height to yield the final EO
contents as displayed in fig. 14: Here the engine order
decomposition for all designs is shown in one plot. The x
axis corresponds to the individual design number and the
y axis denotes the multiple of the engine order. On the z
axis the amplitude of the individual Fourier components
are plotted. The first design is the undamaged reference
case, the following assemblies are the 43 cases specified
by the optimal design-of-experiment matrix. It can be seen
that the energy is redistributed from the main excitation
(40™ engine order due to the number of NGVs) to lower
engine orders for all damaged cases. The amount of
redistribution correlates with the amount of damage area
present |n the assembly with the worst case being the
purely 12" engine order excitation assembly. Thus we
expect the maX|maI forcing to occur for this design and
that the 12" nodal diameter assembly modeshape will be
excited . It is interesting to note that the relation between
40" engine order content and damage area is linear for
the single damage cases and also all pure EO cases, as
can be seen in fig. 14 and more clearly in fig. 15. Both
sets consist of damaged NGVs that are surrounded by
undamaged NGVs, i.e. the flow of the damaged assembly
can be seen as a superposition of wakes from damaged
and undamaged NGV wakes stitched together.

4.3. Surrogate model generation

Since the forced response calculations are not finished
yet, the Fourier decomposition of the total pressure in the
NGV exit plane as shown in fig. 14 can be used to
demonstrate the surrogate model generation process. We
have chosen the radial basis function model as
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interpolating surrogate model, since this model can be
generated efficiently for the large number of design points
and the high dimension of the problem and does not (in
contrast to for example the Kriging model) involve an
optimization step. In order to find the correct basis
function and polynomial degree for the application at
hand, we perform a 10-trial cross validation for RBF
models with all possible combinations of available basis
function {thin plate spline, multiquadric,
inversemultiquadric, linear, gaussian, cubic} and
polynomial degree {0,1,2} and compare the relative root
mean square (RMS) error, depicted in fig. 20. (Since all
RBF models with a polynomial degree 2 did exhibit a
significantly higher error, they have been omitted from
figure 20.) It can be seen that the influence of Kernel and
degree of polynomial on the RMS error is not very high, all
models exhibit a relative error of around 15%. This result
carrles over to different engine orders, as for example the
12" engine order, where the relative error is
approximately 11%. To improve the accuracy of the
surrogate model, additional points can be added to the
Design-of-Experiments matrix to improve the space-filling
property. Another approach would be to employ a Kriging
surrogate model, which can be thought of as an RBF
model that has been optimized to obtain a lower RMS
error. Both options shall be investigated in the future.

4.4. Low engine order excitation — first results

Due to the very high computing resources required for
theses calculations, only a limited number of designs
have been calculated so far. These preliminary results will
be presented in the following. To assess the modal forces
for the low engine order excitation, the forced response
analysis was carried out for 3500 time steps. Thus the
modal force time history contains 4 cycles of the lowest
(7 ) engine order of interest, from which only the two last
cycles will be used for the spectral analysis of the
frequency content In fig. 17 the modal force of the 4"

mode / 34" nodal diameter (ND) are compared for an
undamaged assembly (design 0) and a randomly
damaged assembly (design 43). Mode 4/ND 34
corresponds to the maln engine order excitation of the
assembly, i.e. the 40" englne order excitation that has
been aliased back to the 34" nodal diameter pattern by
the number of rotor blades, 34=mod(74,40). It can be
seen that the amplitude of this excitation is lower for the
damaged assembly, thus energy is redistributed to other
frequencies, for example the mode 1/ND 7 excitation,
which is shown in fig. 18. This excitation is not present in
the undamaged assembly at all, but shows a significant
modal force content for the damaged assembly. Which
nodal diameter is excited the most depends on the
frequency content of the flow and thus on the
circumferential distribution of the damaged vanes. For the
assembly depicted in fig. 16 (design 43) for example the
highest excitation is obtained for the 8" nodal diameter,
as can be seen in fig. 19, where all low nodal diameter
excitations of interest are compared.

5. CONCLUSIONS AND FUTURE STEPS

In this paper the low engine order excitation of a high
pressure turbine rotor blade due to damaged NGV trailing
edges has been analysed with the aim to generate a
surrogate model for the quick assessment of damage
severity. Due to the very high computing resources that
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are required for the analysis of low engine order
excitations, the dimensionality of the design space has to
be reduced as much as possible, which has been
accomplished by a suitable parameterization of the
damage shape, based on a statistical analysis. The
process to generate a customized optimal design-of-
experiment matrix that takes into account the rotational
symmetry of the problem has been described. Since the
analysis of low engine order excitations has not been
finished yet, preliminary results based on an analysis of
the engine order content of the total pressure in the NGV
exit plane have been used to demonstrate the generation
of the RBF surrogate model and to investigate the
approximation quality of the RBF model. It was shown that
the approximation of engine order content exhibits an
error of approximately 15%. Thus the future steps will be
to reduce this error by placing additional points at carefully
selected design sites and by employing optimization-
based surrogate models like Kriging. Additionally the
sensitivity of modal force to the shape parameterization
will be investigated to obtain an indicator of the error and
possibly corrections factors to account for the
approximation of the individual damage shape by the
simplified regression-based trapezoidal shape.
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8. FIGURES

Fig. 1: Nozzle guide vane with trailing edge damage and
shape parameterization.
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Fig. 4. Damage depth over area and employed regression
curve.

]
0 0.05 0.1 0.15
area

Fig. 5. Damage width at trailing edge over area and
employed regression curve.
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Fig. 6. Damage width at damage front over area and
employed regression curve.
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Fig. 7: Damage shapes of selected area levels based on
regression analysis.
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Fig. 8: 3D-view of selected damage levels

Fig. 9: First bending modeshape of the rotor blade
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Fig. 10: 2D cut through meshes of undamaged NGV (top)
and rotor blade (bottom)
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Fig. 11: Flow solutions involved in the calculation process
for each design-of-experiment point
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Fig. 12: Vortex formation at edges of a level-7 damaged
NGV

Fig. 13: Total pressure deviation in the wake of a level-7
damaged NGV
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Fig. 14: Circumferential Fourier decomposition of total
pressure in the NGV exit plane for all designs
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Fig. 15: Linear correlation between 40" engine order Fig. 18: Modal assembly force over time for mode 1 and

content and damage area for all cases where damaged  nodal diameter 7 for undamaged (design 0) and randomly
NGVs are surrounded by undamaged NGVs (numbers  damaged (design 43) case

denote the design ID)
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Fig. 19: Modal assembly forces for selected low nodal

diameters over time for a randomly damaged case
Fig. 16: Randomly damaged NGV assembly (design 43). (design 43)

Cross validation of REF approximations
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Fig. 17: Modal assembly force over time for mode 4 and
nodal diameter 34 for undamaged (design 0) and
randomly damaged (design 43) case
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