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ABSTRACT t thickness
This paper introduces an approach for considering manufactur- W camber o
ing variability leading to a non—axisymmetric blading in CFD ~ YP stagnation pressure loss coefficient
simulation of a high—pressure compressor stage. Bout stage outlet angle

AR blade turning

A set of 150 rotor blades from a high—pressure compressor stage
was 3D scanned to obtain the manufacturing variability. The ob-
tained point clouds were parameterized using a parametric blade
model, which uses typical profile parameters for translating the

isentropic efficiency
ratio of statistical parameters

approximated ratio of statistical parameters

> 5

>

geometric variability into a numerical model. Probabilistic sim- M mean value ,
ulation methods allow for generation of a sampled set of blades ! total pressure ratio
o standard deviation

that statistically corresponds to the measured one. This tech-

nique was applied to generate 4000 sampled blades to investi- oppreviations

gate the influence of a non—axisymmetric blading. It was found CFD computational fluid dynamics
that the aerodynamic performance is considerably influenced by HPC high—pressure compressor

a variation of passage cross section. Nevertheless, this influence LE, TE leading edge, trailing edge
decreases with an increasing number of independently sampled MCS Monte—Carlo simulation
blades and thus independently shaped passage cross sections.PCA principal component analysis
Due to a more accurate consideration of the geometric variabil- pdf probability density function
ity, the presented methodology allows for a more realistic perfor- SoP Statistics on Passage

mance analysis of an HPC stage.

NOMENCLATURE
p pressure coefficient
, k index in spanwise, streamwise direction
mass flow
rel relative Mach number
number
static pressure, index of passage
total pressure
spanwise coordinate= r/(Icasing— rub)

— 0

"ooTZZ3

1 INTRODUCTION

The influence of manufacturing variability on the performance
of gas turbine blades has been subject to various investigatior
in recent years. @RzoN and DARMOFAL [fl] introduced a

methodology for considering real geometry in CFD simulation
through the principal component analysis (PCA) of coordinate-
measuring machine (CMM) based surface measurements of r
tor blades. This approach allowed for a reduction of the three-
dimensional deviations to few modes and corresponding ampli
tudes. This mathematical information was used to perform :
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probabilistic CFD simulation with 2D flow solver MISES to ob- 2 DETERMINISTIC MODEL

tain resultssuchas loss coefficient and blade turning includ- The developed process chain is applied to a 3D CFD model ¢
ing their statistical behavior. ANGE et al. [3] introduced a 5 stator—rotor—stator configuration taken from one of the mic
model especially designed for compressor blades, that allowed stages of a multi stage h|gh pressure Compressor. The mesh ge
the parametrization of real blades through design like parame- eration was done with Numeca’s AutoGriﬂ [4] allowing 300k
ters. The same authors applied this model to a set of 3D scannednodes per row and thus 900k nodes in total. By default a sin
compressor blades of a high—pressure compressor (HPC) stage t@jle passage model is obtained. The multi-passage models we
investigate the impact of the geometric variability on the perfor- created in Numeca’s preprocessor IGG by duplication of the ro
mance of the HPC stagf] [3]. This probabilistic 3D CFD sim- tor blocks and adjusting the periodic boundary conditions with
ulation determined the scatter range of global result variables respect to the number of meshed passages. Eventua”y four d
(e.g. efficiency) including their sensitivity to the geometric pa- ferent models were constructed: the conventional single passa
rameters. model and three multi-passage models with 2, 4 and 8 rotor pa:
Both previous investigations assumed an axisymmetric blading sages. At the inlet radial profiles of total pressure, total tem:
with identical blades in the circumferential direction and thus perature and the air angles were prescribed. At the exit a stat
identical blade passages for the entire rotor. In real life each pressure profile was set as boundary condition. The flow solu
blade and each passage will be different. This paper paper ad-tion was calculated with Numeca’s FINE/Turbo 8.5E|1 [5]. Con-
dresses this problem of non—axisymmetric blading. By consid- vergence was reached quickly within 300 iterations using a con
ering up to eight individual rotor blade geometries in one row it venient initial solution. The calculation time ranged from ap-
was possible to account for the variation of the passage geometry.proximately 15 min for the single passage model up to approx
See Fig.[ll for the 8 passages model. Consequently, the influ-imately 45 min for the 8 passages model on 4 cores of an Inte

core i7 CPU.
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Figure 2. Relatie Mach number at 75% span.

Figure1l: 1.5 HPCstagemodel with eight individual rotor pas-
sages.

ence of the changed flow conditions in one passage depending o ) ) ) ) o

on the flow conditions in the other passages can be investigated.The determ_lr_us_tlc solution will not be discussed in detail, since
Furthermore this approach allows a description of the integral the probabilistic approach focusses on the scatter of resuli
behavior of independently shaped passages and thus a quantific@useéd by the scatter of input parameters. One feature has an
cation of the amplification or reduction of the scatter range com- 10F influence on the result variables; the extension and the mag
pared to a conventional single passage calculation. In this con- Nitude of the supersonic region caused by the suction peak, st
text it becomes apparent that for non—axisymmetric blading the Fig. E Its impact on the scatter of the results will be discussed il
parameters of main influence are likely to be different to those S€CtorLp.

of axisymmetric blading. Altogether, the present investigation

provides a more generalized approach compared to the work of

LANGE et al. [3]. Due to considering more variability features it 3 MODELLING OF GEOMETRIC VARIABILITY

allows for the identification of non—axisymmetric flow phenom- The geometric variability of the rotor geometry is based on 15C
ena and finally leads to a more realistic performance analysis of HPC blades. They were 3D scanned using a 3D digitizer. Th
the HPC stage. registration of the scan was done using the contact surfaces in tl
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blade root. The parametric compressor blade modelsof ¢:e Legend: g baselilng geomettry
et al. [2] was used to parameterize the geometric variation of the WS SAMp et geamEty
surface of the blades, see TEb. 1 for the set of geometric parame-
ters.

Table 1: Geometric parameters.

’ symbol ‘ parameter
ax, tan axial and tangential position of
section outline at leading edge
A stagger angle
c chord length
tLe, tTe leading edge and trailing edge thickness . )
: — Figure 3: Geometry ofa sampled 2 passages model with rea-
pOs ¢, POs,: | assigned position on chord sonable change in passage cross section.
tmax, Wmax maximum thickness and camber of profile
Pos, .. oS, | assigned position on chord i) 3D scan and registration in blade root
: . ii) parameter identification on sections of constant span
BLe,BTE angle of camber line at leading edge . .
and trailing edge i) calculation of delta parameter vector (difference of scannec
- : - blade to cold reference geometry)
ts, St thickness and height of the fillet . . . . .
iv) statistical analysis of delta parameter matrix of entire popu-
lation
These parameters resemble the basic design parameters that the,) setup of probabilistic model
aerodynamics engineermore familiar with than a set of eigen- i) generation of surface meshes of the rotor blades by addin

vectors originating from a PCA. The choice of parameters there-
fore makes it easier to exploit the results. The parameters are
calculated for the set of scanned blades and for the reference geo- .
metry (e.g. CAD geometry) to quantify the differences between Vil
real geometry and manufacturing intention. These differences
then are added to the hot geometry to obtain a CFD model of
the real blade. This approach implies the assumption that the
geometric variability is comparatively small and thus does not 4 PROBABILISTIC MODEL

affect the cold—hot transformation. The correlation of the param- The probabilistic simulation was performed using ProSi (Proba
eters over blade height allows a reduction of the parameters by bilistic Simulation) — a tool that was developed at TU Dresden,
averaging over span. Consequently, the 3D deviations are de-Institute of Fluid Mechanicd]6].

scribed by an averaged delta parameter vectande et al. 3] The probabilistic model corresponds to that @fNGE et al. 3],
carried out a study concerning the required numbers of radial av- pyt the number of blade passages was increased to 8. With :
eraged zones to correctly rebuild scanned blades. They showedgeometric parameters per blade section and two averaging zon
that one spanwise averaged zone may be sufficient to cover overpyer the blade height plus two fillet parameters a total of 30 pa
93% of scatter range by means of integral aerodynamic results. rameters were considered per blade, se€ffab. 1. This resultsin 2
This strongly depends on the correlation of the parameters over g0, 120 and 240 Parameters for the 1, 2, 4 and 8 passage mode
blade height and thus principally on the manufacturing technol- respectively. This large number of parameters requires a larg
ogy. Based on the observations madgJn [3], the number of aver- number of simulations. In this case the Monte~Carlo methoc
aged zones was set to two for this investigation since the manu- was considered the best approach since the required number
facturing background is known to be similar. In contrast to one shots (evaluations of deterministic model) hardly increases witl
zone, two zones allow reproduction of the correct orientation of the number of parameters, as described by AR and Ma-

the blades and thus to model the variation of passage cross seCyapevaN [El]. However, a comparatively high number of 500
tion in the radial direction. For illustration purposes a sampled 2 shots was used for each of the four probabilistic simulations. Th
passages model is compared to the baseline geometry fj Fig. 3. total computational time was approximately 40 days. This time
To summarize, the whole process chain contains the following could be reduced significantly by distributing the deterministic
steps: runs on several machines.

the sampled delta parameter vector to the hot reference ge
metry

mesh morphing of the rotor blade passages to achieve th
final CFD model
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The most suitable probabilistic density function (pdf) of each sults from the flow solution. Integral values (e.g. efficieny) are
parameter &s based on the outcome of an Anderson—Darling especially advantageous for further postprocessing. In addition
goodness—offit test. The minimal AD—criteria prescribes the pdf statistics based flow analysis — Statistics on Passage (SoP) —
that best approximates to each determined distribution. The setintroduced in sectiop §.2. With SoP 3D results of the entire prob
of pdfs that were tested included Gaussian, Weibull, lognormal, abilistic simulation can be analyzed simultaneously. The metho
triangular and uniform distributions. Gaussian, lognormal and provides statistical values and sensitivities of flow solution quan
Weibull were found to be the best approximation function 10, tities to input parameters and leads to a better understanding
13 and 7 times, respectively. The dependencies of the identified the flow physics.

geometric parameters were quantified using a matrix of Spear-

man rank correlation coefficients, seeE\RMAN [f]]. This ma-

trix assures the reconstruction of realistic blades. It is prescribed 5-1  Integral results

when arranging the random numbers of all parameters by re- The histogram of isentropic efficiency gives a quick overview of
stricted pairing, as described byARDEKAR et al. @]. Thus a the integral behavior of the stage, see Eig. 5. In addition an Ant:
30x 30 matrix describing the correlations of the scanned blade Hill plot of isentropic efficiency vs. mass averaged total pressure
set is used for each rotor blade. The individual blades — in lossyp of the rotor row,

contrast — are modelled independently. The entire correlation
matrix contains 240240 variables resulting from 8 blades with

: 1 m; — Drinlet. i
30x%30 variables each. Yp = — j (Prowtetsi — Prinet,) , (1)
m 4 Ptinlet,j — Pinlet,j
5 RESULTS allows the correlation between these two result values to be e:

Within the probabilistic investigation 500 deterministic simula- timated for all performed simulations, see Fﬁb 6. Furthermore
tions for each of the four models were performed. Fidlire 4 il- unusual events may be identified since all calculated shots a
lustrates the benefit of a probability based analysis. It shows the shown.

static pressure on the washed surfaces of one selected realization

and its variations due to individual blade geometries. Although,

3D CFD allows this detailed look inside the flow field, it is not Frequency
possible to investigate all deterministic simulations of a proba- 124 tropic effici .
bilistic simulation. One option is to derive less dimensional re- ;Szzsr:gg;e clency:
84 1+ 2 passages
4 passages
56 4+ 8 passages
N
N
28 L
Vo
0 ; ;
min value max value

Figure 5: Histogram of isentropic efficiency for 1, 2, 4 and 8
passages calculation.

Both plots show that the scatter range of the results decreas
and the density around the mean value increases with increasit
number of passages. Accordingly, the scatter clouds in[Fig. |
concentrate for higher number of passages in the center nest
in clouds of the remaining simulations. This occurs due to the
statistical properties of the individual blades, that were modellec
independently. The probability for blade 2 being a "good” one
(in terms of loss coefficient) does not depend on the propertie
Figure4: 3D Pressure fieldf one realization. of blade 1 (which could be thicker and therefore cause highe
losses) and vice versa. Ultimately, there will be a mixture of
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The altered passage flow is quantified for realization 455, labele
in Fig. . This 2 passage configuration is characterized by th
lowest isentropic efficiency of all 2000 realizations. One expla-
nation for the low efficiency may be found in the high level of
circumferential variation and thus different velocities in the in-
dividual passages. The selected realization shows a significant
higher peak Mach number in passageM =~ 1.25) than in
passage 2Me ~ 0.98). The peak Mach number of the refer-
ence geometry it ~ 1.15. Figure[]? shows the variation of
relative Mach number with circumferential direction along a line
at 30% axial chord on the 75% span surface (line indicated ir
Fig. E). In addition, the pressure field is analyzed for the sam
span surface. It confirms the results of the relative Mach numbe
plot and indicates the uneven load share between the two pa
sages, see Fi@ 8. This results in a significantly reduced stat
pressure at the acceleration area in passage 1 (center) that le:
to higher Mach numbers. Consequently, in passage 2 (upper al
lower half passage) the static pressure shows lower gradients a
the Mach number distribution remains almost uniform.

Figure6: Ant—Hill plot of isentropic efficiency vs. total pressure
loss for 1, 2, 4 and 8 passages calculation.

"good” and "bad” blades and it is rather unlikely that an 8 pas-
sage model consists of "good” or "bad” blades only. This shows,
that the classical approach of an axisymmetric single passage cal-
culation is a very rough simplification of turbomachinery flow.

In contrast to this general tendency an increased scatter range is
obtained for some result quantities of the 2 passages calculation,
see Fig[]s anfl] 6. The reason for this increase is the change of
passage cross section due to changing blade positions. The sin-
gle passage calculation cannot account for this phenomenon and
thus shows less scatter. The multi-passage models, in contrast,
have an implicitly increased degree of freedom. They are able
to describe different flow conditions in each passage caused by
interactions in the circumferential direction. Consequently they
allow for a more accurate investigation of real geometry flow
simulation, see Fid] 4 for a qualitative overview.
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Figure8: Static pressuref rotor of realization 455 at 75% span.
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Figure 7: Comparison of relative Mach number vs. circumfer-

. 0.10
circumferential direction [rad]

ential coordinate at 75% span and 30% chord.

Another suitable non—dimensional variable is the pressure coe
ficient

B o S
Prinlet — Pinlet

(2)

Cpk
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It describes the static pressure at the surface of the blades and can

beusedto indicate a change in the Mach number distribution. By
evaluating all realizations, a vector with 500 valuexgfs ob-
tained for each nodk A statistical description of the variations

is done by mean value and standard deviation. FifJure 9 shows a

comparison between the pressure coefficients of the single pas-

sage and the 2 passages calculation. The mean value of the pres-

sure coefficient is plotted as a solid line, the standard deviation
is indicated by error bars. Obviously the 2 passages calculation
implies larger variations of the static pressure — especially in

the supersonic region on the suction side. Due to the changed

passage cross section, the variation of the position and the mag-

nitude of the maximum velocity is higher. This explains the con-
siderably changed relative Mach number profile of realization
455 shown in Fig[]7. While the standard deviation shows signif-
icant differences, the mean value distributions are more similar.
Only the suction side curve is slightly smoother in the case of the
2 passages solution.

—e— single passage
—o— 2 passages

pressure coefficient

T T
normalized chord

standard deviation of|static pressure
single passage

2 passages

Figure 10: Std. deviation of static pressure field at 75% span.

In accordance with Fid] 9, the higher standard deviation of the :
passages model — especially around 30% chord on the suctic
side — indicates the significant influence of the variable passag
cross section on the suction peak of the static pressure. Whil
standard deviation of the single passage model hardly touche
the value of 10 kPa, the 2 passages model exceeds it clearly.
contrast to this result, both models show nearly the same beha
ior close to the leading edge. Here, the standard deviation of th
static pressure is of the same order of magnitude in both case
Apparently the geometry variations at the leading edge induc
disturbances of locally limited influence.

For each node of the CFD mesh the correlation of any flow quan

Figure 9: Comparison of pressure coefficient between single

passage and 2 passages model at 75% span.

tity with any probabilistic parameter can be calculated. The con
tour plots in Fig. show the correlation of the static pressure
with maximum camber for the single passage model on the lef

5.2 Statistics on Passage

A statistical approach to quantify the variation of a 3D result
quantity on a CFD grid is provided by a novel postprocessing
methodology — Statistics on Passage (SoP). The development of
SoP was inspired by previously presented statistical postprocess
ing tools for finite element structures, e. g. Statistics on Structure
(SoS) by B\YER and Roos [@]. SoP facilitates the postpro-
cessing of a probabilistic CFD simulation and leads to increased
understanding of the dependencies of the flow. It describes the
variation of the 3D flow field quantity (e.g. the static pressure)
statistically by analyzing all nodes of all realizations.

In the present investigation SoP is applied to quantify the higher
variations of the static pressure in the supersonic region of the
2 passages model and to estimate the influenced domain. Fo
this purpose the standard deviation of the static pressure field of

model, see Fig.]0.

and for each of the two blades of the 2 passages model on tt
right.

single passage 2 passages #| 2 passages

correlation
P - Wmax2

correlation
P - Wmax1

correlation
P - Wmax

£«

the single passage model is compared to that of the 2 passage&igure 11: Correlation between statjressure field and maxi-

mum camber at 75% span.
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In both cases the parameter maximum camber has a major effecttion side of the corresponding blade (e.g. passage 1 for blade
on thepressurdield. In the single passage model an increased according to notation of Fid] 8). The other passage at the pre:
maximum camber leads to higher static pressure values upstreansure side, however, shows an inverse behavior with higher stat
and lower values downstream of a position at approximately 30% pressure and lower velocity.

chord. The variation of the static pressure propagates through the

periodic boundary and can thus also be detected on the pressure

side. In case of the 2 passages model the maximum camber pre-

5.3 Extrapolation to 360 ° Rotor (full annulus)

dominantly influences the variations at the suction side of the This section addresses the statistical evaluation of the result valt

particular blade. Since the second blade is assumed to be statisdistributions of each of the four models. The aim is to derive a
tically independent, the induced variations reduce significantly law for the statistical behavior of the full annulus rotor with all

expressed by correlation coefficients close to zero.

single passage

blades considered as individual and independently sampled. It
assumed that all result values are normally distributed and can |
described by mean value and standard deviation. To indicate tt
reliability of these estimates a confidence interval with 95% con:
fidence level is calculateﬂll]. It turned out to be advantageou
to use the single passage simulation as reference when investig
ing the dependencies of the statistical estimates on the number
passages. Consequently, the ratio of standard deviations

o
Aog=— 3
o= 5 3)

correlation and thedifference of the mean values (mean value shift) normal
p - tf ized by the standard deviation of the single passage model
A= Hp—Ha (4)

01
are analyzed.
| IS N | 1 | 1 i Loaaalaiasal Lovastunnl
1.2%% m---n |F
i AT o ---n |
1.0—é ~...::..~ A --- AB :
. , E AT < --- e |f
correlation correlation 0.84%--. Saltell Ok
p -t p -t o §1¢::.::._. ~~_~£~ ® ---m _
< == ""::::::._ “~::“.~ Bout E
Figure 12: Correlation betweestatic pressure field and fillet 06 Traalllinagp . Ttellnse 3
thickness at 5% span. ] ‘gg::::::_. I
. . . m calcul i Teellti P
Another parameter of major influence on the static pressure field o gzsﬁ)iﬁigg}m I
close to the hub is the thickness of the fillet. Both models indi- s |
cate a positive correlation of the static pressure around the stag- 2 3 N 4 5 6 7 8

nation point at the leading edge with the thickness of the fillet,

see Fig|j|2. This is expected since a thicker blade increases the

Figure 13: Approximation ofstandardieviation ratio.

deceleration area and leads to higher static pressures. The main
difference between the two models can be found further down-
stream. In the single passage model the correlation plot indicatesFor the standard deviation a linear characteristid obver the

a tendency to lower static pressures and higher velocities, which humber of passages was observed when using a log-log sﬂsten
may result from a smaller cross sectional area of the passage.

The opposite is observed for the 2 passages model, where the

acceleration region is limited to the passage adjacent to the suc-

1The authordound similar tendencies in other non—-axisymmetric investiga-
tions.
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For the case considered, the confidence intervalAd§/Ag
ranges betweei2% and 19% of the corresponding value, see
Fig. . This indicates a reliable solution, since the change of
Ag overNp, is significantly higher. Based on this phenomenon a
linear function

In(Ag) = Ao+ Az IN(Np) (5)

is fitted to approximate the points. This empirical law allows
estimation of the standard deviation of the 366tor

0-36@ =01 eQO+Al In(Np,BB(P)

(6)

with independently arranged blades for all passages. As
Fig. shows, the curves converge for higher number of
passages. The values for the extrapolated® 3®@del are
similar for the analyzed result variables within a range of
Ag(Np3sor) = [0.126...0.137). This means that the scatter of all

the interpretation, that the prediction of the mean value shift is
difficult — especially for the efficiency and the loss coefficient.
Nevertheless, the tendencies of the shift are as expected. A r
duction in efficiency correlates with a increased loss coefficient
At the same time, the remaining result values in Eig. 14 show thy
expected slight decrease.

1
—&— mean value B
—— scatter range with 1 sigma
—A— scatter range with 3 sigma

these quantities is expected to reduce to about 13% compared toFigure 15: Scatter range extrapolation for isentropic efficiency.

the scatter of the single passage model.

1.5- T - n -
—o—
1.0 —A— AR T-
0.5+ T n
,<10.0' o
-0.5 -
-+ Y
-1.04 il -
_1_5_ . Bout |
T T T T T T T T
1 2 3 4 N 5 6 7 8

Figure 14: Mean \alueshift.

Figure[1} shows the mean value shift plotted vs. the number of
passages. Unfortunately, no corresponding empirical law could
be derived. Only a tendency of stabilization for higher numbers
of passages is observed. The 2 passages model has the highe
probability for combining extreme blades, leading to a greater

variation in passage cross section. As a result, the mean value

shift A, and the corresponding confidence interval for the 2 pas-
sages model shows larger values than for the remaining models.
The efficiency and loss coefficient show a higher sensitivity to
a variation of passage cross section. Their curves are charac-
terized by large confidence intervals. These conclusions lead to

The calculation of the scatter range of the 368tor is prescribed

by an extrapolation of standard deviation (Bq. 3 @nd 6) and mea
value. As explained before, no empirical law could be derived for
the mean value shift. Due to this lack of knowledge, the mear
value shift of the full annulus rotor model is assumed to be equa
the result of the 8 passages calculation:

)\H(Np,BBO’) ’Rﬁ)\u(Np 8) (7)

Together with E¢[]4 the extrapolation rule is completely defined
With this set of equations the scatter range for an arbitrary num
ber of independently sampled blades can be approximated. Fi
ure shows this approximation for the isentropic efficiency a
the 1 sigma and 3 sigma level.

Table 2: Scatter range of isentropic efficiency for three passag
numbers with reference to single passage scatter range.

scatter range ‘ 1 passag% 2 passages 360°
*o(n p)/o(N1) 1 1.06 0.13
unp) —unw)/otny) | 0 0.71 0.37
An/o(n1) (1 sigma) -1...1 | -1.78...0.35| -0.49...-0.24
An/o(n1) (3 sigma) -3...3 | -3.90...2.48| -0.75...0.01

Based on the presented approach, a worst—case estimate may
added, seedb.[2. Obviously, the three models of major interest
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106% (for the 2 passages model) and reduction to 13% (extrap- [9] Dandekar, R. A., Cohen, M., and Kirkendall, N., 2001.
olated for the full annulus rotor model) of the scatter range of “Applicability of Latin hypercube sampling technique to
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calculation. As well as the change of standard deviation, a shift rostat in Proc. of ETKNTTSpp. 839-847.

of the mean value was also observed that decreases with increas 10] Bayer, V., and Roos, D., 2006. “Non-parametric struc-
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tions. They allow the engineer to set the limits for the application
of interest with probably minor dependencies between the indi-
vidual blades of the entire rotor.

Altogether, the presented investigation provides a more general-
ized approach than the standard single passage calculation. By
considering more variability features it allows identification of
the non-axisymmetric flow phenomena and finally leads to a
more realistic performance analysis of the HPC stage.
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