
 

American Society of 

Mechanical Engineers 

 

 

ASME Accepted Manuscript Repository 
 

Institutional Repository Cover Sheet 

 

 

 Marcel Matha  

 First Last  
 

 

ASME Paper Title: Advanced methods for assessing flow physics of the TU Darmstadt compressor stage:  
 

 

 Uncertainty quantification of RANS turbulence modeling 
 

 

Authors: Marcel Matha, Felix M. Möller, Christoph Bode, Christian Morsbach, Edmund Kügeler 
 

 

ASME Journal Title: Journal of Turbomachinery 
 

 

 

Volume/Issue    currently not known                                                                              Date of Publication (VOR* Online)   4 December 2024 

 

ASME Digital Collection URL: 

https://asmedigitalcollection.asme.org/turbomachinery/article/doi/10.1115/1.4067315/1210196/Adva

nced-methods-for-assessing-flow-physics-of-the  
 

 

 

DOI: https://doi.org/10.1115/1.4067315  
 

 

 

 

 

 

 

*VOR (version of record) 

 
 

https://asmedigitalcollection.asme.org/turbomachinery/article/doi/10.1115/1.4067315/1210196/Advanced-methods-for-assessing-flow-physics-of-the
https://asmedigitalcollection.asme.org/turbomachinery/article/doi/10.1115/1.4067315/1210196/Advanced-methods-for-assessing-flow-physics-of-the
https://doi.org/10.1115/1.4067315


Marcel Matha1
Institute of Propulsion Technology
German Aerospace Center (DLR)

Linder Höhe, 51174 Cologne, Germany
email: marcel.matha@dlr.de

Felix M. Möller
Institute of Test and Simulation for Gas

Turbines
German Aerospace Center (DLR)

Linder Höhe, 51174 Cologne, Germany
email: felix.möller@dlr.de

Christoph Bode
Institute of Jet Propulsion and Turbomachinery

University of Braunschweig
Hermann-Blenk-Straße 37, 38108

Braunschweig, Germany
email: chr.bode@tu-braunschweig.de

Christian Morsbach
Institute of Propulsion Technology
German Aerospace Center (DLR)

Linder Höhe, 51174 Cologne, Germany
email: christian.morsbach@dlr.de

Edmund Kügeler
Institute of Propulsion Technology
German Aerospace Center (DLR)

Linder Höhe, 51174 Cologne, Germany
email: edmund.kügeler@dlr.de

Advanced methods for assessing
flow physics of the TU Darmstadt
compressor stage:
Uncertainty quantification of
RANS turbulence modeling
In this paper, we quantify the turbulence modeling uncertainty for the transonic TUDa
compressor. The present work applies the Eigenspace Perturbation Framework (EPF), as
it is the only published physics-based framework capable of addressing the model-form
uncertainty in turbulence closure modeling. To sample from the possible solution space
and obtain the modeling uncertainty, we perform simulations perturbing the eigenvalues
of the Reynolds stress tensor in addition to simulations using an unperturbed turbulence
model. We show that the shape of the Reynolds stress tensor ellipsoid has significant
impact on the evolution of turbulence, flow separation, vortex systems, shock-boundary
layer interaction and finally the overall performance of the compressor. We compare the
estimated uncertainties with available measurements and transitional Delayed Detached-
Eddy Simulations (DDES). This allows us to assess the confidence of the chosen turbulence
model and to evaluate the sharpness and coverage of the resulting uncertainty bounds.
Thus, the EPF is comprehensively validated and suggestions for its future applicability
with respect to turbomachinery components are made.

Keywords: CFD, RANS, turbulence modeling, uncertainty quantification, compressor
stage

Nomenclature1

Roman letters2

𝑎𝑖 𝑗 = Reynolds stress anisotropy tensor [-]3

𝑘 = Turbulent kinetic energy [m2 s−2]4
𝐿T = Turbulent length scale [m]5
𝑚̇ = Mass flow rate [kg s−1]6

Ma = Mach number [-]7
Mais = Isentropic Mach number [-]8

𝑛 = Rotational speed [rpm]9
𝑝 = Pressure [Pa]10

𝑃𝑘 = Turbulence production term [m2 s−3]11
𝑆𝑖 𝑗 = Strain rate tensor [s−1]12
𝑇 = Temperature [K]13
𝑢𝑖 = Velocity vector [m s−1]14
𝑣𝑖 = ith eigenvector of anisotropy tensor [-]15
𝑣𝑖 𝑗 = Eigenvalue matrix of anisotropy tensor [-]16

x = Barycentric coordinate vector [-]17
𝑥𝑖 = Cartesian coordinate [m]18

Greek letters19

𝛾 = Heat capacity ratio [-]20
𝛿𝑖 𝑗 = Kronecker delta [-]21
Δ𝐵 = Relative perturbation magnitude [-]22
𝜖𝑖 𝑗𝑘 = Levi-Civita symbol [-]23
𝜁t = Total temperature ratio [-]24
𝜂is = Isentropic efficiency [-]25
𝜆𝑖 = ith eigenvalue of anisotropy tensor[-]26

Λ𝑖 𝑗 = Eigenvalue matrix of anisotropy tensor[-]27

𝜈T = Turbulent eddy viscosity [m2 s−1]28

1Corresponding Author.
November 27, 2024

Πt = Total pressure ratio [-] 29
𝜏𝑖 𝑗 = Reynolds stress tensor [m2 s−2] 30

𝜔 = Specific turbulent dissipation rate [s−1] 31
𝜔sw = Streamwise vorticity [s−1] 32

Superscripts and subscripts 33

* = Perturbed quantity 34
1C = One-component turbulence 35
2C = Two-component turbulence 36
3C = Three-component turbulence 37
15 = Quantity at ME15 38
21 = Quantity at ME21 39
30 = Quantity at ME30 40

corr = Corrected quantity 41
exp = Experimentally determined value 42

i (j,k,q) = Vector quantity 43
ij (in, nl, jl) = Matrix quantity 44

ISA = Quantity at International Standard Atmosphere 45
real = Real quantity 46
stall = Quantity at compressor stall 47
(t) = Target 48

t = Total (stagnation) quantity 49

1 Introduction 50

The design of turbomachinery components is heavily depen- 51
dent on the prediction capabilities of Reynolds-averaged Navier- 52
Stokes (RANS) simulations. However, the RANS equations re- 53
quire the modeling of the second-moment Reynolds stress tensor 𝝉. 54
While Reynolds stress tensor modeling, known as turbulence mod- 55
eling, provides practicality and enables efficient simulations, it also 56
comes with inherent limitations that hinder the attainment of high 57
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levels of accuracy. Over the last decade, researchers have high-58
lighted the limitations of the commonly applied Linear Eddy Vis-59
cosity Model (LEVM) assumption for flow situations not covered60
by the calibration cases [1–4]. Due to the lack of knowledge, these61
LEVMs are characterized by modeling assumptions derived from62
data observation, engineering intuition and computational pragma-63
tism, leading to a significant degree of model-form (epistemic) un-64
certainty. This is in contrast to potential errors in Computational65
Fluid Dynamics (CFD) that are not due to the general lack of66
knowledge, such as discretization or round-off errors, which could67
in principle be reduced by exploiting extra resources [5]. Theo-68
retically, epistemic uncertainties could also be mitigated through a69
better understanding of turbulent processes, facilitating the devel-70
opment of advanced models. This contrasts with aleatory uncer-71
tainties, such as manufacturing tolerances or uncertain operating72
conditions, which cannot be reduced and are not within the scope73
of the present study. In the past, efforts in engineering design74
applications aimed to address uncertainties in CFD simulations75
through the use of safety margins, levels of redundancy and sim-76
ilar heuristic approaches. As computational resources continue to77
increase, the turbomachinery industry is undergoing substantial ad-78
vancements in digitization. Methodologies such as robust design79
or reliability-based design offer the potential to supersede the tra-80
ditional approaches for addressing uncertainties in CFD. In recent81
years, there has been a growing interest in Uncertainty Quantifi-82
cation (UQ), paving the way for more reliable simulation-based83
designs [6].84

The usage of turbulence closure models represents a major85
source of the overall uncertainty observed in RANS simulations,86
assuming a known set of boundary conditions and precise geome-87
try information. In addition, the quantification of model-form un-88
certainty is described to be the ’greatest challenge’ in CFD [7].89
Following Duraisamy’s categorization, the uncertainty is intro-90
duced at several modeling levels [8]. These include uncertain-91
ties arising from information loss during the averaging of the92
Navier-Stokes equations, uncertainties associated with representing93
Reynolds stress as a function of mean flow quantities, uncertain-94
ties stemming from the selection of a particular function (mainly95
transport equations) and uncertainties associated with choosing and96
calibrating certain parameters. Two broad categories are recog-97
nized: parametric and non-parametric approaches. Parametric un-98
certainties originate from the selection and calibration of closure99
coefficients, whereas non-parametric methodologies explore uncer-100
tainties related to the mathematical relationships for representing101
the Reynolds stress tensor [9]. As the modeled Reynolds stress102
tensor is the only term that links the turbulence model equations103
to the RANS equation, it plays a unique role. Hence, our current104
research focuses on the appropriate estimation of turbulence model-105
ing uncertainty related to the functional representation of Reynolds106
stresses (non-parametric approach). In this paper, we introduce se-107
lective perturbed states of the Reynolds stress tensor based on the108
concept of realizability. This physics-based approach developed109
by Emory et al. [10] is able to address the epistemic uncertainty110
inherent in turbulence closure modeling. As the modifications of111
the Reynolds stress tensor rely on perturbing its eigenspace (de-112
scribed in Section 2), the entire framework is called the Eigenspace113
Perturbation Framework (EPF).114

Due to its unique characteristics and persuasive interpretabil-115
ity of its simulation outcomes, the EPF has been used in vari-116
ous engineering applications, such as aircraft design [11], civil117
structural design [12], wind farms [13,14] and turbomachinery118
flows [15]. For this reason, the EPF has also been integrated into119
TRACE [16,17], which is developed by the German Aerospace120
Center (DLR) in strong cooperation with MTU Aero Engines AG.121
We have already verified the conceptual idea behind the methodol-122
ogy and its computational implementation and applied the EPF123
to generic test cases in recent publications [18,19]. Although124
the aforementioned applications of the EPF have provided some125
validation of the framework, this paper applies and consequently126
validates the methodology to the most complex configuration re-127

lated to turbomachinery applications to date. The capabilities of 128
the EPF are demonstrated on the Technische Universität Darmstadt 129
(TUDa) compressor [20]. The TUDa-GLR-OpenStage compressor 130
is a single-stage, transonic axial compressor, which is introduced 131
in Section 3. 132

Hence, the novelty of this paper lies in the application of the 133
Reynolds stress tensor perturbation to a complex rotational multi- 134
row test case on the one hand. With respect to physical flow 135
phenomena, this means shock-boundary layer interaction in the ro- 136
tor section, formation of a rotor tip vortex and general rotor-stator 137
interaction. On the other hand, the current research offers the 138
physically constrained estimation of the turbulence modeling un- 139
certainty for RANS simulations of this test case. Hereby this paper 140
contributes to the ongoing assessment of the overall uncertainties 141
of simulating the TUDa compressor [21–23]. 142

2 Eigenspace perturbation method 143

State-of-the-art LEVMs close the RANS equations by introduc- 144
ing a scalar turbulent eddy viscosity 𝜈T to express the Reynolds 145
stress tensor 146

𝜏𝑖 𝑗 = −2𝜈T

�
𝑆𝑖 𝑗 −

1
3
𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖 𝑗

�
+ 2

3
𝑘𝛿𝑖 𝑗 , (1) 147

where 𝑘 = 1
2 𝜏𝑖𝑖 represents the turbulent kinetic energy and the 148

strain-rate tensor is denoted as 𝑆𝑖 𝑗 . This modeling assumption, 149
known as the Boussinesq assumption, assumes turbulence to be- 150
have as an isotropic medium. Hence, LEVMs are not able to 151
account correctly for the anisotropy of Reynolds stresses by defini- 152
tion, leading to a significant degree of epistemic uncertainty. Fol- 153
lowing the modeling assumption in Eq. (1), the eigenspace of the 154
Reynolds stress tensor only depends on the eigenspace of the strain- 155
rate tensor (identical eigenvectors and linear dependency between 156
eigenvalues). The EPF, described in the following, assesses this 157
uncertainty within physical constraints. The underlying method- 158
ology is based on the spectral decomposition of the anisotropic 159
part, represented by the anisotropy tensor a, of the Reynolds stress 160
tensor 161

𝜏𝑖 𝑗 = 𝑘

�
𝑎𝑖 𝑗 +

2
3
𝛿𝑖 𝑗

�
= 𝑘

�
𝑣𝑖𝑛Λ𝑛𝑙𝑣𝑗𝑙 +

2
3
𝛿𝑖 𝑗

�
. (2) 162

The eigenvectors 𝒗k of 𝑎𝑖 𝑗 are contained column-wise in 𝑣𝑖𝑛, while 163
the traceless diagonal matrix Λ𝑛𝑙 contains the corresponding eigen- 164
values 𝜆𝑘 . 165

Generally speaking, perturbing the Reynolds stress tensor means 166
changing the amount of turbulent kinetic energy (𝑘), the spectral 167
energy distribution of the anisotropy tensor (𝜆𝑘 ) and the orientation 168
of the principal components of the anisotropy tensor (𝑣𝑖𝑛) [24,25]. 169
The eigenspace perturbation, considered in this study, modifies 170
solely the shape of the Reynolds stress tensor ellipsoid by creating 171
perturbed states of the eigenvalues 𝜆∗

𝑘
, while the other two at- 172

tributes of the Reynolds stress tensor are kept constant. Changing 173
the shape of the Reynolds stress tensor ellipsoid means modifying 174
the turbulence model to an orthotropic eddy viscosity model, where 175
turbulence behaves differently along each eigendirection [26]. This 176
is equivalent to assigning different turbulent eddy viscosities along 177
every eigendirection. Consequently, the uniform linear dependency 178
between the eigenvalues of the strain-rate tensor and the Reynolds 179
stress tensor is overridden. Accordingly, the perturbed Reynolds 180
stress tensor is defined as 181

𝜏∗𝑖 𝑗 = 𝑘

�
𝑣𝑖𝑛Λ

∗
𝑛𝑙
𝑣𝑗𝑙 +

2
3
𝛿𝑖 𝑗

�
. (3) 182

The realizability constraints manifest limits for the eigenvalues 183
of the Reynolds stress tensor and the anisotropy tensor, respec- 184
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Fig. 1 Systematic representation of the Reynolds stress ten-
sor's eigenvalue perturbation within the barycentric triangle.
Its e�ect on the shape of the Reynolds stress tensor is shown
by the gray ellipsoid visualizations, when approaching the ver-
tices of the triangle.

tively [27]. The mapping of eigenvalues onto barycentric coordi-185
nates, based on Banerjee et al. [28],186

x =
1
2

x1C ¹_1 � _2º ¸ x2C ¹_2 � _3º ¸ x3C

�
3
2

_3 ¸ 1
�

(4)187

is used to explore the realizable eigenvalue space within a 2D pro-188
jection, wherex1C–x2C–x3C are the coordinates of the vertices189
of an equilateral triangle, as illustrated in Fig. 1. The states of190
the Reynolds stress tensor that are de�ned by these vertices rep-191
resent the limiting states of turbulence componentiality based on192
the number of non-zero eigenvalues of the Reynolds stress tensor:193
the three-component, isotropic limit (3C), the two-component ax-194
isymmetric limit (2C) and the one-component limit (1C). As the195
representation of eigenvalues in barycentric coordinates enables196
linear interpolation between two states, Emory et al. [24] propose197
to obtain the perturbed location as a relative shift towards the ver-198
ticesx ¹tº 2 f x1C–x2C–x3Cg according to199

x� = x ¸ � �

�
x ¹tº � x

�
with � � 2 »0–1¼. (5)200

This is shown by way of example in Fig. 1 for the perturbation201
towards the 2C state. As Eq. (4) can be expressed asx = Q, , the202
resulting perturbed eigenvalues are determined via203

, � = ¹1 � � � º , ¸ � � , ¹tº , while (6)204

, ¹tº 2 f , 1C–, 2C–, 3Cg =
� �

4
3–� 2

3–� 2
3

� )
–
�

1
3–1

3–� 2
3

� )
–¹0–0–0º)

�
205

depends on the chosen componentiality of the target state [26].206
While the choice of� � = 0 results in unaltered eigenvalues,207
� � = 1 changes the eigenvalues to the ones of the target state, ¹tº .208
Whereas previous studies tried to account for spatially varying209
perturbations [10,17,29,30], we assume a uniform distribution210
of the relative perturbation magnitude� � in the computational211
domain. Although LEVMs produce su�ciently accurate predic-212
tions in the majority of the computational domain, except for213
separation, reattachment, secondary �ows and wakes, we are214
exploring the worst case scenario by applying uniform, non-local215
perturbations. This procedure results in the most conservative216
uncertainty estimates.217

Inlet

Outlet

ME15

ME20
ME30ME21

Fig. 2 3D illustration of the considered TUDa compressor con-
�guration. The simulated single passage is colored in pink,
while reference locations are highlighted as well.

The eigenspace perturbation takes place in every grid point218
within each pseudo-time step of the steady simulations. The cou-219
pling with the RANS equations is done by updating the viscous220
�uxes via the perturbed Reynolds stress tensor. To incorporate the221
e�ect on the turbulence model's turbulent kinetic energy transport222
equation, the production of turbulent kinetic energy is computed223
according to 224

%: = � g�
8 9

m*8

mG9
, (7) 225

incorporating the perturbed Reynolds stresses explicitly. Finally,226
the uncertainty on certain Quantities of Interest (QoI) attributed to227
the uncertainty of the turbulence model can be determined by prop-228
agating the perturbed Reynolds stress tensors in additional RANS229
simulations and sample from the attainable possible solution space.230

3 TUDa-GLR-OpenStage compressor 231

3.1 Test case description.The single stage transonic axial232
compressor is an open test case of the Global Power and Propulsion233
Society (GPPS) providing detailed information on the geometry234
and a comprehensive set of measurement data by the Technical235
University of Darmstadt [20]. The original stage consists of 16236
rotor blades, 29 stator blades and 5 outlet guide vanes. At the237
International Standard Atmosphere (ISA) corrected design speed238

of =corr = =real

q
) ISA
) t–15

= 20 000rpm and a corrected mass �ow rate239

of à< corr = à< real
?ISA
?t–15

q
) t–15
) ISA

= 16•00 kg•s, a total pressure ratio of 240

1.5 is achieved. 241

3.2 CFD setup. TRACE is a parallel Navier-Stokes �ow 242
solver. In the present work we use the �nite-volume method to243
discretize the compressible RANS equations. We apply Roe's244
upwind scheme combined with MUSCL extrapolation to ensure245
second-order accuracy. Large gradients are smoothed using a van246
Albada-type �ux limiter. This ensures the total variation diminish-247
ing property of the scheme, which is important for transonic �ows.248
The attainment of steady-state solutions is facilitated through the249
utilization of an implicit time-marching algorithm. Furthermore,250
for the transport equations governing turbulence quantities, we ap-251
ply a segregated solution method that is second-order accurate and252
conservative [31]. The two-equation, Menter SST: � l [32] 253
LEVM is chosen to be the underlying turbulence model in the254
present investigation. As already described in Section 2, the vis-255
cous �uxes and the turbulence production term are modi�ed when256
applying the EPF. 257

We simulate a single passage of the compressor without consid-258
ering the outlet guide vanes (see Fig. 2). Previous studies already259
presented a comprehensive analysis of various important aspects260
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Table 1 Number of grid points / 10 6 used for the RANS grid
convergence study presented in Fig. 3.

Total Rotor Stator

Ultra-coarse 0•70 0•30 0•29
Coarse 1•87 0•78 0•80
Medium 3•97 1•64 1•69
Fine 5•38 2•21 2•30
Ultra-�ne 18•06 7•35 7•76

when simulating the compressor stage [21,22]. Based on recent261
adjustments of the geometry provided by the GPPS, our numerical262
setup incorporates the latest hub and shroud contour, the rotor tip263
gap of 0.75mm, a constant �llet radius at the rotor hub of 5mm264
and approximated �llet radii at stator hub and tip. We stick to265
using 16 rotor blades but scale to 32 stator blades in order to com-266
pare the RANS uncertainty estimates with the transitional Delayed267
Detached-Eddy Simulations (DDES) data of Möller et al. [33].268
By comparing CFD with CFD results, we are able to eliminate269
potential geometrical errors. The inlet section of the computa-270
tional domain is located 3% upstream of ME15 with respect to271
the compressor core axial length (ME20 to ME30). Experimen-272
tally measured total temperature and pressure pro�les based on273
the experiment by Klausmann et al. [20] are prescribed at the in-274
let. Similar to previously published RANS studies (e.g. by He275
et al. [21]), we assume axial in�ow direction, while the level of276
turbulence intensity is set to 4% and the turbulent length scale is277

assumed to be! T =
p

: • l = 0•09 mm. The rotor-stator interface278
is accomplished by a mixing plane approach [34]. The domain's279
outlet is located at +58% downstream of ME30 with respect to280
the compressor core axial dimension. In order to compare RANS281
results at the experimental operating points, the respective mass282
�ow rates are realized by using a boundary controller that adjusts283
the static pressure at the outlet of the computational domain. If the284
simulation, enforcing a certain mass �ow rate, does not converge,285
an iterative process decreasing the backpressure in steps of100 Pa286
is conducted. Hereby, we are able to examine the numerical stall287
limit of the RANS simulations appropriately.288

Finally, given the geometry information by GPPS, the low-289
Reynolds mesh is generated using our in-house tool PyMesh. A290
grid convergence study based on 5 grids helps to identify the in�u-291
ence of grid resolution on the prediction of design relevant integral292
quantities. The considered grids are summarize in Table 1. As293
the goal of the conducted grid study is only to select a resolution294
that serves practical purposes for subsequent UQ simulations while295
still remaining computationally feasible, all simulations are based296
on the mass �ow controller aiming for the experimental mass �ow297
rates. Figure 3 shows the sensitivity with respect to the chosen298
grid resolution on the total pressure ratio299

� t–30� 15 =
?t–30

?t–15
(8)300

and on the isentropic e�ciency301

[ is =
� ¹ ¹W� 1º• Wº

t–30� 15 � 1

Zt–30� 15 � 1
, (9)302

where the total temperature ratio is de�ned as303

Zt–30� 15 =
) t–30

) t–15
. (10)304

These integral quantities are computed using the area-averaged305
total pressure and total temperature at ME30 and ME15.306

Fig. 3 E�ect of grid resolution on the prediction of total pres-
sure ratio (top) and isentropic e�ciency (bottom) by RANS at
100% speedline.

The general trend indicates that mesh re�nement results in an307
increase in both total pressure ratio and isentropic e�ciency. Si-308
multaneously, this is re�ected in the ability to approach the ex-309
perimentally determined stall limit. It also becomes evident that310
coarser meshes increase the matching with absolute values of total311
pressure ratio and isentropic e�ciency ascertained in the experi-312
ment by Klausmann et al. [20]. This is in accordance with the313
observed grid analysis by He et al. [21]. Nevertheless, as we want314
to choose an appropriate level of grid convergence, we choose the315
�ne mesh for the subsequent analysis and call the obtained results316
to be the baseline simulation in the following sections. Choosing317
the �ne mesh leads to a 0.17% deviation in predicting the total318
pressure ratio and 0.13% di�erence in predicting the isentropic319
e�ciency compared with the ultra-�ne mesh at the design (peak320
e�ciency) operation point. When we compare the prediction of321
the �ne with the ultra-�ne mesh resolution across all considered322
mass �ow rates, the mean relative deviation for� t–30� 15 is 0.26% 323
and for[ t is 0.2%. 324

3.3 Creating uncertainty estimates based on Reynolds325
stress tensor perturbation. We perform simulations propagating326
Reynolds stresses that are perturbed towards the one-component327
(1C), two-component (2C) and isotropic limit of turbulence (3C).328
Following the approach proposed in our previous work [18,19], the329
relative perturbation magnitude with respect to the relative shift in330
barycentric coordinates� � (see Fig. 1) is adjusted as a conse-331
quence of occurring convergence issues. Selecting a uniform� � 332
for 1C, 2C and 3C perturbation would be a conceivable and equally333
valid approach. Furthermore, it is also possible to moderate the334
� � based on expert knowledge, marker functions [10] or machine335
learning [17,30]. In the present investigation, we apply� � as large 336
as possible non-uniformly towardsx1C–x2C–x3C in order to obtain 337
the worst case scenario with respect to the inherent turbulence mod-338
eling uncertainty and to account for physically plausible variation339
in perturbation magnitude across the turbulence limiting states. As340
already described in Section 3.2, we aim for approaching the exper-341
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Fig. 4 Attainable relative perturbation magnitude � B over
corrected mass �ow rate for eigenvalue perturbation of the
Reynolds stress tensor towards the three limiting states of tur-
bulence.

imental operating points (in terms of mass �ow rates) at the design342
rotational speed. As previous studies (e.g. [35,36]) reveal, there is343
a general trend indicating more conservative uncertainty estimates344
when increasing the eigenvalue perturbation strength, we seek for345
the largest possible� � for each individual operation point. Con-346
sidering that, we limited the iterative search to gradually decreasing347
� � by 0.1 for � � 2 »0•1–1•0¼and by 0.01 for� � 2 »0–0•1¼. Ad-348
ditionally, we employ an initially arbitrarily chosen search points349
at � � = 0•25. As soon as we switch the boundary condition at the350
outlet from mass �ow controller to constant backpressure for ap-351
proaching the stall limit (described in Section 3.2) and some near352
choke operation point beyond the design point, we keep the rel-353
ative perturbation magnitude constant and evaluate the attainable354
backpressure adjustment.355

4 Turbulence model uncertainty for a multi-row356

compressor application357

4.1 Perturbation magnitude and e�ect on anisotropy. Fol-358
lowing the procedure described in Section 3.3, Fig. 4 shows the359
attainable perturbation magnitude for each speedline simulation of360
1C, 2C and 3C. Throttling the compressor enables increased per-361
turbation magnitude for 1C and 2C perturbations, while� � needs362
to be reduced for 3C simulations. To give an idea of what perturb-363
ing the eigenvalues means for the converged states of the Reynolds364
stress tensor, Fig. 5 presents the analysis of the Reynolds stress365
anisotropy at ME30 with respect to RGB coloring in Fig. 5(a) and366
the barycentric coordinates in Fig. 5(b). Evaluating the anisotropy367
tensor for the unperturbed baseline simulation using the Menter368
SST : � l LEVM reveals the Reynolds stress tensor to be rather369
isotropic aligning the barycentric coordinates around the plane-370
strain line [28]. Except for the wakes and the secondary �ow371
structures (see later analysis on secondary �ows referring to Fig. 10372
and Fig. 11), where some areas tend towards the two-component373
corner of the barycentric triangle (green regions in Fig. 5(a)). At374
the chosen mass �ow rateà< corr = 14•78 kg•s, � � is 0.25, 0.6375
and 0.09 for 1C, 2C and 3C perturbation respectively (cf. Fig. 4).376
This results in the expected shift of the barycentric coordinates377
in the direction of the respective vertex. The perturbation of the378
eigenvalues of the Reynolds stress tensor has to be done iteratively,379
allowing the mean �ow quantities to change over simulation time380
until converged states are reached. The same holds true for the381
unperturbed state of the Reynolds stress tensor derived from the382
respective velocity gradients, turbulent kinetic energy and turbulent383
eddy viscosity (see Boussinesq assumption in Eq. (1)). Since the384
perturbation of the eigenvalues depends on the unperturbed state385
of the current iteration step, each converged perturbed data point386
in Fig. 5(b) is not simply shifted towards the corners by the relative387
perturbation magnitude starting from the baseline computation.388

Baseline

1C

2C

3C

(a) Red Green Blue (RGB) coloring
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Fig. 5 Illustration of the turbulent state of the Reynolds stress
tensor at ME30 and àmcorr = 14:78 kg/s. (a) presents the RGB
coloring according to the location of each data point inside the
barycentric triangle, which is shown in (b).

4.2 Overall compressor performance.Changing the eigen- 389
values of the Reynolds stress tensor towards the one- and two-390
component limiting state of turbulence, stabilizes the RANS for391
low mass �ow rates, as can be seen in Fig. 6. This leads to the392
possibility of further throttling the compressor compared with the393
baseline and 3C simulation. Unfortunately, we were not able to394
achieve converged steady-state RANS solutions signi�cantly above395
the design mass �ow rate, when perturbing the Reynolds stress396
tensor. On the one hand, this was already looming for 1C and 2C397
simulations, as we had to reduce� � when approaching the design398
point to achieve converged solutions. On the other hand, 3C per-399
turbation beyond the design point lead to undesired instabilities,400
which may potentially be identi�ed as choking. The predictions401
of the compressor performance based on the 3C simulations show402
reduced total pressure ratios and isentropic e�ciencies over the en-403
tire speedline. Overall, the chosen perturbation magnitude seems404
to be too large for 3C. However, as mentioned in Section 3.3, we405
are aiming for worst case scenarios of the attainable turbulent states406
rather than accurate sharpness (appropriate bounding of CFD pre-407
dictions) of the uncertainty estimation. Consequently, we continue408
to analyze the obtained results based on the isotropic perturba-409
tions throughout this paper. Generally, the estimated uncertainty410
intervals for the integral compressor performance parameters in-411
clude most of the experimental measurements, constituting a good412
coverage of the considered EPF. Applying the unperturbed (base-413
line) turbulence model yields mostly increased e�ciency and to-414
tal pressure ratios compared with the considered perturbed ones.415
However, close to the numerical stall limit the baseline simula-416
tion reveals a rather abrupt reduction in compressor performance,417
whereas perturbing the Reynolds stress tensor towards the one- and418
two-component turbulence allows stable operations of the com-419
pressor with increased e�ciency. Increased performance of the420
compressor enables a shift of the numerical stall limit to reduced421
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