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Reliable, highly accurate prediction of off-design operating conditions using numerical
methods is essential for overcoming the challenges of achieving greener aviation. To as-
sess their capabilities, the high-speed TU Darmstadt axial compressor stage is considered
at near stall conditions. Steady Reynolds-averaged Navier-Stokes (RANS) methods fail to
capture the unsteady flow physics. Hence, the results show large deviations from experi-
mental reference data. This was investigated by a comprehensive pre-study involving the
variation of the mesh density, turbulence model extensions and operating point control
mechanisms. Improvements were seen when using unsteady methods such as unsteady
RANS (U-RANS) or the Delayed Detached-Eddy Simulation (DDES). Both methods show
much closer agreement with the experiment while DDES outperforms U-RANS. These im-
provements were found to be due to the fact that DDES resolved both the deterministic and
stochastic scales of the unsteady flow field, especially in separated flow regions. Further,
a thorough assessment of two mechanisms to control the unsteady operating point near
stall, namely the mass flow controller and a converging-diverging nozzle, was done. The
mass flow controller performed best in terms of operability, predictive accuracy and re-
duced requirements on a priori knowledge from pre-cursor RANS simulations. The DDES
method showed its potential and represents a powerful approach to investigating unsteady
off-design operating conditions with high accuracy (below 1% average relative error in
radial profiles of the total pressure and temperature ratio, as well as the circumferential
flow angle).

Keywords: Turbulence Modeling, Hybrid RANS/LES, Delayed Detached-Eddy Simulation,
Axial Compressor Stage, Off-design

1 Introduction1

To address the challenges towards greener aviation, such as in-2
creased efficiency and a wide and safe operating range of the jet3
engine, the industrial design process requires affordable, yet highly4
accurate computational fluid dynamics (CFD) methods. Having5
these methods at hand allows for faster design cycles and, conse-6
quently, a faster entry-into-service, which reduces the environmen-7
tal footprint of aviation. At the aerodynamic design point (ADP)8
and peak efficiency (PE), steady state-of-the-art Reynolds-averaged9
Navier-Stokes (RANS) methods are widely used and constitute a10
reliable method in the design process. Moving away from these11
conditions and approaching off-design conditions near stall (NS)12
still poses a substantial challenge for steady RANS methods [1–3].13
As these operating points are characterized by high unsteadiness,14
steady methods fail and cannot be used reliably. Nevertheless, it is15
of utmost importance to predict this region in a compressor perfor-16
mance map with best accuracy to determine safe operating ranges17
and safety margins.18

This could, in principle, be addressed with the high-fidelity19
large-eddy simulation (LES) method, which is a very powerful but20
computationally expensive alternative to deal with these challeng-21
ing conditions and to increase the numerical accuracy. Its poten-22
tial for turbomachinery applications has been shown in the recent23
past [4–7], while these applications are limited to prismatic blades24

1Corresponding Author.
Version 1.18, June 25, 2026

with spanwise periodicity, single blade passages with end-walls and 25
basically low Reynolds numbers. Increasing the Reynolds number 26
or extending the numerical domain to multiple blade rows remark- 27
ably increases the computational costs, which limit the application 28
range of LES, to date. 29

A popular compromise between accuracy and costs is hybrid 30
RANS/LES (HRL) approaches. In this work, we focus on the de- 31
layed detached-eddy simulation (DDES) method, which is a seam- 32
less approach blending between unsteady RANS (U-RANS)- and 33
LES-like behavior inherently aiming to resolve turbulent structures 34
in the separated flow regions. This approach has shown its po- 35
tential for large-scale configurations at off-design in the past. The 36
inception of rotating stall was investigated in a full annulus rotor- 37
stator compressor stage [8] and a multi-stage configuration [9]. 38
Both derived important findings for the stall mechanism based on 39
their computational results. Further, Scheibel et al. considered 40
a 45° segment of a rotor-stator compressor setup [10] and a full- 41
annulus rotor configuration [11], showcasing the potential of pre- 42
dicting pre-stall conditions with DDES. Patel et al. [12] used this 43
hybrid method to analyze the non-synchronous vibration (NSV) 44
mechanism in a 1.5 stage axial compressor and summarized that 45
the hybrid approach captured relevant NSV frequencies. These 46
references represent only a small selection of recent applications 47
of DDES to highly unsteady compressor flows at off-design condi- 48
tions, which motivate the further investigation of this method. 49

In order to evaluate the predictive capabilities of DDES, we ex- 50
amine a compressor stage under off-design conditions and compare 51
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the results with those obtained from the experiment, as well as from52
steady RANS and U-RANS simulations. To meet the specified op-53
erating point, different control mechanisms will be introduced and54
discussed for all numerical methods. Especially at unsteady near55
stall conditions, the operating point control is an essential aspect56
to ensure comparability with measured flow conditions.57

Based on this, and within the scope of this work, our aim is to58
answer the following research questions:59

• What are the limitations of steady RANS methods in predict-60
ing near stall conditions of a compressor stage?61

• Is the DDES method capable of increasing the predictive ac-62
curacy compared to steady and unsteady RANS and where63
are its limitations?64

• What mechanisms exist to control a near stall operating point65
numerically and is there a preferred approach?66

2 Test case description67

To assess the predictive capabilities of CFD methods, and espe-68
cially DDES, near stall, the transonic TU Darmstadt axial compres-69
sor stage (TUDa)2 is investigated at 65 % speed. This represents a70
corrected speed of 𝑁corr = 13 000 rpm, which is corrected to in-71
ternational standard atmosphere (ISA) conditions. The real speed72
to be used for the simulations can be derived by73

𝑁real = 𝑁corr

√︄
𝑇t,15
𝑇ISA

(1)74

with the reference temperature 𝑇ISA = 288.15 K and the integral75
area-averaged total temperature at ME15. The real mass flow,76
specifying the operating point, is obtained by77

𝑚̇real = 𝑚̇corr
𝑝t,15
𝑝ISA

√︄
𝑇ISA
𝑇t,15

(2)78

with the reference pressure 𝑝ISA = 101 325 Pa and the integral79
area-averaged total pressure at ME15. In the following, the cor-80
rected mass flow is normalized by its value in the ADP at 100 %81
speed yielding 𝑚̇corr,rel = 𝑚̇corr/16 kg/s.82

The experimental setup consists of 16 rotor blades and 29 stator83
vanes and we consider the blade version combination R1S7. The84
stator S7 has been optimized by Bakhtiari et al. [13] to avoid flow85
separation on the stator suction side at design speed. The specified86
rotor tip-gap size is 8 × 10−4 m, which is also used in the numerical87
setup. A comprehensive summary and description of the experi-88
ment, as well as applied measurement techniques and measured89
operating points is given by Klausmann et al. [14,15]. Four mea-90
surement planes (MEs), namely ME15, ME20, ME21 and ME3091
are provided, which represent locations far upstream the spinner92
nose, upstream the rotor, downstream the rotor and downstream93
the stator, respectively. This allows for a comprehensive compari-94
son between experimental and numerical results. ME15 and ME2095
are not considered in isolation but are used as reference planes and96
to extract reference values. Figure 1 shows the experimentally97
measured performance map for 65 % speed, characterized by the98
stage total pressure ratio Πt,30-15 and the isentropic efficiency 𝜂is.99
The peak efficiency and near stall operating points are highlighted100
as they will be considered numerically in this work.101

The Reynolds and Mach number with respect to the blade rows102
are summarized for the near stall operating point in Tab. 1. It103
becomes clear that at reduced speed and near stall conditions, the104
TUDa compressor stage is subsonic, hence, no passage shock oc-105
curs. The Reynolds number, especially for the rotor, represents a106

2the open case is officially provided here: https://gpps.global/data-sets (accessed
on 23.06.2026)
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Fig. 1 Experimentally measured performance map for 65%
speed showing the stage total pressure ratio and isentropic ef-
ficiency for varying relative corrected mass flow rates.

relatively large value, which would require a very fine mesh den- 107
sity for a fully 3D LES of this case. Therefore, it is important to 108
work out how DDES performs in this case and if it is a feasible 109
alternative to increase the predictive accuracy (compared to RANS 110
and U-RANS), but keep computational costs as low as possible 111
(compared to LES).

Table 1 Operating point characteristics for 65% speed and
ṁcorr,rel = 0.5, which represents near stall conditions (marked
in Fig. 1). The required quantities to determine these values are
extracted at ME20 and ME21 for the rotor and stator, respec-
tively. This corresponds to inflow conditions for each compo-
nent. The reference length for each component is the mid-span
chord length.

Rotor Stator

Reynolds number 1 144 432 462 963
Mach number 0.608 0.413

112

Numerical setup. The numerical representation of the compres- 113
sor stage is shown in Fig. 2 and highlighted in blue and green. For 114
steady RANS, a single-passage setup is used with a mixing plane 115
approach [16,17] at the rotor-stator interface, which is known as 116
a common but critical simplification when simulating multi-row 117
configurations. The unsteady setup consists of a single rotor and 118
two stator passages, resulting in a 1:2 interface, treated with a 119
zonal interface [18] and accounting for the unsteady transfer of 120
the rotor wake to the stator domain. To realize this 1:2 inter- 121
face, the number of stator vanes had to be increased from 29 to 122
32. It has to be emphasized that this scaling brings a notable 123
change in the solidity (> 10 %), which may impact the aerody- 124
namic results, especially, when considering transonic operating 125
conditions. For the subsonic conditions, analyzed in this work, 126
the aerodynamic effect of this scaling is considered as negligible 127
as was also done by [19,20]. Based on 𝑁real and a numerical 128
domain of 1/16 of the full annulus, the characteristic frequency 129
for unsteady simulations 𝑓c = 3487.48 Hz can be defined. This 130
represents the frequency with which the rotor passes both stator 131
passages while its reciprocal defines a single period 𝑃 in the fol- 132
lowing. The experimental measurement planes are replicated in 133
the numerical setup and used to sample time-resolved data for the 134
unsteady setups. The block-structured meshes were generated with 135
our in-house tool PyMesh [21]. The inlet boundary conditions 136
are dictated by the experiment and were measured at ME15 (see 137
Fig. 2). A radial inlet profile containing information about the total 138
pressure and temperature, as well as a uniform inflow velocity vec- 139

2 / TURBO-26-1165 / Möller et al. Transactions of the ASME

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Turbomachinery. Received May 20, 2026;
Accepted manuscript posted August 10, 2026. doi:10.1115/1.4072497
Copyright © 2026 by ASME D

o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
s
m
e
d
i
g
i
t
a
l
c
o
l
l
e
c
t
i
o
n
.
a
s
m
e
.
o
r
g
/
t
u
r
b
o
m
a
c
h
i
n
e
r
y
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
1
1
5
/
1
.
4
0
7
2
4
9
7
/
7
6
3
1
5
3
3
/
t
u
r
b
o
-
2
6
-
1
1
6
5
.
p
d
f
 
b
y
 
D
e
u
t
s
c
h
e
s
 
Z
e
n
t
r
u
m
 
f
ü
r
 
L
u
f
t
-
 
u
n
d
 
R
a
u
m
f
a
h
r
t
 
(
D
L
R
)
 
u
s
e
r
 
o
n
 
1
1
 
A
u
g
u
s
t
 
2
0
2
6

https://gpps.global/data-sets/


Inlet

ME15
ME20

ME21

Rotor-Stator
Interface

ME30
Outlet

Rotor
Stator

Fig. 2 Numerical domain overview of a single rotor and two
stator passages (highlighted in blue). Experimental measure-
ment planes are shown in yellow and the rotor-stator interface
is marked by a red plane. The outlet nozzle is indicated by a
green domain extension and only used partially (simulations
are labeled where used).

tor in 𝑥-direction (zero inflow angle in circumferential and radial140
direction) is prescribed. Additionally, the turbulent state is defined141
with constant values for the turbulence intensity 𝑇𝑢 = 4 % and the142
turbulent length scale 𝑙t = 9 × 10−5 m. The turbulent quantities143
were not explicitly measured, but officially provided and also used144
by others [20,22,23]. The outlet was treated differently, depending145
on the operating point control approach, which will be introduced146
in Sec. 3.3.147

3 Methodology148

3.1 Numerical methods. All simulations have been con-149

ducted with the DLR turbomachinery solver TRACE3, which has150
been continuously developed and validated at the Institute of151
Propulsion Technology in the Department for Numerical Meth-152
ods [24,25] in close collaboration with MTU Aero Engines AG.153
The 2nd order accurate density-based cell-centered finite-volume154
solver of TRACE was used. All unsteady simulations were con-155
ducted with a 3rd order accurate implicit Runge-Kutta scheme [26]156
with a dual-time marching scheme. The physical time step is given157
by158

Δ𝑡 =
1

𝑓c 𝑛tspp
(3)159

with the defined number of time steps per period 𝑛tspp. The DDES160
were conducted with 𝑛tspp = 2048 to guarantee a sufficiently small161
time step for stable simulations. U-RANS simulations are less162
demanding in terms of the time step size, hence, they were partly163
conducted with a larger time step using 𝑛tspp = 1024 (still resulting164
in a relatively small time step size for industrial U-RANS setups).165

3.2 Turbulence models. In alignment with previously con-166
ducted studies for the TUDa compressor stage at design speed167
(𝑁corr = 100 %) [27], we consider steady and unsteady RANS,168
as well as DDES, based on the two-equation Menter-SST turbu-169
lence model [28] in combination with the one-equation 𝛾-transition170
model [29]. Although the effect of laminar-to-turbulent transition171
is marginal and especially near stall, fully turbulent and massively172
separated flow conditions are expected, we strive to comprehen-173
sively assess the transitional DDES for various flow conditions.174
To be consistent with previous studies [27,30–32], this transitional175
model version will also be considered in this work.176

3https://trace-portal.de/userguide (accessed on 23.06.2026)

Specific DDES model settings. The DDES model is used in 177
its version of Spalart et al. [33]. To control the switch between 178
U-RANS- and LES-mode, the vorticity-based sub-grid length scale 179
(SLS) approach by Shur et al. [34] is used, which is beneficial 180
compared to the standard grid-based SLS and notably accelerates 181
the transition from modeled to resolved scales. In our case, the 182
solver blending 𝜎b by Travin et al. [35] is modified. Originally, 183
this method automatically blends between the central (𝜎b = 0) and 184
Roe upwind [36] (𝜎b = 1) formulation of the Riemann solver to 185
compute the inviscid fluxes. It was found that for the compressor 186
case including unsteady tip leakage flow and at near stall condi- 187
tions, this approach requires a modification to stabilize the method, 188
resulting in 189

𝜎b,mod = max
(︂
0.5, 𝜎b,orig

)︂
. (4) 190

This ensures at least 50 % amount of upwind flux in each cell, 191
which is favorable for highly unsteady operating points. The re- 192
quired characteristic time 𝑡c for 𝜎b,orig was determined based on 193
the average chord length of the rotor and the area-averaged rela- 194
tive velocity magnitude at ME20. A comprehensive summary and 195
further assessment of the transitional DDES is given in [30–32]. 196

3.3 Operating point control. The operating point for the 197
TUDa compressor stage is defined by the mass flow rate and rota- 198
tional speed. To achieve comparable conditions for the numerical 199
setup, a suitable control mechanism at the outlet boundary has to be 200
applied. Within this work, we discuss three possible approaches, 201
which are introduced in the following. 202

Fixed outlet pressure (FOP). Many CFD simulations are con- 203
trolled by the static outlet pressure with, in our case, a radial equi- 204
librium condition [37], which is imposed at the mid-span of the 205
outlet panel. It is beneficial as there is little controller interaction 206
and for moderate flow conditions, high stability and fast conver- 207
gence of the results can be achieved with this approach. Never- 208
theless, a notable weakness of this method of achieving a specific 209
operating point, characterized by the mass flow, is that it requires a 210
priori knowledge of the correct outlet pressure that will produce the 211
desired mass flow. While iterations to obtain the correct mass flow 212
are computationally inexpensive for steady RANS simulations, it 213
becomes very costly if multiple iteration loops have to be done for 214
unsteady simulations or rather high-fidelity methods. 215

Mass flow controller (MFC). To meet the targeted operating 216
point, a P-controller can also be used to control the mass flow rate. 217
In our case, the mass flow controller (MFC) acts proportionally on 218
the control value (static outlet pressure), which is affected by the 219
evaluation value (mass flow). The resulting scaling factor (SF), 220
which is applied to the static outlet pressure boundary condition 221
(BC) value, is determined by 222

SF = SFprevious ·
[︃
1 − 𝜙relax ·

(︃
𝑚̇out,target
𝑚̇out,actual

− 1
)︃]︃

(5) 223

where a relaxation factor 𝜙relax = 0.2 was used. For the unsteady 224
simulations, the evaluation and control values are averaged over a 225
single period 𝑃. Further, it was found, that the controller acted 226
unfavorably if it was active from the beginning of an unsteady 227
simulation starting from a steady RANS initial solution. Hence, 228
to stabilize the flow state, the controller was first activated after 229
three periods. When restarting the simulation, again, an immediate 230
controller intervention was avoided by defining its activation after 231
half of a period. 232

Converging-diverging nozzle (CDN). Another mechanism to 233
control the mass flow of the compressor stage is adding a 234
converging-diverging nozzle (CDN) at the domain outlet, as was 235
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also done by [38,39]. This setup increases the computational costs236
by increasing the number of cells, but, at the same time, is closest237
to actual experimental setup [15]. At the test facility, this operat-238
ing point is also controlled by an outlet nozzle. Numerically, it is239
aimed to reach Ma = 1.0 in the critical cross-section 𝐴crit of the240
nozzle with subsequent supersonic flow in the divergent part. As a241
result, the mass flow of the compressor stage is mainly determined242
by the compressor aerodynamics and the critical cross-section and243
not by a fixed outlet boundary condition. The latter faces super-244
sonic outflow conditions, which reduce the requirements for the245
BC. We use our pre-processor PREP (also part of the TRACE246
suite) to define the surface deformation4 by following the steps247
below:248

(1) Extract integral area-averaged quantities at the outlet panel249
from a simulation without nozzle (blue domain in Fig. 2)250

(2) Determine the critical cross-section of the CDN, which can251
be derived from ideal gas relations with252

𝐴crit =
𝐴 Ma[︂

1 + 𝜅−1
𝜅+1

(︂
Ma2 − 1

)︂]︂ 𝜅+1
2(𝜅−1)

(6)253

where 𝐴 is the cross-section and Ma the Mach number at the254
outlet panel of the baseline configuration without the nozzle.255
The heat capacity ratio is 𝜅 = 1.4.256

(3) Compute the radial surface displacement 𝛿(𝑥) of the lower257
and upper wall (illustrated in Fig. 2) in the green domain by258

259

𝛿(𝑥) =
⎧⎪⎪⎨⎪⎪⎩

𝛿center
2

[︂
1 + cos

(︂
𝜋

𝑥center−𝑥
𝑥center−𝑥start

)︂]︂
if 𝑥 < 𝑥center

𝛿center
2

[︂
1 + cos

(︂
𝜋

𝑥−𝑥center
𝑥end−𝑥center

)︂]︂
if 𝑥 ≥ 𝑥center

(7)260
where the radial displacement in the critical cross-section of261
𝛿center = 0.01969 m can be determined based on 𝐴crit and262
the assumption of a constant channel height in circumfer-263
ential direction. The further geometry-related input values264
are:265

• 𝑥start = 0.015 m → Start of the nozzle shape contour-266
ing, beginning downstream the outlet of the configu-267
ration without nozzle.268

• 𝑥end = 0.16 m → End of the nozzle shape contouring.269
In our case this value was defined to be downstream the270
outlet panel of the setup with a nozzle as this prevents271
the diverging part to end at 𝛿 = 0.272

• 𝑥center = 0.07 m → Axial position of the critical cross-273
section.274

For the additional nozzle domain, the lower and upper wall are275
defined as slip wall to avoid boundary layer effects in the nozzle276
itself and at the outlet panel, as well as, the upstream propagation277
of acoustics from the outlet panel through the subsonic boundary278
layer.279

In the following, we will investigate all three methods to identify280
their benefits, but also potential pitfalls. Especially, when it comes281
to the initialization of unsteady setups with poorly conditioned pre-282
cursor steady RANS results, the control mechanisms potentially283
reach their limitations.284

4 RANS pre-studies285

Preliminary studies have been conducted for steady RANS only.286
This helped to identify the weaknesses of this approach and under-287
stand the test case control at off-design conditions. It also provided288
initial solutions for the unsteady simulations, where they were sen-289
sibly usable.290

4https://trace-portal.de/userguide/prep/page_storyNozzlePreprocess.html (accessed
on 23.06.2026)

4.1 Mesh density. To assess the mesh sensitivity of steady 291
RANS, a systematic grid study comprising different grid ver- 292
sions has been conducted. The baseline mesh represents grid 293
factor (GF)=1.0, which is already fine compared to other RANS 294
setups [20,22,23]. This is why mostly coarser meshes were gen- 295
erated to ‘challenge’ the steady approach. The conducted coarsen- 296
ing/refinement follows the logic of globally multiplying the base- 297
line grid points (GF=1.0) by the respective grid factor in each direc- 298
tion, which results in an effective coarsening/refinement factor of 299
≈ GF3 (minor deviations in the actual cell count can be explained 300
with restrictions of the applied meshing tool and its underlying 301
templates). A unified first wall-normal distance was realized to 302
guarantee a non-dimensional cell size 𝜂+ ≤ 1 for all grid factors. 303
Table 2 summarizes the considered mesh densities. The Ultra-fine 304
mesh resulted from a previous DDES study and was also taken into 305
account for parts of this study.

Table 2 Summary of considered mesh densities for RANS pre-
studies.

Grid factor (GF) ncells,total

0.5 697 184
0.6 1 170 563
0.7 1 874 164
0.8 2 769 078
0.9 3 974 164
1.0 5 384 352
1.1 7 095 192

2.0 - Ultra-fine
(DDES-like resolution) 47 547 424

306
To get a sense for the mesh sensitivity, two operating points 307

(peak efficiency and near stall) are investigated for various grid 308
factors, where the Ultra-fine mesh was only considered for NS. 309
For this investigation, the mass flow controller was used to con- 310
trol the respective operating point. The results are summarized 311
in Fig. 3 showing the relative deviation of the stage total pres- 312
sure ratio with respect to experimental reference data. As com- 313
monly known, for moderate flow conditions at peak efficiency, the 314
steady RANS method shows only minor deviations. Regardless of 315
whether coarse or fine resolution is considered, the results show a 316
small but consistent offset from the experiment. This noticeably 317
changes for the more challenging operating point near stall, which 318
is strongly driven by unsteady phenomena and separated flow. In 319
this case, the coarsest mesh (GF=0.5) shows the smallest relative 320
deviation, where, with refined setups, the method converges to- 321
wards larger deviations ending at a constant value of ≈ −5.15 %. 322
It was interesting to see, that the coarsest setup seems to cancel 323
out the interplay of numerical steady RANS limitations, such as 324
the coarse spatial discretization and model deficiencies, and highly 325
unsteady flow features. This resulted in smaller deviations still be-

0.5 0.6 0.7 0.8 0.9 1.0 1.1 Ultra-fine
Grid facto 

0%
-1%
-2%
-3%
-4%
-5%

Π t
,3

0-
15

Π t
,e

xp
,3

0-
15

−
1

Peak efficiency
Nea  stall

Fig. 3 RANS mesh convergence study for the peak efficiency
and near stall operating point (marked in Fig. 1) conducted with
the mass flow controller.
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ing 4 % off the experiment. Once the mesh resolution enables the326
method to “theoretically” capture unsteady scales (this is based on327
the knowledge, that unsteady DDES simulations are able to resolve328
turbulent scales at such mesh densities), the failure of the steady329
approach becomes more apparent and deviations increase. An im-330
portant finding from this pre-study is that, for near stall conditions,331
the mesh resolution can have a significant, and even critical impact332
on the obtained steady RANS results, as well as the conclusions333
derived from them.334

4.2 Turbulence model extensions. There exist a large num-335
ber of RANS turbulence models extensions, which are developed336
to address specific limitations of the model and to extend its ap-337
plication range. As summarized in Sec. 3.2, we focus only on the338
Menter-SST turbulence model [28] (labeled as ‘SST’). The inves-339
tigated extensions are340

• the 𝛾-transition model [29] (labeled as ‘𝛾’),341

• the stagnation point anomaly fix [40] (labeled as ‘SPAF’),342

• the rotational effects correction [41] (labeled as ‘REC’).343

We consider different combinations to assess the effect of indi-344
vidual extensions. All simulations have been conducted on the345
Ultra-fine grid (cf. Tab. 2), which was also used for subsequent346
U-RANS and DDES simulations, to rule out mesh dependencies,347
and with the mass flow controller. Figure 4 shows the resulting348
speedlines for the extension combinations. Trends from the pre-349
ceding mesh study are confirmed. At, and close to, peak efficiency350
conditions, steady RANS follows experimental results. For near351
stall conditions 𝑚̇corr,rel ≤ 0.55, results begin to deviate. The352
‘closest’ agreement at these conditions can be achieved with an353
extension combination of the stagnation point anomaly fix and354
rotational effects correction or the transition model. At the same355
time, each extension yields larger deviations when used standalone.356
Another interesting finding is, that, the plain Menter-SST model357
outperforms the standalone model extensions for the given mesh358
resolution. Only a mixed combination shows a total pressure ratio359
that is closer to that observed in the experiment. Furthermore, it360
was found, that the usage of a transition model, combined with the361
stagnation point anomaly fix, does not negatively affect the results.362
As motivated above (see Sec. 3.2), we investigated the DDES cou-363
pled with the 𝛾-transition model in previous studies, which is why364
we focus only on this model combination in the following.

0.5 0.55 0.6 0.65 0.7
mcorr, rel

1.12

1.14

1.16

1.18

1.20

t,
30

-1
5

Experiment
SST
SST-SPAF
SST-SPAF-REC

SST-SPAF-
SST-
SST-REC

Peak efficiency
operating point

Fig. 4 Compressor map for varying turbulence model exten-
sions resulting from steady RANS simulations with a mass flow
controller and for the Ultra-fine mesh resolution (see Tab. 2).

365

4.3 Operating point control mechanisms. The control of 366
highly unsteady operating points is challenging. In Sec. 3.3, we 367
summarized different approaches to do this, which we first investi- 368
gate with the steady RANS model combination with the transition 369
model and the stagnation point anomaly fix (labeled SST-SPAF- 370
𝛾 in Fig. 4). Besides the variation of the control mechanism, 371
we also included different mesh densities for parts of the study, 372
shown in Fig. 5. The results for the mass flow controller (shown 373
in the zoomed box at 1O) have already been discussed in Fig. 3, 374
but are shown here for the sake of completeness. The result- 375
ing static back pressure values from these simulations have been 376
used for the simulations with a fixed outlet pressure (FOP) and 377
are shown with squared symbols (�) in Fig. 5 (see zoomed box at 378
2O). These results highlight the ambiguous state for steady RANS 379
as these simulations converge towards a different mass flow rate, 380
far away from the targeted NS operating point, even though the 381
static outlet pressure was extracted from RANS simulations with 382
the MFC at 𝑚̇corr,rel = 0.5. Afterwards, it was tried to increase the 383
back pressure iteratively to travel along the experimental speed- 384
line towards near stall conditions (indicated by ★ symbols). These 385
simulations were conducted for GF=0.8 only. The last stable oper- 386
ating point is at 𝑚̇corr,rel ≈ 0.57. Behind this point, which means 387
for simulations with even higher back pressure, all results collapse 388
to Πt,30-15 < 1.07 and 𝑚̇corr,rel < 0.125 (points not included in 389
Fig. 5) representing an unphysical flow state. It can be concluded, 390
that with a FOP, this near stall operating point cannot be com- 391
puted. Lastly, the converging-diverging nozzle setup was tested for 392
GF=1.0 only and is shown with a + symbol (see zoomed box at 1O). 393
The mass flow rate is met well, whereas a significant improvement 394
in the total pressure ratio could not be achieved with this method.

0.50 0.55 0.60 0.65 0.70
mcorr, rel

1.12

1.14

1.16

1.18

1.20

1.22

t,
30

-1
5

1

2
Experiment
Mass flow controller
Fixed outlet pressure (MFC-based)
Fixed outlet pressure (iterative)
Converging-diverging nozzle 0.5

0.6

0.7

0.8

0.9

1.0

1.1

Ultra-
fine

Gr
id

 fa
ct

or

Iterative increase
of back pressure

Fig. 5 Resulting stage total pressure ratios for different ways
of controlling the near stall operating point for steady RANS
and varying mesh densities. The iterative increase of the static
back pressure was conducted with GF=0.8. The nozzle setup
was computed for GF=1.0 only.

395
To explain the different results, we show the control and eval- 396

uation values of all three operating point control mechanisms at 397
the outlet panel over the number of computed time steps in Fig. 6. 398
They are shown for GF=1.0. A different resulting mass flow rate 399
can be seen. Additionally, the oscillating results for MFC and CDN 400
(seen in the zoomed boxes) are apparent while they show a good 401
agreement with the targeted mass flow rate 𝑚̇corr,rel = 0.5. These 402
oscillations are not seen with FOP, indicating a better converged 403
flow solution. As described above, the resulting static outlet pres- 404
sure from MFC was prescribed for the FOP simulations. This is re- 405
flected by the trend of 𝑝s,out/𝑝t,15, showing identical results for all 406
three approaches. The trend of the outlet velocity explains the mass 407
flow deviations. The reference velocity was set to 𝑢ref = 92 m/s 408
to still see the differences between the approaches. Using a ref- 409
erence velocity from ME15 would result in identical ratios, as the 410
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Fig. 6 Convergence of evaluation and control values at the
outlet panel for all operating point control mechanisms. Re-
sults are shown exemplarily for GF=1.0 (see Tab. 2). The solid
black line in the mass flow subplot indicates the target value.

contributed work of the rotor is constant for all simulations. For411
MFC and CDN, the outlet velocity and dynamic pressure 𝑝dyn are412
controlled by the target mass flow. With the constant work of the413
rotor, the dynamic pressure at the inlet can be derived and with414
the given total pressure at the inlet, the static pressure is computed415
by 𝑝s,in = 𝑝t,in − 𝑝dyn,in, which further dictates the static outlet416
pressure. Consequently, this value depends on the given mass flow417
rate and the inlet total pressure and cannot develop independently.418
When using a fixed outlet pressure, derived from MFC, the dy-419
namic pressure is an aerodynamic result of the RANS model and420
not dictated by the mass flow. Therefore, it depends on the model421
capabilities to capture this near stall operating point and converges422
towards a different flow state. Supplementary comments on the423
convergence of these steady RANS simulations are given in Ap-424
pendix A.425

All three steady RANS pre-studies produced crucial findings for426
the subsequent investigations with unsteady methods. It became427
clear, that the near stall operating point cannot be reliably computed428
with the steady method. The mesh refinement yields even larger429
deviations to experimental reference data, but converged towards a430
constant value, which emphasizes the need of finer RANS meshes431
at near stall conditions. The different control mechanisms revealed,432
that a fixed outlet pressure cannot be used for this operating point.433

5 Comparison of unsteady methods434

This section focuses on the comparison of U-RANS and DDES435
for the near stall operating point only. While the analyses above436
highlighted the limitations of steady RANS for this highly unsteady437
operating point, their results are only included in the following438
where useful. Both unsteady methods have been simulated with the439
mass flow controller and the converging-diverging nozzle (yielding440
four unsteady simulations in total). We did not consider unsteady441
simulations with a fixed outlet pressure, because neither of the442
RANS pre-cursor simulations yielded a sensible initial value for443
the outlet BC. It was shown in Sec. 4 that the resulting 𝑝s,out from444
mass flow controller does not represent an applicable state and the445
iteration of the outlet pressure already failed at much higher mass446
flow rates. As a consequence, a back pressure iteration would447

be required for the unsteady simulations as well, which was not 448
planned for this study. 449

To avoid the impact of different mesh resolutions, all unsteady 450
simulations have been conducted on the same mesh, summarized 451
in Tab. 3. The mesh resolution in the tip gap has been increased, 452
compared to the steady RANS setups, to better capture its flow 453
physics. Consequently, the resulting number of cells is even higher 454
than for the Ultra-fine mesh, summarized in Tab. 2. We ensure a 455
wall-normal spacing 𝜂+ < 0.6 to meet the low-Reynolds wall treat- 456
ment requirements. Δ𝜉+ and Δ𝜁+ are the maximum streamwise 457
and radial non-dimensional cell sizes, respectively, and follow the 458
recommended resolution for hybrid RANS/LES methods [32,42], 459
where the radial resolution is at the upper border. 460

5.1 Global operating point. The results for all unsteady sim- 461
ulations are shown in the compressor map in Fig. 7. Following 462
the averaging procedure in the experiment, the total pressure ratio 463
Πt,30-15 is computed based on the area-averaged quantities at the 464
respective measurement planes. Furthermore, the quantities of the 465
unsteady simulations are temporally averaged before the total pres- 466
sure, its ratio and the area-average are computed. In addition to 467
the unsteady simulations, we add the previously discussed various 468
RANS results for the MFC and CDN as an orientation. Focusing 469
on the MFC results, it becomes clear that not only DDES, but 470
already U-RANS notably improves the prediction of the stage to- 471
tal pressure ratio. This clearly indicates the need for an unsteady 472
approach to capture relevant physics of such a near stall operat- 473
ing point. The DDES gets even closer to the experiment, while 474
showing a moderately increased statistical error of the mass flow. 475
The error was determined based on the method described in [43]. 476
The CDN results show a good agreement with experiment as well, 477
but reveal a shift towards a different mass flow rate. This can

0.50 0.55 0.60 0.65 0.70
ṁcorr, rel

1.12

1.14

1.16

1.18

1.20

1.22

Π t
,3
0-
15

Experiment
Steady RANS
U-RANS-MFC

DDES-MFC
U-RANS-CDN
DDES-CDN

Fig. 7 Compressor map showing the different unsteady nu-
merical methods and operating point control mechanisms. Hor-
izontal lines indicate the statistical error of the mass flow with
a 95% confidence interval. Steady RANS results are shown for
reference.

478
be better understood by looking at the temporal development of 479
the mass flow in Fig. 8. The deviations from the targeted mass 480
flow increase with the simulation duration converging towards a 481
different operating point. These results were unexpected at first 482
glance as the nozzle was designed to control the exact mass flow 483
by a choked flow in the critical cross-section. An identified weak- 484
ness in the conducted CDN setup process is the dependency on 485
steady RANS pre-cursor simulations. As described in Sec. 3.3 486
(Step 1), the required quantities are extracted at the outlet panel 487
from a simulation without nozzle, which was a steady RANS setup 488
in our case. Based on them, the critical cross-section is derived. 489
Choked flow in the nozzle is still guaranteed for the desired flow 490
speed for the unsteady setups, but the mass flow also depends on 491

6 / TURBO-26-1165 / Möller et al. Transactions of the ASME

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Turbomachinery. Received May 20, 2026;
Accepted manuscript posted August 10, 2026. doi:10.1115/1.4072497
Copyright © 2026 by ASME D

o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
s
m
e
d
i
g
i
t
a
l
c
o
l
l
e
c
t
i
o
n
.
a
s
m
e
.
o
r
g
/
t
u
r
b
o
m
a
c
h
i
n
e
r
y
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
1
1
5
/
1
.
4
0
7
2
4
9
7
/
7
6
3
1
5
3
3
/
t
u
r
b
o
-
2
6
-
1
1
6
5
.
p
d
f
 
b
y
 
D
e
u
t
s
c
h
e
s
 
Z
e
n
t
r
u
m
 
f
ü
r
 
L
u
f
t
-
 
u
n
d
 
R
a
u
m
f
a
h
r
t
 
(
D
L
R
)
 
u
s
e
r
 
o
n
 
1
1
 
A
u
g
u
s
t
 
2
0
2
6



Table 3 Summary of characteristic mesh values for the unsteady setups. The numbers for the individual components represent
single passage values. The total numbers in the bottom lines account for the 1:2 setup, hence, the number of cells is doubled
downstream the rotor. The cell numbers in streamwise (along the blade surface), radial and pitchwise directions are given for the
rotor or stator passage. The non-dimensional cell sizes are maximum values along the respective blade surface.

Component ncells,total ncells,streamwise ncells,radial ncells,pitchwise ncells,tip-gap Δ𝜉+ 𝜂+ Δ𝜁+

Intake 3.93 × 106

Rotor 19.62 × 106 260 328 192 38 220
< 0.6 380

Stator 20.33 × 106 280 228 200 300
Outlet 3.66 × 106

Nozzle 2.71 × 106

Total (MFC) 71.53 × 106

Total (CDN) 76.95 × 106

Fig. 8 Temporal development of the integral area-averaged
mass flow on the outlet panel of the respective domain with re-
spect to the experimental target mass flow. The CDN setups
show a notable initial transient, indicated by grayed-out lines,
which is cut off in subsequent investigations. The circled sym-
bol marks the defined end of the initial transient for CDN simu-
lations.

the fluid density. And since U-RANS and DDES capture the flow492
field more accurately, this state changes drastically. As a result,493
the mass flow rate, controlled by the nozzle, changes for the un-494
steady setups as well. This is an essential finding when we discuss495
appropriate operating point control mechanisms for unsteady sim-496
ulations. While we argued, that the FOP approach is not applicable497
because it requires iterations of the static outlet pressure, we learn,498
that the nozzle setup also requires more accurate a priori knowl-499
edge or iterations to determine the nozzle geometry. The latter is500
the case, if no unsteady results are available to derive the correct501
critical cross-section. Since we conducted this study in a paral-502
lel fashion, we could not benefit from unsteady MFC results to503
generate a more accurate converging-diverging nozzle. Having a504
look at the MFC results in Fig. 8 confirms, that the mass flow con-505
troller is able to realize the defined mass flow rate. In comparison506
to U-RANS, DDES shows larger amplitudes, caused by resolving507
more stochastic scales, but still oscillates around the target value.508

The unsteadiness of the considered operating point is illustrated509
in Fig. 9 for the mass flow controller simulations. We show the510
temporal development of the total pressure ratio and mass flow511
for U-RANS and DDES separately. While the temporal average512
(see Fig. 7) is close to experimental data, the unsteady results513
significantly ‘travel’ around the mean value, which highlights the514
dynamics of this off-design operating point.515

5.2 Rotor domain. The 3D flow topology in the tip region of516
the rotor is illustrated in Fig. 10. It shows a top view of the rotor517
domain for the DDES with a mass flow controller. The instan-518
taneous flow field has been averaged over the last 10 periods to519
better highlight the essential flow topologies. The resolved scales520
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(a) U-RANS
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t / P

Fig. 9 Illustration of the wandering operating point in the com-
pressor map for the U-RANS and DDES simulation with the
mass flow controller.

are shown using the 𝑄-criterion [44] with 𝑄 = 5 × 107 s−2 and col- 521
ored with the normalized static pressure 𝑝s/𝑝t,15. The tip-vortex 522
is initiated at the blade leading edge (see 1O). Subsequently, the 523
orientation of the vortex towards the domain passage (indicated 524
with the red arrow, see 2O) emphasizes the off-design conditions 525
and illustrates a strongly deviating incidence from design condi- 526
tions. It becomes clear that the tip vortex does not follow the main 527
flow in streamwise direction anymore, but interacts with the ad- 528
jacent leading edge. This notable deflection deviates from design 529
conditions and the dynamics of the tip vortex are highly unsteady, 530
which can also be seen in Fig. 11. We show the space-time dia- 531
grams for both unsteady simulations (Figs. 11(a) and 11(b)) at a 532
relative radius 𝑟rel = 0.9 and for 10 periods. The contours present 533
the phase-averaged normalized static pressure on the rotor pressure 534
side. Close to the leading edge, 0 ≤ 𝑥/𝑐ax ≤ 0.4, the unsteady 535
motion and interaction of the tip vortex with the adjacent blade 536
pressure side can be seen. Recurring static pressure drops indicate 537
the impingement and oscillation of the vortex core, followed by 538
a short recovery. The resulting pressure contours of the DDES 539
method are more unsteady compared to U-RANS, although the 540
latter also captures a pressure drop close to the leading edge. Fur- 541
ther downstream, neither method shows large pressure variations 542
indicating, that the tip vortex only interacts with the upstream part 543
of the blade. In addition, the time-averaged static pressure distri- 544
bution is compared to steady RANS in Fig. 11(c), which further 545
reveals the inabilities of steady RANS to compute this challenging 546
operating point. In the discussed region between 0 ≤ 𝑥/𝑐ax ≤ 0.4 547
RANS shows a pressure ratio < 1 (highlighted as red area) which 548
is not seen for the unsteady approaches. It can be concluded that 549
the steady approach has an undesirable effect, decreasing the static 550
pressure locally, which results in a constant backflow at the tip 551
region and is typically not intended by a compressor. 552

Capturing these unsteady effects is essential and remarkably 553
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Adjacent
leading edge

1

2

Fig. 10 Top-view of the time-averaged tip-leakage vortex for
the DDES conducted with a mass flow controller. Turbulent
structures are illustrated by the Q-criterion and colored with the
normalized static pressure. Scales occurring below r = 0.18 m
are clipped for better illustration. The instantaneous flow field
was averaged over the last 10 periods.

(a) U-RANS (b) DDES
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(c) Time-averaged pressure distribution

Fig. 11 Space-time diagram of the normalized static pressure
on the rotor pressure side at relative radius = 0.9 for 10 periods
and conducted with the mass flow controller. At the bottom, the
time-averaged data is compared to steady RANS.

improves the prediction accuracy. This is confirmed by the com-554
parison with experimental reference data at ME21 downstream the555
rotor in Fig. 12. On top (see Fig. 12(a)), we show all resulting tem-556
porally averaged radial profiles for the unsteady simulations. The557
previously discussed steady RANS simulations are also shown for558
different meshes and operating point control mechanisms. A dif-559
ferentiation for these results is not made, as they are just shown to560
put the improvements of the unsteady approaches into perspective.561
Focusing on the MFC results, a very good agreement with the ex-562
periment can be seen, especially in the tip region (0.5 ≤ 𝑟rel ≤ 1.0).563
Compared to U-RANS, DDES gets even closer to the experiment.564
In the hub region, deviations to the experiment are apparent and565
differences between U-RANS and DDES disappear. This can be566
explained by the model design of the DDES, which only switches567
to LES-like behavior in separated regions. In the hub region, the568

1.150 1.175 1.200 1.225 1.250 1.275
t, 21-15

0.0

0.2

0.4

0.6

0.8

1.0

r re
l

Experiment
Steady RANS
U-RANS-MFC
DDES-MFC
U-RANS-CDN
DDES-CDN

(a) Time-averaged profiles

(b) U-RANS - MFC (c) DDES - MFC

(d) U-RANS - CDN (e) DDES - CDN

Fig. 12 Circumferentially averaged radial profiles of the total
pressure ratio at ME21. (a) shows all temporally averaged re-
sults next to each other. (b)-(e) show the temporal evolution for
each method separately, while the red solid line represents the
time-averaged profile.

flow is not separated and the DDES behaves identical to U-RANS. 569
For the CDN results, both the U-RANS and the DDES show a 570
very close agreement with the experiment. However, it should be 571
noted that the mass flow slightly deviates (see Fig. 7) from the 572
experimental target value. The temporal variation of these profiles 573
is shown in Figs. 12(b) to 12(e). The profiles are colored by the 574
number of computed periods, highlighting the unsteadiness of the 575
wake flow. A supplementary comparison of the circumferential 576
flow angle at ME21 is given in Appendix D. 577

5.3 Stator domain. Moving down the flow path, a compari- 578
son of the 3D separated flow field in the stator passage is given 579
by Fig. 13. Both figures show the time-averaged flow field over 580
the last 10 periods obtained with the mass flow controller. The 581
turbulent structures are illustrated with a 𝑄-criterion = 1 × 107 s−2 582
and colored by the streamwise vorticity which is given by 583

𝜔sw =
𝑢𝑖𝜖𝑖 𝑗𝑘

𝜕𝑢𝑘

𝑥𝑗√
𝑢𝑞𝑢𝑞

. (8) 584

Recalling the fact, that both methods were computed on the exact 585
same mesh, it is impressive to see how much more resolved con- 586
tent is apparent in the DDES. The separation bubble size in radial 587
direction differs between U-RANS and DDES (see different arrow 588
size in Figs. 13(a) and 13(b)), which indicates that the former over- 589
predicts the separation, resulting in increased total pressure losses 590
downstream the stator, as well as higher blockage and subsequent 591
mass flow redistribution towards the hub. 592

Capturing a larger amount of resolved turbulent scales (details 593
are shown in Appendix B) increases the accuracy, which is con- 594
firmed by the comparison with the experiment. The total pressure 595
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(a) U-RANS (b) DDES

Fig. 13 Turbulent structures in the stator tip region illustrated
by the Q-criterion and colored with the streamwise vorticity.
These figures show the results for the mass flow controller and
the instantaneous flow field was averaged over the last 10 peri-
ods.

ratio Πt,30-15 was measured at ME30 (location is illustrated in596
Fig. 2) and is shown in Fig. 14. Note that the single passage width,597
indicated by the red dot symbols, is different for the experiment598
and the numerical results because of the scaled numerical setup.599
The circumferentially and time-averaged profiles are summarized600
in Fig. 14(a) and confirm the positive trend from ME21. All un-601
steady results show improved results compared to steady RANS.602
Focusing on MFC, a remarkable agreement of the DDES and ex-603
perimental data can be seen. The massive separation in the tip604
region, again, is well resolved by DDES, which explains why this605
method yields the best agreement. It is worth mentioning, that606
U-RANS-MFC already shows notable improvements compared to607
steady RANS, but lacks accuracy in the massively separated tip re-608
gion and overpredicts this separation size (as illustrated in Fig. 13).609
This trend is confirmed for the CDN results. While U-RANS still610
shows an offset to the experiment, DDES get closer to it, but mod-611
erately under-predicts the total pressure losses in the tip region,612
which can be explained with the different mass flow rate for the613
CDN setups (see Fig. 8). Comparing 2D contours of the stage total614
pressure ratio in Figs. 14(b) to 14(f ) reveals more details of the flow615
topology. We identified three essential regions in the experiment,616
that are captured differently by the simulations. The pressure drop617
resulting from the stator suction side 1O, the pressure peak close to618
the tip wall influenced by the stator pressure side 2O and a region619
of increased mixing indicated by low and high pressure next to620
each other in the hub area 3O. The DDES-MFC captures all three621
regions qualitatively. Especially in the tip region, DDES outper-622
forms all other simulations and shows a very good agreement with623
the contours of the experiment. U-RANS-MFC overpredicts the624
pressure losses in the tip region. In the hub region, both MFC625
simulation show comparable results. The CDN simulations, again,626
follow the respective trend of the method with the mass flow con-627
troller, which reflects the results of the circumferentially averaged628
radial profiles in Fig. 14(a). A supplementary illustration, showing629
the relative deviation of the experiment and DDES-MFC, is pro-630
vided in Appendix C. Additionally, we show the radial profile of631
the total temperature at ME30 in Appendix D.632

5.4 Comments on computational costs. The increased com-633
putational effort of unsteady methods cannot be dismissed, when634
assessing them comprehensively. A summary of computed non-635
dimensional time scales and normalized consumed central process-636
ing unit hours (CPUh) is given in Tab. 4, which supports future637
decisions about the appropriate method. This decision is influenced638
not only by the prediction accuracy, but also by the required com-639
putational resources. The stated CPUh values for steady RANS640
are not related to computed periods and the given range accounts641
for the various setups and mesh densities considered in this work.642

1.100 1.125 1.150 1.175 1.200 1.225
t, 30-15

0.0

0.2

0.4

0.6

0.8

1.0

r re
l

Experiment
Steady RANS
U-RANS-MFC
DDES-MFC
U-RANS-CDN
DDES-CDN

(a) Circumferentially averaged (b) Experiment

(c) U-RANS - MFC (d) DDES - MFC

(e) U-RANS - CDN (f ) DDES - CDN

1.16 1.18 1.20 1.22 1.24

t, 30-15

Fig. 14 Time-averaged stage total pressure ratio at ME30
(downstream the stator, see Fig. 2). Simulation data is inter-
polated on experimental measurement grid, illustrated by grey
dot symbols. The red symbols indicate a single passage width,
which varies between the experiment and simulations due to
different stator vane counts. (a) shows the circumferentially av-
eraged profiles for all methods next to each other.

Especially the largest CPUh value for steady RANS must be consid- 643
ered with caution. It corresponds to the Ultra-fine mesh resolution 644
and represents no typical RANS resolution that would be used. The 645
consumed CPUh of the unsteady setups were normalized with the 646
number of computed periods. The notable difference of the CPUh 647
for U-RANS-MFC and -CDN can be explained by a larger time 648
step size (factor 2) that was used for the MFC setup. Otherwise, 649
the CPUh for all other unsteady simulations are in the same range. 650
Even though they are in the same range, it has to be emphasized, 651
that the U-RANS was also applied on a fine setup with respect to 652
the mesh resolution and time step size. Industrial U-RANS setups

Table 4 Summary of computed non-dimensional times scales
and computational costs for conducted simulations. The re-
sulting CPUh represent computational costs on a single CPU
per period.

Numerical method 𝑡/𝑃 nrevs CPUh / (𝑡/𝑃))

RANS - - 37.6 - 2832.0∗

U-RANS MFC
59 3.69

19 736.9
CDN 37 595.8

DDES MFC 41 231.1
CDN 40 585.8

*Note: The CPUh values for steady RANS represents raw CPU hours until the
𝐿1-residual has converged, hence, there is no relation to the number of computed
periods. We give a range of CPUh for RANS, which depends on the mesh and
operating point control mechanism considered in Sec. 4.

653
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will likely yield reduced CPUh. Typically, time step sizes of a654
factor of 8-16 larger are applied and the mesh resolution can also655
be coarser by at least a factor of 2. This results in an overall re-656
duction in computational cost by a factor of approximately 16-32.657
A justification for the used U-RANS setups in this study was given658
in Sec. 5. To determine a ratio of CPUh required by RANS and659
DDES, the numbers for the DDES have to be multiplied by the660
computed periods.661

It was demonstrated, that the DDES is a very powerful method to662
compute this off-design operating point, but it also comes with in-663
creased computational costs (compared to RANS), which becomes664
even more significant once a full-annulus (required if the real blade665
count of 16 rotor blades and 29 stator vanes is considered) or multi-666
stage applications are computed. Nevertheless, compared to LES667
(as also shown in [32,45] or can be approximated by the reported668
numbers in [46] combined with the Reynolds number scaling by669
Choi and Moin [47]) the DDES is still notably cheaper and poses670
a powerful compromise between accuracy and costs.671

6 Conclusions672

The TU Darmstadt axial compressor stage was investigated for673
an off-design operating point near stall. Therefore, different numer-674
ical approaches such as steady and unsteady time-domain RANS675
methods as well as the hybrid RANS/LES method DDES were used676
to assess the capabilities and limitations of each approach. Since677
these operating conditions are characterized by high unsteadiness,678
different control mechanisms of the mass flow rate are compared679
and assessed in terms of applicability and reliability. The impor-680
tance of the combination of capturing unsteady flow phenomena681
at all and resolving them with a higher-fidelity method, such as682
DDES, was demonstrated in this work. With regard to the re-683
search questions formulated above, the following conclusions can684
be drawn:685

• At near stall conditions, the inherent unsteadiness of the flow686
field pushes steady RANS to its limits and the deviations to ex-687
perimental data were large. A fixed static outlet pressure BC688
to control the operating point cannot be used to approach near689
stall conditions. The mass flow controller and a converging-690
diverging nozzle yield comparable results. Additionally, the691
mesh density variation resulted in increased deviations with692
refined meshes and a turbulence model extension variation693
emphasized the sensitivity of these extensions to the capabil-694
ities to simulate near stall conditions. These results led to the695
conclusion that unsteady methods are required to accurately696
predict this operating point.697

• The comparison of U-RANS and DDES highlighted the ca-698
pabilities of using unsteady methods near stall. Although699
U-RANS has already shown significant improvements in pre-700
dicting the integral stage total pressure ratio, discrepancies701
were identified in radial profiles and 2D contours. The DDES702
method showed remarkable agreement with the experiment,703
not only the integral operating point in the performance map,704
but also 1D and 2D data at the measurement locations. Rea-705
sons for this were given by the ability to capture the unsteady706
processes in the rotor and stator passage, when resolving a707
large amount of turbulent scales. While U-RANS is capable708
of capturing the deterministic scales of the unsteady flow field,709
DDES benefits from resolving also a large amount of stochas-710
tic scales. It was demonstrated that this hybrid RANS/LES711
approach is a very powerful method to simulate off-design712
conditions with improved accuracy.713

• The mass flow controller has emerged as an effective con-714
trol mechanism yielding the correct mass flow rate oscillating715
around the target value. Both U-RANS and DDES yield the716
largest improvements in terms of predicted pressure rise based717
on this control approach. The converging-diverging nozzle718
geometry was derived based on ideal gas relations and RANS719

precursor simulations, which is critical if the steady approach 720
shows large deviations to the experiment. Once the unsteady 721
methods capture more flow characteristics, the nozzle geom- 722
etry does not fit to the target mass flow rate anymore and a 723
different operating point is approached. Based on these find- 724
ings, the MFC approach is the most suitable method for such 725
near stall operating point, because it does not require a priori 726
knowledge to derive the correct geometry and no iterations to 727
meet the target operating point. 728

Even though DDES produced very accurate results, it has to be 729
mentioned that this method also comes with increased computa- 730
tional effort. Therefore, the engine designer must decide wisely 731
on whether or not this more expensive method is appropriate to 732
answer a specific aerodynamic question. The results and CPUh 733
presented in this work are intended to inform this decision. As 734
a logical next step, the DDES with an adjusted nozzle geometry 735
could be conducted to realize the targeted near stall mass flow rate. 736
Additionally, the setup could be extended to include multiple ro- 737
tor passages. This would enable the interaction between adjacent 738
passages, allowing phenomena such as rotating stall at off-design 739
operating conditions to be captured. Further, the DDES setup was 740
generated based on best-practice guideline regarding the spatial 741
and temporal resolution. It would be valuable to analyze how this 742
method performs on even coarser setups. 743
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Nomenclature 755

Roman letters 756

𝐴crit = critical cross-section of the outlet nozzle [m2] 757
𝑐ax = axial chord length [m] 758
𝑓c = characteristic frequency [s−1] 759

𝑘res = resolved turbulent kinetic energy [m2 s−2] 760
𝑙t = turbulent length scale [m] 761

Ma = Mach number [-] 762
𝑚̇ = mass flow [kg m−3] 763
𝑁 = rotational speed [rpm] 764

ncells = number of cells [-] 765
nrev = number of computed revolutions [-] 766

ntspp = number of time steps per period [-] 767
𝑝s = static pressure [Pa] 768
𝑝t = total pressure [Pa] 769
𝑃 = duration of a single period [s] 770

𝑟rel = relative radius [-] 771
𝑇t = total temperature [K] 772
𝑡 = physical time [s] 773

𝑢𝑖 = Cartesian velocity vector [m s−1] 774
𝑢mag = velocity magnitude [m s−1] 775
𝑥, 𝑦, 𝑧 = Cartesian coordinates [m] 776

Greek letters 777

𝛼 = circumferential flow angle [deg] 778
𝛾 = intermittency factor [-] 779

5https://www.top500.org/system/179779 (accessed on 23.06.2026)
6https://www.top500.org/system/180038 (accessed on 23.06.2026)
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ΔSLS = sub-grid length scale [m]780
Δ𝜉+, 𝜂+,Δ𝜁+ = non-dimensional cell sizes [-]781

𝛿 = radial surface displacement [m]782
𝜂is = isentropic efficiency [-]783
𝜅 = specific heat capacity ratio [-]784

Πt = total pressure ratio [-]785
𝜎b = blending factor [-]786

𝜙relax = relaxation factor [-]787
𝜔sw = streamwise vorticity [s−1]788

Subscripts789

corr = corrected value to ISA conditions790
out = value at outlet panel791
real = actual value derived from ISA conditions792
rel = relative value793

ISA = reference value at ISA conditions794
15 = value at ME15795

21-15 = ratio between ME21 and ME15796
30-15 = ratio between ME30 and ME15797

Appendix A: Steady RANS convergence798

Figure A.1 shows the convergence of steady RANS simulations799
for all three operating point control mechanisms at the considered800
near stall operating point. They are exemplarily shown for GF=1.0801
(see Tab. 2). It becomes clear that the fixed outlet pressure BC802
converges towards a lower level of the 𝐿1 and 𝐿max residuals. The803
mass flow controller and converging-diverging nozzle show more804
pronounced oscillations and do not converge as low as FOP.
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(a) Residual L1
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lM
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(b) Residual Lmax

Fig. A.1 Different residuals showing the state of convergence
for steady RANS simulations for all three control mechanisms
at near stall conditions.

805

Appendix B: Comparison of the resolved turbulent806

kinetic energy at ME30807

The improvements of DDES for predicting the separated tip808
region can be explained with Fig. B.1, showing the normalized re-809
solved turbulent kinetic energy. It becomes clear that DDES cap-810
tures a larger amount of resolved turbulent scales, which U-RANS811
does not. Additionally, the center of maximum turbulent kinetic812
energy is different, where U-RANS shows a shift to the mid-span813
region of the passage.814

Appendix C: Relative deviation of the total pressure815

ratio at ME30816

The trends for the 1D and 2D distribution at ME30 (shown in817
Fig. 14) are supplemented by Fig. C.1 showing the relative de-818
viation of Πt,30-15 exemplarily for DDES-MFC. It becomes clear819
that at most radial positions, the positive and negative deviation820
is balanced, hence, the circumferentially averaged values collapse821
with the experimental reference. Only for 𝑟rel ≤ 0.25, a more pro-822
nounced region of positive relative deviation is apparent, which ex-823
plains the larger differences, also seen in Fig. 14(a). The marginal824
differences in circumferential direction at constant radius can be825

(a) U-RANS (b) DDES

1% 3% 5% 7% 9%
kres/u2mag

Fig. B.1 Normalized resolved turbulent kinetic energy at ME30
for U-RANS and DDES both simulated with the mass flow con-
troller. Red symbols indicate the width of a single passage
for the numerical domain, whereas the distance between each
symbol pair is equivalent to 20% relative radius.

explained with the fact, that the experiment considers a full annu- 826
lus, hence, shows variations in each single passage. The numerical 827
approach assumes periodicity in circumferential direction.

Fig. C.1 Relative deviation of the total pressure ratio at ME30
exemplarily shown for DDES-MFC. Purple symbols indicate the
width of a single passage for the numerical domain, whereas
the distance between each symbol pair is equivalent to 20% rel-
ative radius.

828

Appendix D: Supplementary radial profiles 829

Figure D.1 shows the circumferential flow angle 𝛼 at ME21. 830
Steady RANS is not capable of predicting this value correctly, 831
while showing large underprediction in the hub region until mid- 832
span. This shifts into a notable overprediction in the tip region 833
of the blade. Capturing the accurate flow angle is essential in 834
the turbomachinery design process as this determines the inflow 835
angle for the downstream blade row. Hence, a good row- or stage- 836
matching can only be guaranteed, if the numerical method reliably 837
provides results. Consequently, all unsteady simulations show im- 838
provements and get closer to the experimental reference data. Re- 839
solving the unsteady flow field with higher accuracy is beneficial to 840
capture the correct flow angle, which is done best by DDES-MFC. 841

842
Another important design parameter is the total temperature ra- 843

tio 𝑇t,30-15, shown in Fig. D.2 for ME30. For this variable, the 844
relative measurement error is derived based on the theory of uncer- 845
tainty propagation. The test case summary [14] provides absolute 846
errors for the used equipment at the respective measurement lo- 847
cation, which allows an approximation of experimental uncertain- 848
ties. While steady RANS consistently fails, differences between 849
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Fig. D.1 Radial profiles of the circumferential flow angle at
ME21.

the unsteady simulation occur. Both U-RANS simulations show a850
change in the profile shape at 𝑥rel = 0.7, which is not seen by the851
DDES. This shape change is even more pronounced in the steady852
RANS simulations. DDES captures the radial re-distribution of853
work more accurately and shows better agreement with the ex-854
periment. Overall, the DDES-MFC best matches the experiment,855
qualitatively.
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Fig. D.2 Radial profiles of the total temperature ratio at ME30.
Experimental data is shown with an approximated relative error
based on given accuracies in [14].
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