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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

Nomenclature
Roman letters

aij = Reynolds stress anisotropy tensor [-]
k = Turbulent kinetic energy [m2 s 2]
Lt = Turbulent length scale [m]
ri = Mass flow rate [kg s~
Ma = Mach number [-]
Majg = Isentropic Mach number [-]
n = Rotational speed [rpm]
p = Pressure [Pa]
P}, = Turbulence production term [mZ s3]
S;j = Strain rate tensor s~
T = Temperature [K]
u; = Velocity vector [m s71
v; = ith eigenvector of anisotropy tensor [-]
v;; = Eigenvalue matrix of anisotropy tensor [-]
x = Barycentric coordinate vector [-]
x; = Cartesian coordinate [m]

Greek letters
v = Heat capacity ratio [-]
0;j = Kronecker delta [-]
Ap = Relative perturbation magnitude [-]
€;jx = Levi-Civita symbol [-]
{t = Total temperature ratio [-]
n;s = Isentropic efficiency [-]
A; = ith eigenvalue of anisotropy tensor|[-]
A;j = Eigenvalue matrix of anisotropy tensorf[-]

vr = Turbulent eddy viscosity [m2s™!]
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[1; = Total pressure ratio [-]
7;j = Reynolds stress tensor [m2 s’z]

w = Specific turbulent dissipation rate [s_l]
wsw = Streamwise vorticity s~

Superscripts and subscripts

* = Perturbed quantity
1C = One-component turbulence
2C = Two-component turbulence
3C = Three-component turbulence
15 = Quantity at ME15
21 = Quantity at ME21
30 = Quantity at ME30
corr = Corrected quantity
exp = Experimentally determined value
i (j.k,q) = Vector quantity
ij (in, nl, jl) = Matrix quantity
ISA = Quantity at International Standard Atmosphere
real = Real quantity
stall = Quantity at compressor stall
(t) = Target
t = Total (stagnation) quantity

1 Introduction

The design of turbomachinery components is heavily depen-
dent on the prediction capabilities of Reynolds-averaged Navier-
Stokes (RANS) simulations. However, the RANS equations re-
quire the modeling of the second-moment Reynolds stress tensor 7.
While Reynolds stress tensor modeling, known as turbulence mod-
eling, provides practicality and enables efficient simulations, it also
comes with inherent limitations that hinder the attainment of high
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levels of accuracy. Over the last decade, researchers have high-
lighted the limitations of the commonly applied Linear Eddy Vis-
cosity Model (LEVM) assumption for flow situations not covered
by the calibration cases [1-4]. Due to the lack of knowledge, these
LEVMs are characterized by modeling assumptions derived from
data observation, engineering intuition and computational pragma-
tism, leading to a significant degree of model-form (epistemic) un-
certainty. This is in contrast to potential errors in Computational
Fluid Dynamics (CFD) that are not due to the general lack of
knowledge, such as discretization or round-off errors, which could
in principle be reduced by exploiting extra resources [5]. Theo-
retically, epistemic uncertainties could also be mitigated through a
better understanding of turbulent processes, facilitating the devel-
opment of advanced models. This contrasts with aleatory uncer-
tainties, such as manufacturing tolerances or uncertain operating
conditions, which cannot be reduced and are not within the scope
of the present study. In the past, efforts in engineering design
applications aimed to address uncertainties in CFD simulations
through the use of safety margins, levels of redundancy and sim-
ilar heuristic approaches. As computational resources continue to
increase, the turbomachinery industry is undergoing substantial ad-
vancements in digitization. Methodologies such as robust design
or reliability-based design offer the potential to supersede the tra-
ditional approaches for addressing uncertainties in CFD. In recent
years, there has been a growing interest in Uncertainty Quantifi-
cation (UQ), paving the way for more reliable simulation-based
designs [6].

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

Due to its unique characteristics and persuasive interpretabil-
ity of its simulation outcomes, the EPF has been used in vari-
ous engineering applications, such as aircraft design [11], civil
structural design [12], wind farms [13,14] and turbomachinery
flows [15]. For this reason, the EPF has also been integrated into
TRACE [16,17], which is developed by the German Aerospace
Center (DLR) in strong cooperation with MTU Aero Engines AG.
We have already verified the conceptual idea behind the methodol-
ogy and its computational implementation and applied the EPF
to generic test cases in recent publications [18,19]. Although
the aforementioned applications of the EPF have provided some
validation of the framework, this paper applies and consequently
validates the methodology to the most complex configuration re-
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lated to turbomachinery applications to date. The capabilities of
the EPF are demonstrated on the Technische Universitit Darmstadt
(TUDa) compressor [20]. The TUDa-GLR-OpenStage compressor
is a single-stage, transonic axial compressor, which is introduced
in Section 3.

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

2 Eigenspace perturbation method

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

1 duy g

Tij = =2vy Sij—ga(sij +3k5ij, (@))]

where k = %T,-,- represents the turbulent kinetic energy and the
strain-rate tensor is denoted as S;j. This modeling assumption,
known as the Boussinesq assumption, assumes turbulence to be-
have as an isotropic medium. Hence, LEVMs are not able to
account correctly for the anisotropy of Reynolds stresses by defini-
tion, leading to a significant degree of epistemic uncertainty. Fol-
lowing the modeling assumption in Eq. (1), the eigenspace of the
Reynolds stress tensor only depends on the eigenspace of the strain-
rate tensor (identical eigenvectors and linear dependency between
eigenvalues). The EPF, described in the following, assesses this
uncertainty within physical constraints. The underlying method-
ology is based on the spectral decomposition of the anisotropic
part, represented by the anisotropy tensor a, of the Reynolds stress
tensor

2 2
=k ajj+ 55,‘]' =k VinAnpvj1 + 561'] : @)

The eigenvectors vy of a;; are contained column-wise in v, while
the traceless diagonal matrix A, contains the corresponding eigen-
values Ay.

Generally speaking, perturbing the Reynolds stress tensor means
changing the amount of turbulent kinetic energy (k), the spectral
energy distribution of the anisotropy tensor (1) and the orientation
of the principal components of the anisotropy tensor (v;;) [24,25].
The eigenspace perturbation, considered in this study, modifies
solely the shape of the Reynolds stress tensor ellipsoid by creating
perturbed states of the eigenvalues A;, while the other two at-
tributes of the Reynolds stress tensor are kept constant. Changing
the shape of the Reynolds stress tensor ellipsoid means modifying
the turbulence model to an orthotropic eddy viscosity model, where
turbulence behaves differently along each eigendirection [26]. This
is equivalent to assigning different turbulent eddy viscosities along
every eigendirection. Consequently, the uniform linear dependency
between the eigenvalues of the strain-rate tensor and the Reynolds
stress tensor is overridden. Accordingly, the perturbed Reynolds
stress tensor is defined as

* * 2
T = k Ui"AnlUjl + 5(51']‘ . 3)

The realizability constraints manifest limits for the eigenvalues
of the Reynolds stress tensor and the anisotropy tensor, respec-
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Outlet

ME21 ME30 J
ME20 1\ /
X3c \
f ME15
| Inlet
/ \/
X
- X X
X2c X
7 X \\\
Xoc X1c 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 paint
Fig. 1 Systematic representation of the Reynolds stress ten- within each pseudo-time step of the steady simulations. The coLe
sor's eigenvalue perturbation within the barycentric triangle. pling with the RANS equations is done by updating the viscoasn
Its e ect on the shape of the Reynolds stress tensor is shown uxes via the perturbed Reynolds stress tensor. To incorporate the
by the gray ellipsoid visualizations, when approaching the ver- eecton the turbulence model's turbuler_1t kl_netlc energy transpart2
tices of the triangle. equation, the production of turbulent kinetic energy is computezs
according to 224
0 = m*g
tively [27]. The mapping of eigenvalues onto barycentric coordi- % = gsrm@ ’ (7) 225

nates, based on Banerjee et al. [28],

incorporating the perturbed Reynolds stresses explicitly. Finallyg
the uncertainty on certain Quantities of Interest (Qol) attributed4er
the uncertainty of the turbulence model can be determined by progs
agating the perturbed Reynolds stress tensors in additional RANS

is used to explore the realizable eigenvalue space within a 2D pimulations and sample from the attainable possible solution space.
jection, wherex;c—xXac—X3c are the coordinates of the vertices

of an equilateral triangle, as illustrated in Fig. 1. The states of

the Reynolds stress tensor that are de ned by these vertices rép- TUDa-GLR-OpenStage compressor 231

resent the limiting states _of turbulence componentiality based ong 1 Test case descriptionThe single stage transonic axiabs2

the number of non-zero eigenvalues of the Reynolds stress tenQjimpressor is an open test case of the Global Power and Propulsion
the three-component, isotropic limit (3C), the two-component ax%ciety (GPPS) providing detailed information on the geometry

isymmetric limit (2C) and the one-component limit (1C). As the,nq 4 comprehensive set of measurement data by the Technieal
representation of eigenvalues in barycentric coordinates ena iversity of Darmstadt [20]. The original stage consists of 186

linear interpolation between two states, Emory et al. [24] proposgior plades, 29 stator blades and 5 outlet guide vanes. At the

to obtain the perturbed location as a relative shift towards the V§fternational &tandard Atmosphere (ISA) corrected design speed
ticesXipo 2 fX1cX2c—X3cg according to

1 3
X = 5X1c 1 2%, Xoc'o _3°, Xsc 5-3> 1 @

of =corr = Zreal % =20000rpm and a corrected mass ow rate239

X =X, Xio X with 2 0-1% (5)  of <orr = <é,ea|;% )ﬁ = 1600 kg s, a total pressure ratio of 240
1.5 is achieved. 241

This is shown by way of example in Fig. 1 for the perturbation
towards the 2C state. As Eq. (4) can be expressed=Q, , the 3.2 CFD setup. TRACE is a parallel Navier-Stokes ow 242

resulting perturbed eigenvalues are determined via solver. In the present work we use the nite-volume method ta3
., o . discretize the compressible RANS equations. We apply Roels
, =1 . e, While (6)  upwind scheme combined with MUSCL extrapolation to ensures

second-order accuracy. Large gradients are smoothed using azvan

) ) Albada-type ux limiter. This ensures the total variation diminishz47
w02t 10 205 3c9= 3 §5- 5 - 33— 5 ~000 -

3 ing property of the scheme, which is important for transonic ows4s
depends on the chosen componentiality of the target state [28he attainment of steady-state solutions is facilitated through the
While the choice of = 0 results in unaltered eigenvalues,utilization of an implicit time-marching algorithm. Furthermorezso

= 1 changes the eigenvalues to the ones of the target,state for the transport equations governing turbulence quantities, we ap-
Whereas previous studies tried to account for spatially varyingy a segregated solution method that is second-order accuratezand
perturbations [10,17,29,30], we assume a uniform distributioconservative [31]. The two-equation, Menter SST | [32] 253
of the relative perturbation magnitude in the computational LEVM is chosen to be the underlying turbulence model in thes
domain. Although LEVMs produce su ciently accurate predic-present investigation. As already described in Section 2, the viss
tions in the majority of the computational domain, except focous uxes and the turbulence production term are modi ed whene
separation, reattachment, secondary ows and wakes, we apgplying the EPF. 257
exploring the worst case scenario by applying uniform, non-local We simulate a single passage of the compressor without consid-
perturbations. This procedure results in the most conservatigeing the outlet guide vanes (see Fig. 2). Previous studies alrezaly
uncertainty estimates. presented a comprehensive analysis of various important aspsts
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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| 070 030 029

Coarse 1.87 078 080
Medium 397 164 169
Fine 538 221 230

Ultra- ne 1806 735 776

261 when simulating the compressor stage [21,22]. Based on recent
262 adjustments of the geometry provided by the GPPS, our numerical
263 setup incorporates the latest hub and shroud contour, the rotor tip
264 gap of 0.75mm, a constant llet radius at the rotor hub of 5mm
265 and approximated llet radii at stator hub and tip. We stick to
266 using 16 rotor blades but scale to 32 stator blades in order to com-
267 pare the RANS uncertainty estimates with the transitional Delayed
268 Detached-Eddy Simulations (DDES) data of Mdller et al. [33].
269 By comparing CFD with CFD results, we are able to eliminate
270 potential geometrical errors. The inlet section of the computa-
271 tional domain is located 3% upstream of ME15 with respect to
272 the compressor core axial length (ME20 to ME30). Experimen-
273 tally measured total temperature and pressure pro les based on
274 the experiment by Klausmann et al. [20] are prescribed at the in-
275 let. Similar to previously published RANS studies (e.g. by He
276 et al. [21]), we assume axial in ow direction, while the level of _. ) . -
277 turbulence intensityd's set to 4% and the turbulent length scalefig- 3 Eect of g”d.resomt'?n on.the prediction of total pres-
278 assumed to bét = :el = 009mm The rotor-stator interface sure ratio (top) and isentropic e ciency (bottom) by RANS at
279 is accomplished by a mixing plane approach [34]. The domain
280 outlet is located at +58% downstream of ME30 with respect to
281 the compressor core axial dimension. In order to compare RANS - .

282 results at the experimental operating points, the respective mass:rhe ge_neral trend indicates tha_t mesh_re nement rgsults In An
283 ow rates are realized by using a boundary controller that adjust8créase in both total pressure ratio and isentropic e ciency. Sies

284 the static pressure at the outlet of the computational domain. If taultaneously, this is re ected in the ability to approach the exeo

285 simulation, enforcing a certain mass ow rate, does not convergB€imentally determined stall limit. It also becomes evident thab

286 an iterative process decreasing the backpressure in stag &fa coarser meshes increase the matching with absolute values of tatal

287 is conducted. Hereby, we are able to examine the numerical st2jfSSure ratio and isentropic e ciency ascertained in the expesi-2
288 limit of the RANS simulations appropriately. ment by Klqusmann_et al. [20]. This is in accordance with thes
289 Finally, given the geometry information by GPPS, the IOW_observed grid analysis by He et al. [21]. Nevertheless, as we wauat

: : : tg choose an appropriate level of grid convergence, we choosettte
2 m - Y 1 :
% Reynolds mesh is generated using our in-house tool PyMesh ne mesh for the subsequent analysis and call the obtained reseits

201 grid convergence study based on 5 grids helps to identify the in be the baseline simulation in the following sections. Choosiag
292 ence of grid resolution on the prediction of design relevant integr e ne mesh leads to a 0.17% deviation in predicting the totals

293 quantities. The considered grids are summarize in Table 1. i d 0.13% di ; dicting the isentroni

204 the goal of the conducted grid study is only to select a resolutidd €SSuré rato and s t; |<Ietrence In prﬁ I(t:tltrw]g g e 1sen rogzm

295 that serves practical purposes for subsequent UQ simulations wiiglency compared with the ultra- n€ mesh at the design .(pe 0
ciency) operation point. When we compare the prediction of21

296 still remaining computationally feasible, all simulations are base ith the wult h uti I ideredt
297 on the mass ow controller aiming for the experimental mass owne ne wi € ultra- n€ mesh resolution across all consiaerext

208 rates. Figure 3 shows the sensitivity with respect to the chos8}f'SS OW rates, the mean relative deviation foggo 15 is 0.26% 323

;LSOO% speedline.

299 grid resolution on the total pressure ratio and for[ is 0.2%. 324
200 +30 15 = 7130 @8) 3.3 Creating uncertainty estimates based on Reynolds32s
B 2145 stress tensor perturbation. We perform simulations propagatings26

Reynolds stresses that are perturbed towards the one-compaoreent
301 and on the isentropic e ciency (10), two-component (2C) and isqtropic Iimif[ of turbulence (3C)28
Following the approach proposed in our previous work [18,19], the
11\ 100\ relative perturbation magnitude with respect to the relative shiftdso
~_ 8015 1 9 barycentric coordinates (see Fig. 1) is adjusted as a conses1
302 [is = © guence of occurring convergence issues. Selecting a uniform 332

Zgo15 1 ° ! .
for 1C, 2C and 3C perturbation would be a conceivable and equatly

valid approach. Furthermore, it is also possible to moderate the
based on expert knowledge, marker functions [10] or machizss
learning [17,30]. In the present investigation, we applyas large 336
304 Zi30 15= —— . (10) as possible non-uniformly towaretg c—X2c—Xsc in order to obtain 337
)45 the worst case scenario with respect to the inherent turbulence nwod-

eling uncertainty and to account for physically plausible variatiaas

305 These integral quantities are computed using the area-averagegerturbation magnitude across the turbulence limiting states. s
306 total pressure and total temperature at ME30 and ME15. already described in Section 3.2, we aim for approaching the exper-

303 where the total temperature ratio is de ned as
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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 design
rotational speed. As previous studies (e.g. [35,36]) reveal, there is
a general trend indicating more conservative uncertainty estimates
when increasing the eigenvalue perturbation strength, we seek for
the largest possible for each individual operation point. Con-
sidering that, we limited the iterative search to gradually decreasing
by 0.1 for 2 »01-10%and by 0.01 for 2 »0-01%2 Ad-
ditionally, we employ an initially arbitrarily chosen search points
at = 0-25. As soon as we switch the boundary condition at the ) ] )
outlet from mass ow controller to constant backpressure for ap-(@) Red Green Blue (RGB) coloring (b) Barycentric coordinates
proaching the stall limit (described in Section 3.2) and some near )
choke operation point beyond the design point, we keep the r&9- 5 lllustration of the turbulent state of the Reynolds stress

ative perturbation magnitude constant and evaluate the attainalfigsor at ME30 and Moy = 14:78 kg/s. (a) presents the RGB
backpressure adjustment. coloring according to the location of each data point inside the

barycentric triangle, which is shown in (b).

4 Turbulence model uncertainty for a multi-row
compressor application 4.2 Overall compressor performance.Changing the eigen- 389
values of the Reynolds stress tensor towards the one- and tweo-
4.1 Perturbation magnitude and e ect on anisotropy. Fol- component limiting state of turbulence, stabilizes the RANS fes1
lowing the procedure described in Section 3.3, Fig. 4 shows th@®v mass ow rates, as can be seen in Fig. 6. This leads to tiwe
attainable perturbation magnitude for each speedline simulationmdssibility of further throttling the compressor compared with thes
1C, 2C and 3C. Throttling the compressor enables increased pesseline and 3C simulation. Unfortunately, we were not able 3o
turbation magnitude for 1C and 2C perturbations, whileneeds achieve converged steady-state RANS solutions signi cantly aboge
to be reduced for 3C simulations. To give an idea of what perturlhe design mass ow rate, when perturbing the Reynolds stress
ing the eigenvalues means for the converged states of the Reyndkissor. On the one hand, this was already looming for 1C and 2C
stress tensor, Fig. 5 presents the analysis of the Reynolds streissulations, as we had to reduce when approaching the desigrses
anisotropy at ME30 with respect to RGB coloring in Figapénd point to achieve converged solutions. On the other hand, 3C pep
the barycentric coordinates in Fig.j( Evaluating the anisotropy turbation beyond the design point lead to undesired instabilities)
tensor for the unperturbed baseline simulation using the Mentehich may potentially be identi ed as choking. The predictions1
SST: | LEVM reveals the Reynolds stress tensor to be rathef the compressor performance based on the 3C simulations shaw
isotropic aligning the barycentric coordinates around the planeeduced total pressure ratios and isentropic e ciencies over the en3
strain line [28]. Except for the wakes and the secondary owiire speedline. Overall, the chosen perturbation magnitude seenas
structures (see later analysis on secondary ows referring to Fig. 10 be too large for 3C. However, as mentioned in Section 3.3, wa
and Fig. 11), where some areas tend towards the two-componarg aiming for worst case scenarios of the attainable turbulent states
corner of the barycentric triangle (green regions in Figyb(At  rather than accurate sharpness (appropriate bounding of CFD pre-
the chosen mass ow rat&orr = 1478 kgrs, is 0.25, 0.6 dictions) of the uncertainty estimation. Consequently, we continus
and 0.09 for 1C, 2C and 3C perturbation respectively (cf. Fig. 4)o analyze the obtained results based on the isotropic perturaa-
This results in the expected shift of the barycentric coordinaté®ns throughout this paper. Generally, the estimated uncertainty
in the direction of the respective vertex. The perturbation of thiatervals for the integral compressor performance parametersa4n-
eigenvalues of the Reynolds stress tensor has to be done iterativelyde most of the experimental measurements, constituting a gecd
allowing the mean ow quantities to change over simulation timeoverage of the considered EPF. Applying the unperturbed (base-
until converged states are reached. The same holds true for time) turbulence model yields mostly increased e ciency and to-4
unperturbed state of the Reynolds stress tensor derived from thépressure ratios compared with the considered perturbed ones.
respective velocity gradients, turbulent kinetic energy and turbuleHowever, close to the numerical stall limit the baseline simulats
eddy viscosity (see Boussinesq assumption in Eq. (1)). Since tten reveals a rather abrupt reduction in compressor performanae,
perturbation of the eigenvalues depends on the unperturbed stateereas perturbing the Reynolds stress tensor towards the one-4and
of the current iteration step, each converged perturbed data paiwb-component turbulence allows stable operations of the coms
in Fig. 50) is not simply shifted towards the corners by the relativgressor with increased e ciency. Increased performance of theo
perturbation magnitude starting from the baseline computation. compressor enables a shift of the numerical stall limit to reduced
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