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a b s t r a c t 

This paper presents the study of the losses generated in a Counter Rotating Open Rotor (CROR) configura- 

tion at three different operating conditions (approach, cutback and sideline). Unsteady Reynolds Averaged 

Navier-Stokes (URANS) and Large-Eddy Simulation (LES) approaches are used and compared to describe 

the flow field and the mechanisms of loss. Since no common circumferential periodicity occurs in the two 

blade rows of the configuration (11 blades for the front rotor and 9 for the rear rotor), a full 360 ◦ simu- 

lation would be required. In order to reduce the related computational cost, a phase-lagged assumption 

approach is used. This method enables to perform unsteady simulations on multi-stage propulsive con- 

figurations including multiple frequency flows with a computational domain reduced to one single blade 

passage for each row. The phase-lagged approach requires a large data storage reduced in the study by a 

data compression method. The data compression method is based on a Proper Orthogonal Decomposition 

(POD) replacing the traditional Fourier Series Decomposition (FSD). The inherent limitation of the phase- 

shifted periodicity assumption remains with the POD data storage but this compression method alleviates 

some issues associated with the FSD, especially spectrum content issues. The analysis of the losses gen- 

erated in the configuration is based on an entropy formulation. In particular, the losses are split between 

boundary layer contributions and the remaining domain where wakes and secondary flows occur. The 

study shows the influence of the leading edge vortex on the suction side boundary layer transition of the 

front and rear rotor blades at high rotational speed (cutback and sideline). The main source of losses is 

associated with the suction side boundary layer over the front and rear rotor blades with a main peak of 

loss production at around 75% of the blade chord. 
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. Introduction 

In order to decrease fuel consumption and greenhouse gases 

missions of airplanes propulsion systems, new engines with sig- 

ificantly higher By-Pass Ratios (BPR) compared to current turbo- 

an engines are being developed as Counter Rotating Open Rotor 

CROR). These unducted architectures with specific blading designs 

nd geometrical arrangements [45] considerably modify the flow 

opology and the mechanisms of loss generation compared to tur- 

ofan architectures [22] . Compared to contra-rotative ducted fan 

onfigurations [40] where a duct surrounds the rotors, CROR con- 

gurations are less efficient in producing thrust. Indeed, according 

o the actuator disk theory, the duct reduces the blade tip losses, 

nabling the ducted fans to increase the thrust [24,43] . The duct 
∗ Corresponding author. 

E-mail address: maxime.fiore@isae-supaero.fr (M. Fiore). 
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lso reduces the rotors noise and protects the high-speed rotors 

rom the external environment. For large propulsive configurations, 

he main advantage of CROR is the reduction of weight and drag 

elated to a duct. 

The development of such new aircraft engine designs has been 

idely performed numerically especially through the use of Un- 

teady Reynolds Averaged Navier-Stokes (URANS) simulations [4,6–

,28,39] . Turbulent processes as tip vortex interaction, rotor wakes, 

ransition processes on blades may limit the applicability of (U)- 

ANS approaches where all turbulent structures are modelled. This 

bservation pushes towards the use of lower levels of turbulence 

odelling like Large-Eddy Simulation (LES) approach [41] where 

he large energetic scales of turbulence are resolved and only the 

mall scales are modelled. The use of LES in aircraft engine config- 

rations is still challenging since the requirements for the meshing, 

umerics, convergence and data extraction are generally higher 

ompared to (U)-RANS. In addition, the simulation domain can- 

https://doi.org/10.1016/j.compfluid.2021.105025
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compfluid
mailto:maxime.fiore@isae-supaero.fr
https://doi.org/10.1016/j.compfluid.2021.105025
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Nomenclature 

Latin letters 

c speed of sound [ m.s −1 ] 

C x axial chord-length [ m ] 

C p pressure coefficient [ - ] 

c p constant pressure heat capacity [ kg.m 

2 .s −2 .K 

−1 ] 

D rotor diameter [ m ] 

H shape factor [ - ] 

p pressure [ kg.m 

−1 .s −1 ] 

P k turbulent kinetic energy production [ kg.m 

2 .s −3 ] 

R gas constant [ kg.m 

2 .s −2 .K 

−1 .mol −1 ] 

t time [ s ] 

T temperature [ K] 

s entropy [ kg.m 

−1 .s −2 ] 

u velocity[ m.s −1 ] 

(x, y, z) cartesian coordinates [ m ] 

Greek letters 

δ boundary layer thickness [ m ] 

λ thermal conductivity [ kg.m 

−1 .s −1 ] 

κ artificial viscosity coefficient [ - ] 

μ dynamic viscosity [ kg.m 

−1 .s −1 ] 

ν kinematic viscosity [ m 

2 .s −1 ] 

ω rotational speed [ rad.s −1 ] 

ρ density [kg.m 

−3 ] 

τ viscous shear stress [ kg.m 

−1 .s −2 ] 

θ momentum thickness [ m ] 

Abbreviations 

Re C x Reynolds number u C x / ν
AP, CB, SL approach, cutback, sideline 

CROR Counter Rotating Open Rotor 

FSD Fourier Series Decomposition 

LES Large-Eddy Simulation 

POD Proper Orthogonal Decomposition 

URANS Unsteady Reynolds Averaged Navier-Stokes 

LE/TE Leading Edge/Trailing Edge 

SS/PS Suction Side/Pressure Side 

LES Large-Eddy Simulation 

Ma Mach number 

NSCBC Navier-Stokes Characteristic Bound. Cond. 

R1/R2 Rotor 1/rotor 2 

(U)RANS (Unsteady) Reynolds Averaged Navier-Stokes 

SGS Sub-Grid Scale model 

WALE Wall-Adapting Local Eddy-viscosity 

Subscripts and superscripts 

∞ upstream condition 

max maximum 

P.C. periodic conditions 

P.L. phase-lagged simulation 

RMS root mean square 

tot total quantity 

SGS subgrid scale contribution 

. + non-dimensional wall-units 

. 
′ 

fluctuating quantity 

edge boundary layer edge quantity 

in/out inlet/outlet conditions 

tot total 

turb turbulent 

eff effective 

ref reference state 

. + non-dimensional wall distance 
t

2 
Operators 

. Reynolds/LES filtered quantity ˜ . Favre filtered quantity 

〈 . 〉 statistical averaging 

[.] Favre averaging 

ot be reduced using periodic boundary conditions due to a co- 

rime number of blades for the two counter rotating rows. In or- 

er to alleviate the cost of a full 360 ◦ simulation, some paths have 

een investigated to reduce the computational cost of LES with ac- 

eptable physical restrictions. For this purpose, the use of phase- 

agged boundary conditions allows the 360 ◦ simulation domain to 

e reduced to a single passage per row, as proposed by Erdos and 

lzner [14] . The main difficulty with this approach lies in the nec- 

ssary storage of the flow variables at each time step over a full 

assage of the opposite blade at the phase-lagged interfaces. In 

ulti-row simulations, it corresponds to the storage of the flow 

ariables at the interface between static and rotating domains and 

n lateral azimuthal conditions. For the meshes and time steps 

onsidered in practical turbomachinery simulations, direct storage 

epresents a significant cost. The most popular method to reduce 

he data storage cost is to perform a Fourier Series Decomposition 

FSD) of the temporal signal at the phase-lagged interfaces, as pro- 

osed by He [20,21] . The FSD is truncated to a limited number 

f harmonics, and the coefficients are updated at each time step 

ith the shape correction method. This method assumes the flow 

erfectly periodic in time, which is a fair assumption in URANS 

or operating points dominated by periodic rotor-stator interactions 

wakes and potential effects). For LES, the periodic assumption is 

o longer true. In particular, LES includes multiple unknown fre- 

uencies, for example non-deterministic small scales structures in 

 turbulent wake, for which the characteristic time that needs to 

e used is unknown. Keeping the limitation of the phase-lagged 

ssumption, a data storage based on a Proper Orthogonal Decom- 

osition (POD) [2] has been developed and implemented in the 

lsA software [3] by Mouret et al. [32] used to perform the present 

RANS/LES. This compression method especially improves some is- 

ues associated with the FSD and the corresponding spectrum con- 

ent. 

The purpose of this paper is to describe the mechanisms of 

osses in the full CROR configuration for different operating points: 

pproach (AP), cutback (CB) and sideline (SL) based on URANS and 

ES with phase-lagged conditions and POD data storage. The capa- 

ility of URANS/LES with phase-lagged assumption and POD data 

torage to properly capture the physical phenomena in the config- 

ration is assessed by comparing against experimental data avail- 

ble in the wake of the front rotor alone. 

The paper is organized as follows: Section 2 introduces the con- 

guration and numerical setup; the method used to measure the 

osses generated in the configuration is described in Section 3 ; the 

omparison of the numerical simulations against experimental data 

or the front rotor is presented in Section 4 ; the description of 

he flow field including pressure distribution around the blade and 

ear-wall flow is introduced in Section 5 ; the description of the 

oss mechanisms is introduced in Section 6 . 

. Configuration and numerical methods 

The open-rotor configuration used for the study is the Airbus 

lean Sky generic Open Rotor configuration AI-PX7 11x9 at scale 

/7. Fig. 1 shows the geometry of this rear fuselage pylon-mounted 

usher configuration. The front rotor is composed of 11 blades and 

 blades for the rear rotor. The number of blades is a trade-off be- 

ween aerodynamic efficiency/noise reduction and structural con- 



Table 1 

Main characteristics of the CROR AI-PX7 and experimental conditions for he different operating 

points: approach (AP), cutback (CB) and sideline (SL). 

cascade details nominal conditions 

Front rotor blades 11 Inc. angle [ 0 ] 0 

Rear rotor blades 9 p tot , ∞ [Pa] 101,179 

Hub-to-tip ratio 0.35 T tot , ∞ [K] 311.5 

Rear rotor cropping [%] 10 Rot. speed ω [rad.s −1 ] 512.4 (AP) 663.2 (CB) 738.2 (SL) 

L R1 −R2 /D 0.22 Re C x 1.1 × 10 6 

Nacelle length/D 6 Ma ∞ 0.2 

Fig. 1. Geometrical setup with front and rear rotors highlighted. 
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traints. For aerodynamic and acoustic reasons, a high number of 

lades is preferred since a higher efficiency can be reached and the 

oise is shifted to higher frequencies, reducing thus the perceived 

oise. From a structural point of view, fewer blades with a large 

hord are preferred in order to keep stresses low and to lower 

he flutter risks. The number of blades for the rear rotor is lower 

ompared to the front rotor to account for the front rotor wake 

mpingement increasing mechanical constraints. The axial distance 

etween the front and rear rotor is set to L R1 −R2 /D = 0.23 where

 = 0.61 m is the rotor diameter as a trade-off between a larger 

istance to promote the front rotor wake dissipation before to im- 

act the rear rotor and a limited length to reduce weight and drag 

f the configuration. The rear rotor is cropped in order to avoid 

he front rotor tip vortices to impact the rear rotor (10% cropping 

ompared to the front rotor). The front and rear rotor are designed 

ith positive sweeping on the upper part of the blade to reduce 

he normal Mach number and related shock losses and noise. The 

ain geometrical features are gathered in Tab. 1 left column with 

ore details about the CROR AI-PX7 design provided in Negulescu 

t al. [33] . This configuration has been implemented and tested in 

he Airbus low-speed wind-tunnel (LWST) in Bremen, Germany by 

he DLR. The facility is an open-type wind tunnel with a closed test 

ection of 2.1 × 2.1 × 4.45 m. The instrumentation allows mea- 

uring open-rotor overall performance and wake analysis through 

article Image Velocimetry (PIV) measurements downstream of the 

lade. PIV measurements are performed in a phase-locked fashion 

ith respect to the passage of a single blade. More details about 

he experimental facility, PIV calibration and data processing are 

rovided in Novara et al. [36] . 

Two different geometries are investigated for the study. A first 

eometry composed on the front rotor only and a second geom- 

try with the front and rear rotors. For the geometry with the 

ront rotor only, two different simulation domains are considered 

nd one simulation domain for the full CROR configuration. Fig. 2 
3 
hows the simulation domains for the two different geometries 

nvestigated. For all the simulations, the domain is composed of 

wo sub-domains: one sub-domain extending from the inlet set 

pstream of the configuration to the mid-position between front 

otor (R1) trailing edge and rear rotor (R2) leading edge; a sec- 

nd sub-domain extending from this same position to the outlet 

et downstream of the rear rotor. For the geometry with the front 

otor only composed of 11 blades, 1/11 of the full azimuthal do- 

ain is considered for the two sub-domains with a full-matching 

nterface between the two sub-domains and periodic conditions 

re applied on the lateral surfaces. URANS and LES are performed 

n this configuration denoted R1PC where R1 stands for the front 

otor only considered and PC for periodic conditions. On this same 

eometry, a LES with phase-lagged assumption and POD data com- 

ression is performed over a different simulation domain: the front 

ub-domain is identical to the one used for the reference simula- 

ions (URANS R1PC and LES R1PC ) but a larger rear sub-domain (1/9 of 

he whole azimuthal domain) rotating in opposite direction with 

espect to the front sub-domain is used. This computational do- 

ain mimics a hypothetical rear counter rotating rotor row with 

ine blades of a CROR configuration. This configuration is denoted 

1PL where PL stands for phase-lagged. The comparison of the 

RANS R1PC with LES R1PC makes possible to highlight the influence 

f the turbulence modeling and LES R1PC with LES R1PL the influ- 

nce of the phase-lagged condition with POD data storage. Finally, 

RANS and LES with phase-lagged assumption are performed with 

he same computational domain compared to R1PL except that the 

ear rotor stage is added to simulate the full CROR configuration. 

his configuration is denoted R12PL where R12 stands for the ro- 

or 1 and 2 considered. For all the configurations, the simulation 

omain extends 4 D upstream of the front of the configuration in 

he streamwise direction. The outlet is set at the rear of the nacelle 

hich is 5 D long. The radius of the simulation domain is 3.5 D. 

The boundary conditions imposed at the free surfaces are ex- 

rapolation conditions of the reference state (see Table 1 right 

olumn) and are also used as an initial solution for the simula- 

ions. Adiabatic and non-slipping wall conditions are applied on 

he blades and nacelle walls. At the full non-matching interface 

nd on the lateral surfaces, phase-lagged conditions are applied 

or the R1PL and R12PL configurations while full-matching inter- 

ace and periodic conditions are applied on the lateral surfaces for 

he R1PC configuration. 

The same meshing strategy and refinement are used for the 

ifferent numerical approaches and geometries investigated. The 

etails are provided for the full CROR configuration in LES with 

hase-lagged assumption (LES R12PL ). The meshing strategy is based 

n an O-6H block for the two rotor rows. Fig. 3 shows the mesh

efinement around the front rotor blade at mid span. The first off- 

all point is set to 
y /C x = 4 × 10 −5 . According to the litera-

ure [18,37,38] , the near-wall region should be resolved with 50 ≤

x + ≤ 80; 
y + ≤ 1; 15 ≤ 
z + ≤ 25. These criteria are chal- 

enging to fulfil for the present configuration with a high Reynolds 

umber and large dimensions. In wall-resolved LES, the long and 

ow aligned structures close to the wall [44] known as streaks are 



Fig. 2. Simulation domains. Matching interface for the R1PC (domain 1/11-1/11) and no-match interface for the R1PL and R12PL (domain 1/11-1/9). 

Fig. 3. Meshing around the front rotor blade at mid span. 
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Fig. 4. Grid dimensions at the front (a) and rear rotor walls (b) at mid span for SL 

based on the LES R12PL approach. 
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mportant structures to be captured. These structures are shown to 

ave lower variations in the x direction compared to the y and z 

irections. Therefore, the mesh has been mainly coarsened in the 

 direction. In the spanwise direction, around 700 layers have been 

et over a spanwise length of around 15 cm with a grid refinement 

lose to the nacelle wall (expansion ratio of 1.05). This distribution 

rovides a mean spanwise coordinate of 
z + 	 60. In the stream- 

ise direction, around 400 points have been set for a mid span 

hord length of 10 cm corresponding to a mean streamwise coor- 

inate of 
x + 	 100. Fig. 4 shows the mid span grid dimensions 

t the front and rear rotor blade walls based on LES R12PL for the SL

perating point confirming the targeted value for the first off-wall 

oints. The mesh cells are built to have orthogonality higher than 

0 ◦ and in near-wall region higher than 80 ◦. The stretching ratio 

etween the size of neighbouring cells in the blade wall-normal 

irection was set to 1.03 to guaranty around 30 grid points in the 

iscous layer until 
y + = 50. The mesh is refined in the wake to

roperly propagate the structures developing at the trailing edge of 

he front and rear rotor blades. The mesh is composed of around 

50 × 10 6 cells for the URANS R1PC and LES R1PC , 270 × 10 6 cells for 

he LES R1PL and 350 × 10 6 cells for the LES R12PL . A mesh depen- 

ency is proposed in App. Appendix A . 

The simulations are performed using the ONERA elsA soft- 

are [3] solving the compressible Navier-Stokes equations over 

ulti-block structured grids and used in previous studies for open- 

otor characterization and optimization [10,11,15] . For the URANS 

imulation, an upwind Roe scheme with third-order limiter [35] is 

sed for the convective terms. The Wilcox k- ω two-equations 

odel with Zheng’s limiter [47] is used according to the practice 
4 
rovided by Gourdain et al. [16,17] in a turbomachinery context. 

or the LES, a second order centred scheme with a low Jameson 

rtificial viscosity [23] ( κ4 
jam . 

= 0.002) is used for the convective 

iscretization. The subgrid scale model is the Wall-Adapting Local 

ddy-viscosity (WALE) [34] . For the URANS and LES approaches, 

he time integration is performed using a Dual Time Stepping 

DTS) with a Crank-Nicholson scheme (second order accurate) in 

ombination with an implicit pseudo-time stepping for the inner 

oops [29] . The time step is set to 
t + = 
t u ∞ 

/C x = 1 × 10 −3 

orresponding to 11,880 iterations per full rotation. The number 



o

3

t

g

o

f

6

s

a

c

3

t

i

p

s

t

t

s

w

s

t

i

b

s

s

w

c

r

t

a

m

l

s

t

s

t

fl

b

s[
I

u

p

s

w

b

t

s

P

Fig. 5. PIV measurements location downstream of R1 and orthogonal line to the 

wake. 

w

d  

d

T

[  

i

4

m

p

o  

w

t

r

f

f

w

w

w

t

e

o

l

e

i

t

u

l

C

m

s

t

s

e

l

n

i

l

p

s

t

i

c

f POD modes used to perform the data compression is set to 

0 based on previous studies [32] and to properly conserve at 

he phase-lagged interfaces the vortex shedding spectral content 

enerated in the wake of the front and rear rotor. The storage 

f azimuthal and non-matching R1-R2 surfaces at each time step 

or one full rotation in LES represents a storage requirement of 

8.2 Giga bytes in POD compared to 226.6 Giga bytes for a direct 

torage. The POD technique used with the update of the coefficient 

long time represents an overcost of around 24% compared to the 

lassical spatial and temporal integration in the solver. 

. Measure of loss based on entropy 

The increase of entropy in the simulation domain can be used 

o describe the losses generated in the configuration as popular- 

zed by Denton in a gas turbine context [12] . Mainly two ap- 

roaches can be used to measure the entropy denoted s in the 

imulation domain. A first approach based on two independent 

hermodynamic quantities of the flow, for example pressure p and 

emperature T leading to: 

 − s ref = c p ln (T /T ref ) − R ln (p/p ref ) (1) 

here c p is the constant pressure heat capacity, R the gas constant, 

 ref , p ref and T ref reference entropy, pressure and temperature. Al- 

ernatively, entropy can be calculated locally in each cell grid and 

s composed of two contributions: a viscous and a thermal contri- 

ution that can be written in (U)RANS formalism: 

 ∇u (x ) = 

�  

V, 0 → x 

τi j, eff 

1 

T 

∂ u i 

∂x j 
d V (2) 

 ∇T (x ) = 

�  

V, 0 → x 

(λ + λturb ) 
1 

T 
2 

(
∂ T 

∂x j 

)2 

d V (3) 

here τi j, eff = (μ + μturb )(∂ u i /∂x j + ∂ u j /∂x i ) is the effective vis- 

ous stress tensor and . the Reynolds averaged quantities as a di- 

ect output of the simulation. In a turbulent flow, it corresponds 

o a mean contribution sometimes called laminar contribution and 

 turbulent one [26] . The former contribution is only due to the 

ean flow distortion. The latter contribution is induced by turbu- 

ence: the mean flow energy at large scale is dissipated at small 

cales in internal energy (heat) and induces the non-locality be- 

ween mean energy flow lost and equivalent heat generated at 

mall scales. The (U)RANS approach provides a direct splitting be- 

ween the mean contribution through the natural viscosity of the 

uid ( μ) and the turbulent contribution with the equivalent tur- 

ulent viscosity ( μturb ) [31] . The total contribution is obtained by 

umming the two contributions as provided in eq. (2) : 

s ∇ u , mean 

s ∇ u , turb 

]
= 

�  

V 

[
μ

μturb 

](
∂ u i 

∂x j 
+ 

∂ u j 

∂x i 

)
1 

T 

∂ u i 

∂x j 
d V . (4) 

n LES, the splitting can be obtained by taking advantage of the 

nsteady nature of the method. The total viscous irreversibilities 

roduced s ∇u can be written as [25–27,30,46] : 

 ∇u = s ∇u , mean + P k (5) 

here s ∇u , mean is the mean viscous dissipation and P k is the Tur- 

ulent Kinetic Energy (TKE) production term. These different con- 

ributions can be expressed as: 

 ∇u , mean = 

�  

V 
( μ + μSGS ) 

( 

∂ [ u i ] 

∂x j 
+ 

∂ 
[
u j 

]
∂x i 

) 

1 

T 

∂ [ u i ] 

∂x j 
dV (6) 

 k = 

�  

V 
−
〈
ρ̄u 

′ 
i u 

′ 
j 

〉∂ [ u i ] 

∂x j 
dV (7) 
5 
here μSGS is the equivalent sub-grid scale viscosity, the overbar . 

enotes the filtered quantity as an output of the LES. The tilde .̃ 

enotes a quantity calculated from the filtered variables ρ , ρu i and 

p . Thus the calculated velocity is ˜ u i = ρu i / ρ using Favre filtering. 

he statistical averaging is denoted by 〈 . 〉 and Favre averaging by 

.] yielding to [u i ] = 〈 ρu i 〉 / 〈 ρ〉 for instance. The fluctuating velocity

s defined by u 
′ 
i 

= 

˜ u i − [ u i ] . 

. Comparison against experimental data 

The velocity field downstream of the R1 is measured experi- 

entally with a PIV system [1] . Fig. 5 shows the PIV measurements 

erformed along a square plane of 0.1 m × 0.1 m set downstream 

f R1 at a constant height (69 % of blade span) in an (x, y) plane

here z is the spanwise direction. The velocity profiles are ex- 

racted over a line orthogonal to the wake. Fig. 6 shows the cor- 

esponding comparison of the mean axial velocity and fluctuations 

or the numerical simulations and the experiments along this line 

or the CB operating point. 

The URANS R1PC , LES R1PC and LES R1PL show a good agreement 

ith the experiments for the mean velocity magnitude out of the 

ake. In the wake region characterized by the velocity deficit, the 

ake is thicker for the URANS R1PC and the two LES compared to 

he experiments. Also, the velocity deficit is lower compared to the 

xperiments with a discrepancy of 4%. A similar trend is observed 

n the axial velocity fluctuations with a larger wake and lower ve- 

ocity fluctuations in the numerical simulations compared to the 

xperiments. The LES R1PL shows a marginal lower turbulent activ- 

ty compared to the LES R1PC . The POD data storage is able to reduce 

he data filtering compared to Fourier data storage but a resid- 

al part of the wake structure is inherently lost due to the phase- 

agged assumption as previously noticed by Mouret et al. [32] . The 

B operating point is characterized by a leading edge vortex pro- 

oting the separation of the boundary layer on the blade suction 

ide (SS) from mid to tip span. The boundary layer thickness over 

he blade and as a consequence the wake deficit width are very 

ensitive to the leading edge vortex and may explain the differ- 

nces observed for the wake profile between the numerical simu- 

ations and the experiments. 

Despite this potential discrepancy in the separation process, the 

umerical simulation matches well the experiments and promotes 

ts use for the description of losses in the configuration. In particu- 

ar, the LES more accurately captures the wake deficit region com- 

ared to the URANS approach. Furthermore, the phase-lagged as- 

umption with POD data storage shows a good behavior compared 

o the full-matching approach in LES and gives more confidence 

n its use for the full CROR configuration where the rear rotor is 

onsidered. 



Fig. 6. Normalized axial velocity u (a) and squared axial velocity fluctuation u 
′ 
u 

′ 

(b) downstream of R1 at CB from the simulations and experiments. 
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Fig. 7. Instantaneous blade-to-blade view of the flow at 80% span for the three op- 

erating points: AP (left), CB (center), SL (right) for the URANS R12PL (top) and LES R12PL 

(bottom). 

Fig. 8. Pressure coefficient distribution around the R1 blade at 90% (a) 50% (b) and 

10% (c) of the blade height for the different operating points based on URANS. 

i

l

o

b

a

a

t

. Analysis of the flow field 

Fig. 7 shows the axial Mach (Ma x ) at 80% of the front rotor ra-

ius for the three different operating points (AP, CB, SL) in URANS 

nd LES based on the R12PL configuration (denoted URANS and 

ES in the next Sections). The incoming flow at Ma = 0.2 is ac- 

elerated by the two counter rotating rows to Ma x = 0.35 for the 

P, Ma x = 0.45 for the CB and Ma x = 0.55 for the SL operating

oint downstream of the rear rotor. The low axial gap between 

he front and rear rotor promotes the interaction of the front rotor 

ake with the rear rotor blades. 

.1. R1 flow topology 

Fig. 8 shows the time-averaged pressure coefficient C p = -p/p inf 

round the R1 at 10, 50 and 90% of the blade height for the differ-

nt operating points obtained with URANS. For the different blade 

eights, the curvature at the leading edge of the R1 SS induces a 

trong velocity increase and consequently a decrease of the pres- 

ure. Conversely, on the Pressure Side (PS), the velocity decreases 

nd produces an overpressure. The pressure then increases on the 

S and decreases on the PS until x/C x = 0.5 where the values of

ressure coefficient become nearly constant until the trailing edge. 

he pressure loading of the front rotor of the CROR studied mainly 

ccurs close to the leading edge compared to more conventional 

irfoils where the pressure coefficient distribution leads to a more 

alanced loading over the full chord. For the full scale geometry 

nd for the design point at cruise, the CROR operates with shocks 

tructures over a large part of the span. The large increase of the 

elocity at the front of the blade on the SS induced by the blad-
6 
ng design sets the shock structures close to the leading edge. The 

osses associated with the reacceleration of the flow downstream 

f the shock are reduced compared to conventional airfoils and are 

eneficial for the efficiency of the CROR [28] . Based on the bound- 

ry layer edge detection method available in elsA [5,9] , the bound- 

ry layer thickness and shape factor H = δ∗/ θ where δ∗ and θ are 

he displacement and momentum thickness around the front and 



Fig. 9. Boundary layer thickness δ around the R1 PS and SS for the URANS and LES, 

streamlines characterizing the leading edge vortex (bottom center). 
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Fig. 10. Boundary layer shape factor H around the R1 PS and SS for the URANS and 

LES. 
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ear rotors can be obtained for the URANS and LES. Figs. 9 and 10

lines 1 and 3) show the boundary layer thickness and shape fac- 

or around the PS and SS of the front rotor for the different operat-

ng points based on the URANS computations. Based on the Blasius 

rofile, i.e., solution of the steady two-dimensional Prandtl equa- 

ion in laminar regime, the value for H corresponding to laminar 

ows is 2.59 while 1.3 to 1.4 is typical of turbulent flows 1 [42] .

he boundary layer is characterized by high values of H at the 

eading edge where the boundary layer starts to develop and reach 

alues of H = 1.3 characterizing a turbulent boundary layer over 

he PS and SS of the front rotor for the URANS approach. Close to 

he tip, the boundary layer thickness is predicted to decrease with 

he chord. This behavior is rather associated to the difficulty for 

he boundary layer edge detection method to predict the bound- 

ry layer thickness over surfaces where secondary vortices travel, 

he tip vortex for the present case. 

Figs. 9 and 10 (lines 2 and 4) show the boundary layer thickness 

nd shape factor for the front rotor PS and SS based on the LES. 

he PS boundary layer is fully attached with values of H around 2.5 
1 This criterion based on the flow over a flat plate without pressure gradient is 

onsidered a good approximation in the configuration since the curvature of the 

lade is low. Moreover, the flow is relatively two-dimensional except in secondary 

ortices regions at the junction between nacelle and blade and the pressure gradi- 

nts are moderate 

T

t

s

v

t

t

7 
haracterizing a laminar boundary layer for the three different op- 

rating points. Also, the boundary layer is thinner compared to the 

RANS approach due to the stronger growth rate of the turbulent 

oundary layer compared to the laminar one. On the SS, for the AP 

perating point, the boundary layer is fully laminar. For the CB and 

L operating points, the boundary is laminar from the hub to mid 

pan and becomes turbulent from mid to tip span with an increase 

f the turbulent region size with the rotating speed. This boundary 

ayer transition promotes a thick boundary layer on the upper part 

f the blade. This boundary layer transition process can also be 

bserved on the pressure coefficient distribution around the front 

otor at 10, 50 and 90% of the blade height based on LES shown 

n Fig. 11 . At 50 and 90% of the blade height for the CB and SL

perating points, a region of constant pressure coefficient on the 

S close to the leading edge is observed characterizing the separa- 

ion bubble. The boundary layer reattaches and become turbulent 

ownstream of the separation bubble. 

Compared to straight rotors, the sweeping of R1 and R2 reduces 

he normal Mach number and the shock losses for flight Mach 

umber above 0.6 similarly to swept wing of commercial aircraft. 

his induces the development of a leading edge vortex similarly to 

he one observed on delta wings (see Fig. 9 bottom center). Fig. 12 

hows an iso Q-criterion at Q = 10 6 colored by the streamwise 

orticity of the flow around the front rotor SS and rear rotor for 

he CB operating point. Under high loading at CB and SL, this vor- 

ex destabilizes the SS boundary layer characterized by a localized 



Fig. 11. Pressure coefficient distribution around the R1 blade at 90% (a), 50% (b) 

and 10% (c) of the blade height for the different operating points based on the LES 

including transition location (vertical line). 

Fig. 12. Iso Q-criterion at Q = 10 6 colored by the streamwise vorticity of the flow 

around the front rotor SS and rear rotor for the CB operating point. 
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Fig. 13. Experimental oil painting visualization around the R1 SS at CB operating 

point. 

Fig. 14. Pressure coefficient distribution around the R2 blade at 90% (a), 50% (b) 

and 10% (c) of the blade height for the different operating points based on the 

URANS. 
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eparation bubble close to the leading edge and inducing the tran- 

ition to turbulence from mid span to the tip. In the experiments, 

he boundary layer state on the R1 SS for the CB has been mea-

ured based on oil-painting visualizations and is shown in Fig. 13 . 

ark regions correspond to the regions where the oil-painting has 

een removed and may be associated with a turbulent boundary 

ayer since the friction at the wall is higher compared to a laminar 

ne. On the contrary, light areas correspond to regions where the 

il-painting is maintained and may be associated with a laminar 

oundary layer. On the R1 SS, the boundary layer is mainly lam- 

nar until mid span in a tooth-shape pattern. On the upper part 

f the blade, the boundary layer is fully turbulent from the blade 

eading edge. 

Despite the larger size of the turbulent zone in the experiments, 

he LES shows a good agreement for the near-wall flow topology 

round the R1 at CB. This observation shows the better approxi- 
8 
ation of the actual flow-field by the LES compared to the URANS 

n the near-wall region since the transition to turbulence from mid 

pan to the tip of the R1 SS is predicted by the LES approach com-

ared to the URANS where the boundary layer is fully turbulent. 

.2. R2 flow topology 

The flow field topology on the PS of R2 for the URANS and 

ES is similar to the R1 characterized by a fully attached bound- 

ry layer at all operating points and a thicker boundary layer for 

he URANS approach due to a turbulent boundary layer compared 

o a laminar one for the LES (the wake from R1 does not induce 

ny transition process over the PS). Fig. 14 shows the pressure co- 

fficient distribution around the rear rotor at 10, 50 and 90% at 

P, CB and SL in the URANS. In addition, the boundary layer thick- 

ess and shape factor are shown in Figs. 15 and 16 (line 1). On the



Fig. 15. Boundary layer thickness δ around the R2 SS for the URANS and LES. 

Fig. 16. Boundary layer shape factor H around the R2 SS for the URANS and LES. 
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Fig. 17. Pressure coefficient distribution around the R2 blade at 90% (a), 50% (b) 

and 10% (c) of the blade height for the different operating points based on the LES 

including transition location (vertical line). 
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lade SS, similarly to the R1, the boundary layer is fully turbulent 

nd attached for the URANS approach. 

In LES, the pressure distribution around the rear rotor is shown 

n Fig. 17 and the boundary layer thickness and shape factor 

round the rear rotor SS are shown in Figs. 15 and 16 line 2. For

he rear rotor SS, the boundary layer becomes turbulent over the 

uarter upper part of the blade at the AP operating point with a 

egion of constant pressure at 90% and a shape factor close to 1.3. 

or the CB and SL operating points, the SS boundary layer is tur- 

ulent over the full surface and can be associated with the effect 

f both the leading edge vortex and turbulent wake from the R1 

ased on the pressure distribution and values of the shape factor. 

For the R2, the pressure coefficient around the blade has the 

ame behavior compared to the R1 with a sharp increase/decrease 

n the pressure coefficient around the leading edge before to reach 

arginal variations at mid-chord (see Fig. 14 ). Similarly to the 

ront rotor, this pressure coefficient distribution decrease the losses 

ssociated with the reacceleration of the flow downstream of the 

hock close to the leading edge for the full scale geometry at 

ruise. 
9 
. Losses based on URANS and LES with PL 

.1. The different sources of loss 

The entropy is used to describe the losses generated in the con- 

guration. The mono dimensional variations of this quantity are 

tudied in the axial direction from the inlet to the outlet of the do- 

ain. The entropy produced between two axial planes (two differ- 

nt axial positions) can be obtained from two different approaches. 

he entropy can be calculated at the surface of the two planes 

or example using two thermodynamic quantities (see Eq. (1) ) and 

he difference in the flux of entropy corresponds to the entropy 

losses) generated in the domain enclosed by the two planes. This 

pproach is referred to the flux approach. Alternatively, the terms 

rovided in Eq. (2) for URANS and Eq. (5) for LES can be calcu- 

ated locally in each grid cell and integrated over the volume en- 

losed by the two axial planes. This method is referred to the di- 

ect method. In numerical simulation, a discrepancy generally oc- 

urs between the two approaches due to numerics and mesh re- 

nement with a lower sensitivity of the flux approach to the nu- 

erical setup. Since the study of the losses is based on the direct 

ethod, the comparison of the two approaches is first led. Fig. 18 

hows the evolution of entropy along the simulation domain for 

he flux and direct approaches in the URANS and for the different 

perating points. The two approaches show a good matching with 

 discrepancy of around 5% at the end of the domain. This observa- 

ion gives more confidence in the use of the direct method because 

he trend and the magnitude agree well with the flux approach. 

his same comparison between the flux and direct approaches for 

ifferent grid refinement levels is provided in App. Appendix A . 

wo types of plots are used to follow the evolution of entropy 

long the simulation domain based on the direct method: the vol- 

me integral between the inlet and a position x provides the ac- 

umulated entropy (s acc ) (see Fig. 19 top left); the integration over 



Fig. 18. Accumulated entropy in the simulation domain for the different operating 

points based on the flux (a) and direct method (b). 
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Fig. 19. Simulation domain discretized in axial subvolumes (dark blue). This sub- 

volume can be split into two subvolumes: the nacelle boundary layer (green) and 

its complement corresponding to the whole subvolume less the subvolume associ- 

ated with the nacelle boundary layer (red). (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 20. Accumulated entropy in the simulation domain for the AP operating points 

based on the different contributions. 
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 small axial control volume of axial length dx around the posi- 

ion x provides the entropy production (s prod ) and is used to high- 

ight the areas of strong entropy production, i.e. strong losses (see 

ig. 19 top right). 

The total, laminar and turbulent contribution to the accumu- 

ated entropy for the URANS approach and AP operating point are 

hown in Fig. 20 . The entropy starts to increase at the front of the

acelle between x/C x = 0.6 to 0.2. The entropy strongly increases 

long the extent of the R1 and R2 between x/C x = -0.2 and 0.05.

ownstream of the two rotor rows, the entropy keeps increasing 

ith a lower slope compared to the rotors region. The laminar and 

urbulent contributions follow the same trend along the simulation 

omain compared to the total contribution. The turbulent contri- 

ution is dominant corresponding to 66% of the total losses and 

4% for the laminar one. This ratio between laminar and turbu- 

ent contributions is relatively constant for the different operating 

oints. 

Based on the boundary layer edge detection method introduced 

n previous Section 5 , the boundary layer thickness can be ob- 

ained for the different wetted surfaces of the domain (hub, R1 and 

2) and the corresponding volumes V hub , V R1 , V R2 . The full simu-

ation domain less the boundary layer contributions provides the 

emaining domain with an associated volume V rem . term 

. The di- 

ect method is applied to these restricted domains to obtain the 

ontributions of the different boundary layers and the remaining 

omain in a similar manner to previous studies of the losses in 

as turbines [12,13,19,27] (see Fig. 19 bottom). The different fig- 

res related to the contributions of the boundary layers and the 

emaining domain are shown in conjunction with the total con- 
10 
ribution of the domain at the same abscissa to give the reader 

he magnitude of the contribution compared to the total one. This 

nalysis led for the AP operating point and the URANS approach 

s shown in Fig. 21 . The entropy accumulated from the front of 

he nacelle (x/C x = 0.75) up to the first rotor row (x/C x = -0.2)

s only due to the boundary layer developing over the hub of the 

onfiguration. The hub boundary layer contribution increases lin- 

arly along the simulation domain. The region of sharp increase 

n entropy corresponds to the two rotor rows and are associated 

ith the boundary layers developing on the blade SS and PS. When 

hese different boundary layer contributions are subtracted from 

he total contribution, the losses associated with secondary flows 

nd wakes can be obtained. This contribution starts to increase at 

he rear of the R1 and increases strongly downstream of the R2 be- 

ore to become constant downstream. The different contributions 

an be integrated over the domain to obtain the influence on the 

otal amount of losses generated. Table 2 gathers the different con- 

ributions for the different operating points based on the URANS 

pproach. 

For the AP operating point, the hub boundary layer contribu- 

ion represents around 25.8% of the total losses generated. The 

1 boundary layer contribution is around 37.3%. The R2 generates 

ore losses compared to the R1 with around 41.1% of losses. When 



Fig. 21. Accumulated entropy in the simulation domain for the AP operating points 

based on the different contributions (URANS). 

Table 2 

Distribution of losses for the different operating points based on the 

URANS approach. 

Contribution AP CB SL 

Total 1.597 4.142 6.699 

Hub 0.412 (25.8%) 0.655 (15.8%) 0.910 (13.6%) 

Rotor 1 0.597 (37.3%) 1.416 (34.2%) 2.175 (32.4%) 

Rotor 1 SS 0.350 (21.9%) 1.038 (25.0%) 1.710 (25.5%) 

Rotor 1 PS 0.247 (15.4%) 0.378 (9.2%) 0.465 (6.9%) 

Rotor 2 0.657 (41.1%) 1.576 (38%) 2.696 (40.2%) 

Rotor 2 SS 0.385 (24.1%) 1.033 (24.9%) 1.932 (28.8%) 

Rotor 2 PS 0.272 (17.0%) 0.543 (13.1%) 0.764 (11.4%) 

Secondary flow 0.104 (7.3%) 0.495 (12.0%) 0.875 (13.0%) 

Table 3 

Distribution of losses for the different operating points based on the LES 

approach. 

Contribution AP CB SL 

Total 1.052 4.020 6.102 

Hub 0.205 (23.9%) 0.474 (11.8%) 0.561 (9.2%) 

Rotor 1 0.371 (32.2%) 1.519 (37.8%) 2.330 (38.2%) 

Rotor 1 SS (20.1%) 1.038 (28.6%) 1.806 (29.6%) 

Rotor 1 PS 0.247 (11.1%) 0.378 (9.2%) 0.525 (8.6%) 

Rotor 2 0.385 (36.6%) 1.632 (40.6%) 2.532 (41.5%) 

Rotor 2 SS 0.243 (23.1%) 1.033 (28.5%) 1.837 (30.1%) 

Rotor 2 PS 0.142 (13.5%) 0.543 (12.1%) 0.696 (11.4%) 

Secondary flow 0.089 (7.3%) 0.393 (9.8%) 0.677 (11.1%) 
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Fig. 22. Accumulated entropy in the simulation domain for the AP operating points 

based on the different contributions (LES). 
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plitting between the SS and PS boundary layer contributions, the 

S represents around 2/3 of the total rotor contribution and 1/3 

or the PS. The losses related to secondary flows and wakes cor- 

espond to 7.3% of the total losses. When the rotational velocity is 

ncreased, the hub contribution decreases at respectively 15.8% and 

3.6% for the CB and SL operating points. The R1 boundary layer 

ontribution also decreases, respectively 34.2% and 32.4% for CB 

nd SL operating points. The main decrease of losses occurs over 

he PS, 9.2% and 6.9% for the CB and SL operating points while the 

S contribution is relatively constant at 25% and 25.5% for the CB 

nd SL operating points. The losses associated with the R2 bound- 

ry layer are relatively constant (around 40% of losses for the dif- 

erent operating points) with an increase of the SS contribution 

ompensated by a decrease of the PS contribution. Also, when the 

otational velocity is increased, secondary flow losses are also in- 

reased. This increase of losses can be associated with the stronger 

ressure difference between the PS and SS leading to a more ener- 

etic tip vortex at the tip of R1 and R2. 

In the LES, the distribution of losses at AP for the different con- 

ribution is shown in Fig. 22 and the associated integrated losses 

re gathered in Table 3 . At AP, the total amount of losses gen-
11 
rated is lower compared to the URANS approach (1.057 for the 

ES against 1.597 for the URANS). This difference can be attributed 

o the development of laminar boundary layers over the differ- 

nt wetted surfaces in the LES compared to the URANS approach 

ith turbulent boundary layers. When the rotational velocity is in- 

reased, the total level of losses in the LES is similar to the losses 

f the URANS approach (4.020 for the LES against 4.142 for the 

RANS). This behavior can be related to the leading edge vortex 

ausing the SS boundary layer to become turbulent on the up- 

er part of the blade in the LES. As a consequence, an increase 

f the relative magnitude of the R1 SS boundary layer at CB can 

e observed compared to the AP operating point (20.1% for the AP 

gainst 28.6% for the CB). For the R2 SS, the turbulent wake from 

he R1 and the leading edge vortex induce the transition of the 

oundary layer and promote more losses compared to the AP op- 

rating point (23.1% for the AP operating point against 28.5% for 

he CB operating point). The total level of losses remains however 

arginally lower compared to the URANS. This can be attributed 

o the PS boundary layers of the R1 and R2 that remain laminar 

ompared to the URANS approach with turbulent boundary layers, 

he PS contribution remaining relatively constant between the AP 

nd CB operating points. For the SL operating point, the same con- 

lusions observed at CB can be drawn. The R1 and R2 SS boundary 

ayer contributions are higher compared to the AP operating point 

ue to a turbulent boundary layer over the majority of the blades 

S. More generally, the general trends observed in URANS are con- 

erved: the relative contribution of the hub boundary layer de- 

reases with the increase of rotating velocity while the secondary 

ow losses increase. The contributions of the SS boundary layers 

ncrease with the rotating velocity while the PS contributions re- 

ain constant or tend to decrease. 

The production of entropy s prod in the boundary layer for the 

1 and R2 along the blade on the SS and PS is provided based 

n the LES approach in Fig. 23 where the curves are normalized 

y their maximum value. For the R1 and R2 SS boundary layers, 

he generation of losses increases linearly on the front region of 

he blade associated with the acceleration of the flow until around 

/C x = 0.6–0.7 where it reaches its maximum value. On the rear 

egion of the blade, the flow decelerates and the losses decrease 

ntil the TE. The mean viscous dissipation close to the tip of the 

otors is stronger compared to the regions close to the hub due 

o higher velocity gradients. Also, the TKE production mainly oc- 

urs from mid to the tip span where the boundary layer transition 

ccurs at CB and SL and where the turbulent boundary layer de- 

elops downstream of the leading edge vortex. On the PS, the en- 

ropy generation increases linearly until x/C x = 0.6 then the losses 

ore sharply increase until x/C x = 0.8 before to decrease until the 



Fig. 23. Entropy produced in the boundary layer of R1 (a) and R2 (b) for the differ- 

ent operating points based on LES. 
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E. The general shape of entropy production is relatively insensi- 

ive to the rotational speed. For the SS, the maximum of entropy 

roduction is progressively moved upstream and can be associated 

ith the transition to the turbulent regimes for the two higher ro- 

ational speed (CB and SL) causing the losses to occur earlier on 

he blade SS. 

. Conclusion 

The numerical simulation of a counter rotating open rotor con- 

guration for three different operating points (approach, cutback 

nd sideline) has been performed based on URANS and LES ap- 

roaches with phase-lagged assumption and POD data storage. 

The URANS approach predicts turbulent boundary layers over 

he front and rear rotors of the configuration for the different op- 

rating points. In LES, the front rotor is fully laminar for the ap- 

roach operating point and turbulent only close to the tip for the 

ear rotor suction side. At cutback and sideline, the suction side 

oundary layer becomes turbulent from mid-span to the tip due to 

he leading edge vortex. The rear rotor suction side boundary layer 

ecomes turbulent over the full span due to the effects of both the 
12 
eading edge vortex and the turbulent structures from the wake of 

he front rotor. 

The level of losses for the approach operating point is lower for 

he LES compared to URANS due to the laminar boundary layer 

ver the blades compared to a turbulent state for URANS. At cut- 

ack and sideline operating points, the level of losses becomes 

omparable between URANS and LES due to a transition to a tur- 

ulent state of the suction side boundary layers in LES at these two 

perating points. 

The two numerical approaches show a similar trend for the 

osses generated: the front and rear rotors boundary layers are 

trong contributors to the losses with around 30% of losses for the 

ront and 40% for the rear rotor. This boundary layer contribution 

ncreases with the increase of the rotational velocity as well as the 

econdary flows at the expense of the nacelle boundary layer con- 

ribution. 
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ppendix A. Mesh dependency 

The assessment of the grid convergence is made by comparing 

he evolution of entropy along the simulation domain for three 

evels of grid refinement and the two methods used to calcu- 

ate entropy (two independent thermodynamic quantities and di- 

ect method) for the full CROR configuration R12PL at CB. This 

uantity is used due to the large sensitivity to the mesh refine- 

ent [48] and its use to evaluate the losses generated in the con- 

guration. In the structured approach, the mesh has been designed 

ith 4N+1 grid points in any mesh block where N ∈ N 

∗. This makes

ossible in the simulation to consider cells in each direction that 

over twice or four cells of the most refined mesh. This corre- 

ponds to a refined mesh with 350 × 10 6 cells (M1), intermedi- 

te 1/2 mesh with 44 × 10 6 cells (M2) and 1/4 coarse mesh with 

.5 × 10 6 cells (M3). The entropy production for the three grid 

efinement levels are show in Fig. 24 a for the entropy calculated 

ith thermodynamic quantities and Fig. 24 b for the entropy cal- 

ulated using the direct method. The two approaches show same 

rends along the simulation but a mismatch in amplitude for the 

wo coarser meshes M2 and M3. For the most refined mesh M1 

sed during the study, the two approaches used to compute en- 

ropy are in good agreement in terms of trend along the simula- 

ion domain and level at the end of the domain with a mismatch 



Fig. 24. Accumlated Entropy in the simulation domain based on flux (a) and direct 

method (b) for the CB operating point at three different mesh refinements. 
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f around 5%. This comparison indicates that the mesh M1 is suit- 

ble for the study and evaluate the losses generated in the config- 

ration. 
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