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ABSTRACT

Large eddy simulation is adopted to analyze the interaction between the tip vortices shed by two contra-rotating propellers, by using a com-
putational grid consisting of 4.6 10° points. Despite the complexity of the wake topology, the results of the computations show an excellent
agreement with the measurements from an earlier experimental study on the same system. The interaction between the tip vortices shed by
the two propellers produces vortex rings. Each of them consists of six helical sides, which are connected by U-shaped vortex lobes. The three
upstream lobes of each vortex ring move to outer radial coordinates, as a result of their shear with the downstream lobes of the upstream vor-
tex ring. In contrast, the downstream U-shaped lobes move to inner radial coordinates, as a result of their shear with the upstream lobes of
the downstream vortex ring. This interaction results in an overall expansion of the wake of the contra-rotating propellers. The regions df
shear between the U-shaped lobes of consecutive vortex rings are the areas of the largest turbulent stresses, which achieve higher Ievel%thz
those produced in the wake of the two front and rear propellers working alone. This complex flow physics also triggers a faster instability &f
the wake system, breaking its coherence at more upstream coordinates, in comparison with the isolated propellers. g
¥ 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC1BY9:license ( 5
creativecommons.org/licenses/by/A@ps://doi.org/10.1063/5.0207145

I. INTRODUCTION contra-rotating propellers, due to the challenge they represent to both

The efficiency of marine propulsion is of paramount imppe ~ €XPerimental and numerical methodologies.

for its economic and environmental impact. Contra-rotating propellers N this context, the most advancelgégperimental_ works were
are targeted at achieving improved propulsion efficiefag.action of ~ recently reported by Capone and co-workers, where particle imag-

a propeller on the flow results in its acceleration in botladd tan-  ing velocimetry (PIV) was adopted to analyze the interaction of the
gential directions. The tangential momentum gained by kb fs helical vortices. Also_, high-speed V|suaI|za_t|0ns were ut|I|z_e(_juareap_
actually an energy loss, which is not exploited to produce thrust, but he complex mutual inductance between tip vortices. Their interaction
is actually the source of unwanted lateral loads on thersy§entra- ~ Was found to be a strong function of the relative azimuthal joosit
rotating propellers are aimed at recovering the tangentahentum  Detween propellers. The interplay between tip vortices resulted in ear-
transferred by the front propeller on the flow, by using a rear prepel lier instability phenomena, following the onset of isolated voitesy
rotating in the opposite direction. Despite the potentialeadages of ~Which were first identified and reported by Capone and Alves
contra-rotating systems, their flow physics is less understood, in confRereira.” To the authorsknowledge, no other studies have analyzed
parison with that of more conventional propulsion systesiog, to its ~ experimentally the wake flow of contra-rotating marine propellers
increased complexity. with such level of detail of the topology of the tip vortices theyls

To date, most studies on contra-rotating propellers arested A few numerical works addressing the characterization of the
on the analysis of the global performance for improved efficiency anake flow and in particular the interaction of the tip vortices of
design: " while little is known about their wake features. While the contra-rotating propellers are also available. B’ studied a sim-
latter are already especially complex in the case of propellers grorkiilar propulsion system using both Reynolds-averaged N&twkes
alone!*?° the analysis of their physics becomes even more problenfRANS) computations and Stereo PIV measurements. About @
atic, when two contra-rotating propellers work togethdrerefore, a  cells were adopted on the finest grid utilized to reproduce the flow
very limited number of studies tackle the problem of the wake flow oproblem. The numerical predictions were validated agaiestPlV
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measurements. The tip vortices shed by the rear propelterfaend more challenging case of the tip vortices shed by contedimngtpro-
reinforced by their interaction with those from the front propeller. pellers, having opposite pitch angles and intersecting each other.
RANS was also exploited by Huagtgal“* to reproduce the wake pro- In this study, high-fidelity LES computations on a grid consisting
files of an underwater vehicle, using a computational mesh consistiraf about 4.6 10° points are utilized to analyze the interaction
of about 5 1 cells, but relying on a body force approach to repre-between the tip vortices shed by contra-rotating marine propellers. As

sent the action on the flow by both front and rear propell¢itsaail. demonstrated by the literature review reported above, the adopted grid
Therefore, no details were captured on the topology of the tip vorticeis at least two orders of magnitude more extensive than the most
typically shed by marine propellers. advanced numerical works on the subject. The impact of tearsh

A more advanced approach was utilized in the work by Zhangsetween the tip vortices on the stability of the wake system and the sta-
et al,”” where improved delayed detached eddy simulation (IDDES}istics of turbulence is studied, relying also on direct comparisons with
allowed reproducing the tip vortices shed by contra-rotating propellerssxperimental result“° on the same system as well as on LES simula-
In this work, the complexity of the wake flow was enhanced by itsijons of the two propellers working alone.
interaction with a downstream rudder. The front and rearpaiters In the following, this paper discusses the methodology. (Sec
were simulated also operating alone. A grid consisting ofitaB4  the flow problem (Sedll), the numerical setup of the simulations

10 cells was adopted to simulate the overall system of the twgsSec!V), the analysis of the results (S&};. and the final conclusions
contra-rotating propellers. Zhares al?° found that the performance  of this study (Sed/l).
of the front propeller was hardly affected by the rear propeller, while
that of the latter was reduced by the ingestion of the wake frem II. METHODOLOGY

front propeller. In addition, the interaction between tip vortices wa The flow problem was resolved by means of the filtered Navier

found the trigger of their faster instability. Therefore, the closer thesigyes equations (NSEs) for incompressible flows in non-dimesion
diameters of the two propellers, the faster the instability of their wak@,m as follows:

structures. The lateral loads were reduced by the operation of the two

propellers together, compared to them working in isolation. @ v, 0 (1)
Large eddy simulation (LES) on a grid consisting of about @& A
15 10 cells was reported by Het al’ The wake topology repro- @ @e8; @ @ . 1@
duced by these computations is in good agreement with that found in 6 b é{ Ly, = @” Re @2' b fi; 2
j i i j

the experiments by Capone and co-workérs, thanks to the accu-
racy of the eddy-resolving methodology. Unfortunatelyspde the  \where the indexekj ¥4 1;2;3 span the three directions in space.
use of LES, no details were reported on the impact of the mutuafhe quantities; andx; are the coordinates in the directionandj,
inductance between the tip vortices of the front and reapglfers on  respectivelyt is time,a; and g; are the components of the filtered
the statistics of turbulence. velocity in the directionsandj, g is the filtered pressurs; is theij
DES was also exploited by tdtial®" to reconstruct the acoustic element of the subgrid scales (SGS) stress teResisrthe Reynolds
emission from contra-rotating propellers, by coupling thiethodol- number, and is the component in the directiarof a forcing term,

ogy with the Ffowcs-Williams and Hawkings acoustic analag o hich is utilized to take into account the action of the bodies on the
computational mesh consisting of about 71(P cells. However, this fluid in the framework of an immersed-boundary (IB)

study was mainly focused on the prediction of the noise @iiig methodology.
from cavitation phenomena over the blades of the propgliérite no The Reynolds number comes from scaling the NSEs by using a

details were reported on the wake features and, in partjauiaine  eference length scale,a reference velocity scale,and the density
dynamics of their tip vortices. of the fluid, g. It is defined aRke¥s LU= , where is the kinematic

_ The above survey shows that little information is availelee \jiseosity of the fluid. In this study, the diameEeof the front propel-
literature on contra-rotating propellers. In addition, mskidies focus ler presented in Set! and the free-stream velocity, are taken as
on their performance, while analyses dealing with the walterésa reference length and velocity scales, respectively.

and, in particular, with their interacting tip vortices arery limited. The SGS stress tensor comes from filtering the NSEs, that is by
The tip vortices play an important role in affecting downstream bOdieSresoIving them on a computational grid which is coarser than
as rudders, " as well as in defining the acoustic signature of the SYSthe Kolmogorov scale, which is the smallest scale of the flow. In par-
tem**" It is worth mentioning that a number of theoretical studies ticular. it originates, from filtering the convective terms:
were reported in the literature on the interaction and ibditg of heli- s V4 g;uj @@, Therefores; represents the action of the unre-.

: 855 56
cal vortices.”*" The recent work by Abrahaet al.”” also analyzes the solved scales of the flow, which cannot be resolved on the adopted

case of the hellc_al t'.p vortices genera_ted by an asymmetrlc rotcr_e Whecomputaltional grid, on the resolved scales. This quantity needs to be
the asymmetry is aimed at accelerating the instability ofipheorti-

ces, by promoting a faster interaction between them. A il modeled. In this work, this task is performed by the wall-adaptive
model is developed for the exploration of a number of souofes local eddy (WALE) viscosity mod¥].This is an eddy-viscosity

asymmetry, as the extension or deflection of the rotor kladd their model, assuming that
pitch angle. Unfortunately, all these simplified, theoretical models are o
targeted at providing guidance in the analysis of the intiena of the !
multiple vortices shed by the blades of typical rotors opelters, heli- Wheresi‘j‘ is the deviatoric part ofj, . is a scalar, the eddy-viscosity,
copters or turbines, while they were not specifically desiigo fit the  while$; is the deformation tensor of the resolved velocity field,

Ya 2 tglj ; 3)
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]
1 @ @i,— _ instead adopted for the discretization in time of the azimuthal deriva
2 @] @ 4) tives: the anisotropy of the cylindrical grid at the axis required the us
of an implicit approach to relax the otherwise prohibitive #itgb
This way the problem of turbulence closure is reduced to rimgfiile ~ requirements. The hepta-diagonal Poisson problem arfsimg the
only scalar eddy-viscosity. In the framework of the WALE model, thigliscretization of Eq.1) was resolved by using trigonometric transfor-
is achieved through the deviatoric part of the square ofdluity gra- ~ mations along the azimuthal direction, resulting into a pentgainal
dient tensor of the resolved fiel@j;, problem for each meridian slice of the cylindrical grid. Each of them
was inverted by using a direct Poisson sdiveather than costly itera-

sj Ya

e’e’ &2 tive techniques, to benefit the efficiency of the overall solver.
i .
« Yo &y DB = R (5)
&8 b 6,6 ll. FLOW PROBLEM
In Eq.(5), Cw is a constant scalar, set to 0.5, whilis the local resolu- LES computations were carried out on a system of contra-

tion of the computational grid, taken as the cubic root oftbleime of rotating propellers, consisting of a thrge-bladed front propeller and a
its cells. The expression for the eddy-viscosity inEallows repro-  three-bladed rear propeller, rotating with the same angular spged,
ducing the correct limiting behavior near solid walls, withthe need ~ Put in opposite directions. Its geometry is showri-ip. 1 including
of ad hoccorrections, which are problematic in the case of complex!PStream and downstream shafts. The two upstream and downstream
geometries. In addition, the WALE model automatically switches offhafts are stationary, the front propeller rotates with a pesithgular
in regions of laminar flows, where no turbulence resultsi# 0. speed, while the rear propeller with a negative angular speed. The sys-
This SGS model was successfully validated in severakstuditing ~ tem was simulated in open-water conditions, with the frontpeiler
marine prope”ers’ using the same solver as in the presenﬂm&? ingesting a uniform flow. In the f0||0Wing, this case will bdicated as

The forcing term in Eq(2), f;, is utilized to enforce the no-slip CRP All dimensions were scaled by the diameter of the front propeller,
boundary conditions on the surface of solid bodies. In taméwork ~ D. The rear propeller is characterized by a smaller diameter,
of IB techniques, immersed boundaries are represented by Lagrangi@rys 0:91D. The origin of the reference frame was placed on the axis of
grids, discretizing their surface. These grids*amenersed within a the system between the two propellers, at the interface between their
stationary, regular Eulerian grid, discretizing the computationahubs. Also the isolated front and rear propellers were simulated by
domain and where the NSEs are resolved. In this study, this grid ikeplacing each of them using a dummy hub, that is a cylindating
cylindrical. Based on the position of the Lagrangian grids, whidn are at the same angular speed as the propeller it is replacingisTtiie
general free to move, the Eulerian points are taggésbéid” “fluid”  same strategy adopted in the experimentSwe utilized as a refer-
and “interfac€’ The interface points are those Eulerian points, whichence for validation purposes. The cases of the propellers workirgg alo
are placed outside the immersed boundary, but having at least a neighill be denoted below &RONTandREAR respectively. Their geom-
boring solid point. The NSEs are resolved at the fluid points of thestries are represented in the panels (a) and (B)mf2
Eulerian grid. In contrast, at the solid points, the boundzamwgdition
is the velocity of the immersed boundary. At the interface points, the @)
boundary condition comes instead from a linear reconstmaif the
solution in the direction normal to the neighboring immetdmund- Jront propeller
ary. This local reconstruction is based on the no-slip requént on x\yI/
the surface of the body and the solution of the flow at the dlfises z
points. Therefore, at the solid and interface points, therfg termf; -
is computed as U,

upstream sh

vV a rear propeller
fia——— RHS; 6
i 74 Dt S ( )

whereV; is the boundary condition at the solid or interface point,
defined as discussed abobe,is the step of the advancement of the
solution in time, andRHS is the sum of the viscous, convective and (b)
SGSerms of Eq(2), which are discretized explicitly. Also, the IB tech-
nique adopted in this work was successfully utilized in abemof
our earlier studies dealing with marine propellers’*“More details
on its implementation and validations on canonical flonjbems can
be found in the works by Balaras and co-workers.

Equations(1) and (2) were resolved on a staggered, cylindrical
grid. Second-order, central finite-differences were tedip discretize :l_

<

front propeller

their derivatives in space. The advancement of the solutimé was
based on a fractional-step appro&cfihe explicit, three-step Runge

Kutta scheme was utilized for the discretization in time of the radia F|G. 1Geometry of ti@RPconfiguration with the two contra-rotating propellers
and axial derivatives. The implicit, Craidicolson scheme was working together: (a) isometric view and (b) lateral view.

rear propeller

Phys. Fluid3g 055116 (2024); doi: 10.1063/5.0207145 36 055116-3
¢ Author(s) 2024

25'22:60 202 AeiN 80


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

An advance velocity %2 3:68 m/s and a rotational frequenoy 24
Hz were considered for the experiments at the advance coefficient
JY.0:.7.

IV. COMPUTATIONAL SETUP

All LES computations were carried out within a cylindrical
domain, illustrated iri-ig. 3 having a radial extent equal to B.0The
inflow and outflow boundaries were placed respectively 3@3tream
and 5.0 downstream of the origin of the streamwise coordinates,
which was placed between the two propellers. To reproduce the same
conditions as in the experimerits:® a uniform streamwise velocity
U; was enforced at the inlet boundary of the domain, while cenvec
tive conditions were utilized on all three velocity components at the
dummy hub outlet boundary, usiny; as convective velocity. Slip-wall conditions
for velocity were imposed at the cylindrical boundary ofdbenain,
to mimic a free-stream. Homogeneous Neumann conditions were
enforced for both pressure and eddy viscosity at all boundaries of the
computational domain. The no-slip requirement on the surface of

dummy hub

rear propeller

(a)

FIG. 2Geometry of the ERONENd (bREARConfigurations with the front and
rear propellers working alone.

The working conditions of marine propellers are typicdiigrac-
terized by the advance coefficieltand the Reynolds numbeReg.
The advance coefficient is defined as

J Y4V =nD; (7)

25'22:60 202 AeN 80

whereV is the advance velocity, in this case equal to the free-strear
velocity,U; , whilen is the frequency of the rotation of the propeller.
In the present study, a valudé/s 0:7 was simulated. This is equivalent
to a load condition significantly higher than design ( 1:4), generat- \YL’
X
4

ing stronger wake structures, as the tip vortices, whichharenain
subject of this work. The Reynolds number is defined as

=W
Re Vs Co.7R OTR. ®)
wherecgy7r is the chord of the blaaes of the front propeller at 70% of (b) L G N
its radial extentR, and Wo7r %4 V2p3d0:7 2pn RE is the yl
magnitude of the relative velocity of the flow at the samért#aota- Z

tion. In the present simulations, the Reynolds number wasleg

2

2 S

about 250 000. S 3.0D 5.0D ®
) . . Q 3

The results of the computations are compared against experi 8] : N

tal measurement$“°on the parameters of performance of the system § 2
of the two propellers as well as on the same propellers vegpakame. "§ 7R §
= * S

A

In the framework of the same experimental study, high-resolved visu
alizations of the dynamics of the tip vortices shed by theraent
rotating propellers were also captured. They will be compared with the
results of the present simulations to verify the complegltayy of the
wake structures. The experiments were conducted on front and ree
propellers with diameterd ¥4 21871 mm and d % 19894 mm,

respectively. Their chords at 70% of their radial exteneweeual to  FiG. 3Cylindrical domain of the computations: (a) isometric view and (b) lateral
81.90 and 74.52 mm. The diameter of the hub was equal to 68.23 miview.

|

Phys. Fluid3g 055116 (2024); doi: 10.1063/5.0207145 36 055116-4
¢ Author(s) 2024


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE

pubs.aip.org/aip/pof

both shafts and propellers was imposed by means of an IB methodc ‘( a)

ogy, as discussed in Séc.

The IB technique discussed in Séallowed us using a single-
block, stationary cylindrical grid to discretize the wiamenputational
domain. It was composed of 7223586 1794 (about 4.6 1C°)
points in the radial, azimuthal, and axial directions, eesipely. This
grid was characterized by a uniform angular spacing in timeuttzal
direction, while stretching was adopted in the radial anel alirec-
tions to cluster points in the regions of the propellers and their wake
Details on the distribution of the grid spacing are reporteéiimn 4
Visualizations of the grid in the vicinity of the propellase also
reported inFig. 5 It is worth noting that for visibility of the grid lines
only a sample of points is shown ifig. 5 As discussed above, the
Eulerian grid is not body-fitted and the representation of the gegmetr
of the bodies relies on the Lagrangian grids immersed witien
Eulerian grid Figure 4(ajshows that the radial spacing of the grid is
uniform, Dr ¥47:5 10 “D, up to almostr=D ¥ 0:6, in order to
resolve properly the blades of the propellers as well as their tipagor
The choice of extending the region of the finest radial resolutior
beyond the tip of the blades is explained by the followingidgon of
the results, which demonstrate that the wake ofaR&system experi-
ences even an expansion, due to the interaction between the tip vor
ces shed by the two propellersgure 4(b)shows the distribution of
the grid spacing in the streamwise direction. This is uniform in the
region of the two propellers 0:35< z=D < 0:45, where
Dz%7:5 10 “D, as in the radial direction. Further downstream
grid stretching is adopted, but keeping a fine resolutiothefmesh,
with the purpose of resolving the wake structures. It shoel@lbo
noted that, although a uniform azimuthal grid was utilizédénks to

1.E+00 -

1.E-01

i

/
Sipn [
3 /

|
|
1E-03 —|
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30 20 -1.0 0.0 1.0 20 30 40 50
D

FIG. 4(a) Radial and (b) axial distributions of the grid spacing.

(b)
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FIG. 5Details of the cylindrical, fine grid in the vicinity of the propellers: (a) meri-
dian, (b) cross-stream, and (c) cylindrical slices. For clarity, 1 of every 64 points
shown in panels (a) and (b) and 1 of every 16 points in panel (c).

the cylindrical topology of the mesh, the linear spacing in the azi-
muthal direction is actually decreasing toward inner radial coordinates,
which is convenient to properly resolve the flow physics in the region
of interest of the domain, where the propellers and their wakes ar
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located. For instance, at the radial coordinate corresponding t&70% (a)
the linear resolution of the computational grid in the azihal direc-
tionis 07RD# ¥4 6:1 10 4D, similar to those in the radial and axial
directions. Overall, we verified a near-wall resolution of the adopte
mesh equivalent to about five wall-units.

The one discussed above is the computational (fine) griptedio
for the simulation of the thre€ERR FRONT andREARconfigurations.
However, with the purpose of demonstrating grid-independgethe
CRP case was simulated also on two additional grids, denotec
as medium and coarse. They consist of 52818 1410 (about 2.3

109 and 454 2370 1186 (about 1.3 10°) points. They were
generated by increasing the size of the grid cells in eagetitidir in
space of factors equal to abolitt2and 2= for the medium and coarse
grids, respectively, relative to the fine grid. The digmugs SecV will
show a robust grid independence, demonstrating that thetsem the
fine grid are at convergence. Note that, unless othenaise sall results
in SecV refer to the computations carried out on the fine grid.

As discussed in Set,.the geometry of the system was represented (b)
by using Lagrangian grids, discretizing the surface ofdtie® by trian-
gular elements. Thanks to the exploitation of an IB methagiolthey
were immersed within the stationary Eulerian grid and feeenbve
across its cells, to take into account the rotation of th@edters. This
feature of the IB method avoids the use of multi-block gritts werfa-
ces between them or other strategies, as mesh deformationqiges
or multiple reference frames. This approach produces tastia$sim-
plification of the process of generation of the Euleriash@nid is benefi-
cial to both the accuracy and the efficiency of the ovenatiitation.
The CRPsystem utilized Lagrangian grids consisting of 66 132t(fron
propeller), 69 048 (rear propeller), 32286 (upstream)slaatftl 51 048
(downstream shaft) triangles. These surface meshes ezseraed in
Fig. 6 In the casé&RONT the rear propeller was replaced by a rotating
cylinder, represented by 10308 triangles, while for theRBAR the
front propeller was replaced by a rotating cylinder cangisif 9648 tri-  FIG. 6Lagrangian grids of @RPsystem. Views on the (a) suction and (b) pres-
angles. They are shownfi. 7 sure sides of the propeller blades.

The resolution in time was tied to that in space through the sta-

bility requirements of the Rungiutta scheme adopted for the explicit anqgw, respectively. Their fluctuations in time will be reported®s?

discretization of the radial and axial terms of the momentum equationg,q 2. Therefore, the ensemble averaged and phase-averaged turbu-
In the cas€CRR this resulted in an average time step of the simulationgent kinetic energy discussed below are defined, respectively, as
corresponding to rotations of @28, 0:068, and 007 of both front

and rear propellers on the fine, medium, and coarse grisisectively. kv 1 V4 b Ve b W - )
In the case$RONTand REAR the average time step resulted in a 2 '
rotation of Q05 and Q043P of the front and rear propellers, respec- 1 a2 AR
tively, on the fine grid. These values show how the reportegpeta- k. “5 W p 002 b W02 : (10)

tions are highly time-resolved.
All computations were advanced in time for at least two flow-
through times, equivalent to about 20 rotations, to devébepwake

Also the ensemble-averaged turbulent shear stresses will be analyzed.
They will be indicated agtd, ud®, andvP. It is also worth mention-

flow and reach statistically steady conditions. Then, Isotsemble- ing that_ all discussions'will refer tp resolved quantities. T'herefore, for
averaged and phase-averaged statistics were computelfyndining ~ convenience, the notatierfor the filter operator, adopted in Sec,
the simulations, across 20 additional revolutions of thepgifers. Wil be omitted. _ ) .
Ensemble-averaged statistics are time-averages, cdmipote all ~ All simulations were carried out in & high performance comput-
instantaneous realizations of the solution, regardiestheofrelative NG €nvironment. An in-house Fortran solver was adopted to resolve
position between propellers. They will be indicated in'Ges:. Phase-  the filtered NSEs, performing a domain decomposition across the
averaged statistics are instead computed consideringimstgnta- ~ Streamwise direction. Therefore, the overall problem was decomposed
neoues realizations of the solution corresponding to affspesiative, i cylindrical subdomains and spread across cores of a distributed-
angular position of the contra-rotating propellers. Thdl/lve denoted =~ memory supercomputer (MeluXina CPU at LuxProvide, Luxemburg
below a$. In particular, the computations on the fine, medium, and coarse grids
In the following discussion, the velocity components across thevere distributed across 1792, 1408, and 1184 cores. Comrimngcat
radial, azimuthal, and streamwise directions will be méid asy, v, between subdomains were handled by means of calls to message
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TABLE IComparison on the global parameters of performance against the experi-
ments*““for the front propeller working alone.

>\ Kt 1Kq g
Z
Experiments™~° 0.384 0.898 47%
LES/IB computation 0.388 0.883 9%
Relative error p 0:95% 1:59% p 2:58%

TABLE IIComparison on the global parameters of performance against the experi-
ments*““for the rear propeller working alone.

Kt 10?(2 g
Experiments™~° 0.303 0.762 43%
LES/IB computation 0.308 0.743 2%
Relative error b 1.79% 2:54% b 4:44%

TABLE llIComparison on the global parameters of performance against the experi-
ments"*“for the front propeller offR&configuration.

Kt 1Kq g

Experiments" “° 0.382 0.871 48%

Coarse LES/IB computation 0.389 0.874 :6%0 ]

Relative error p176% p0:30% pLl:46% §

Medium LES/IB computation 0.390 0.871 (B0 S

Relative error b 2:13% 0:05% p218% 3
FIG. 7Lagrangian grids of thé=@PNand (bREARsystems. Fine LES/IB computation 0.392 0.869 : 250 N

Relative error b 2:44% 0:23% p2:68% R

passing interface (MPI) libraries. The overall computationst of all
simulations was of about 13 1(f core hours.

TABLE IMComparison on the global parameters of performance against the experi-
ments*““for the rear propeller of@RPconfiguration.

V. RESULTS Kt l(KQ g
A. Global performance on
i 0,
Results on the parameters of global performance of the propeIIeEXpe”mem% . 0.350 0.876 A_'a/"
are reported in this section, to demonstrate the agreement with the rez02rse LES/IB computation 0.351 0.882 3%t
evant measurements>° They are defined as follows: Relative error p0:37%  p0:63% 0:26%
Medium LES/IB computation 0.355 0.882 8%
Kr Yot Koth—2r: gy, (11)  Relative error b143% p068% p0:74%
qn2D* qn2Ds 2pKq Fine LES/IB computation 0.357 0.886  :8%4
In Eq.(11), T and Q are the thrust generated by the propeller and theRelative error p199% p115% p0:83%

torque required for its rotation, respectively. The coefficientsrast
and torque,Kr and Ko, are their expressions in non-dimensional

form. The non-dimensional quantity represents the efficiency of hoth propellers, a good agreement with the experiments is verified

propulsion.

Tables landll report the comparison of the parameters of perfor-

mance of the isolated front and rear propellers against tpere

even on the coarse grid.
The comparison of the global performance of the propellers
working alone and together shows a slight improvement fofrdme

ments:* “°A close agreement between LES and experiments is showpropeller, whose efficiency of propulsion goes fron9%8to 502%,

As discussed above, for the two propellers working togeiheputa-

based on the LES computations on the fine grid. This trend is also

tions were conducted on three grid levels. Comparisons are reported gbserved in the experimental results. This should be attributed to the
Tables llland IV for the front and rear propellers, respectively. For blockage generated by the rear propeller, affecting the distriboftion
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FIG. 8(a) Instantaneous isosurfaces of pressure cogffidierit0); (b)
phase-averaged isosurfaces of pressure cogffiéiert); and (c) phase-
averaged isosurfaces of the second invariant of the velocity gra@ieritetensor (
rion, Q=2 ¥4500). Contours of vorticity magnitude, scaléd=Dy
Visualizations from the data on the fine grid.
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FIG. 9lnstantaneous isosurfaces of pressure coeffigier:Q) highlighting

] ; ; (a) the intersection of the tip vortices shed by the &antpespklers, (b) their
the pressure field, especially on the pressure side ofateshof the T I el e i, () BB G 6l R e

front propeller. In ConErast, a slight decay of the performancersccu helical sides of the vortex rings, and (d) the projeetidrsbéped vortex lobes
for the rear propellerg_ goes fr_om 42% to 448%, based on the  toward inner and outer radial coordinates. Contdaity ahagmttude, scaled by
results on the fine grid, but it should be acknowledged that the U; =D. Visualizations from the data on the fine grid. Mubitabliiaeline.
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efficiency of the rear propeller is almost unchanged in the experimentéhe free-stream pressure. The latter is the second invariant of the veloc-

results. ity gradient tensor, which is appropriate to identify the core of vest
as discussed by Jeong and Hussain.
B. Wake topology At their closest point of interaction, representedtip. 9(a) near

The interaction between the helical vortices shed by the two prot-he blade tips of the rear propeller, the ““(0 vorte_x systeam the
frfont and rear propellers break up and immediately reconigct

pellers results in the generation of isolated vortex rings, consisting o s pairing between them. leading to the formation of a sinalalclose
six helical sides and connected by U-shaped vortex lobes. This compf:ex P 9 ' 9 9

S g T . “vortex ring, as shown iRig. 9(b) The helical lobes of the vortex rings,
structure is illustrated ir-ig. 8 The wake coherence is isolated in originating alternatively from the tio vortices of the frontrear pro-
Fig. 8through both isosurfaces of pressure coefficient an@thbete- g 9 y P P

. X - . ) 5 ; pellers, are linked through U-shaped vortex lobes.[9(c). They
rion. The former is defined & v @  py P=30:5qU7 B wherep, is experience a shift toward inner and outer radial coordinates, as a result

of the mutual inductance between consecutive vortex rifigs §(d]
(Multimedia available online). This unique topology was ififsntified
experimentally by Capone and Alves Peféiemd is here revealed in

25:22:60 202 KeN 80

outward U-shaped vortex lobes inward U-shaped vortex lobes

inward U-shaped vortex lobes

outward U-shaped vortex lobes

i FIG. 11(a) Phase-averaged isosurfaces of pressure c@gfficie@b] from
FIG. 10Visualizations of the tip vortices in the near wake from eXpérimen LES (fine grid), with contours of vorticity magnitude ical2drizy (b) visu-
(a) identification of three consecutive vortex rings and (b) identificatior alization of the vortex filament connecting neighboring vortex lobes from experi-
U-shaped vortex lobes connecting the six sides of each vortex ring. ments.*°
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more details by the simulations, which are in excelleneageat with  and downstream vortex rings, respectively. Interestingly, the agree-

the experiments performed on the same contra-rotating configurationnent between LES computations and experiments extends even to the

illustrated inFig. 10 Each ring consists of three helical lobes originat-identification of a short and intense vortex filament cartimg) neigh-

ing from the front propeller and three helical lobes from tearmpro-  boring inward and outward U-shaped lobes during the earlyestag

peller. The helical lobes of each vortex ring are connectatreg after their onset, as they move away from each other, as shdah

upstream and three downstream U-shaped lobes, bending outwardgtails of-ig. 11from both computations and experiments.

and inwards, as a consequence of their interaction with the upstream  Figure 12shows also that the complex topology of the wake flow
revealed by the simulations is grid-independent. Results efirth,
medium, and coarse grids are reported. The agreement adossg
very satisfactory, showing almost identical vortex ringsedisas out-
ward and inward U-shaped lobes connecting their six sidgsre 12
provides further evidence that the adopted resolution is very well
suited to capture the multiple structures populating the wakinef
contra-rotating propellers.

C. Wake expansion

As shown inFig. 13(a)the outward shift of the vortex lobes of
the vortex rings causes an expansion of the wake dCRfesystem,
which is in contrast with the wake contraction of conventional propel-
lers, as demonstrated by the comparison against the wakes wid
isolated front and rear propellersfifigs. 13(band 13(c) respectively.
The signature of this behavior on the average flow field is/stio

25'22:60 202 AeiN 80

FIG. 12Phase-averaged isosurfaces of the second invariant of the velocit FIG. 13Phase-averaged isosurfaces of the second invariant of the velocity gradi-
ent tenschriteriorQD?:Uf ¥, 1;000): (a) fine, (b) medium, and (c) coars ent tensoiQcriterionQ F=U? % 500), colored by contours of vorticity magni-
grids. Contours of vorticity magnitude, staletby tude, scaled by =D: (a)CRP (b)FRON;Tand (CREAR.
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FIG. 15Radial profiles of ensemble-averaged streamwise velocity at the streal
wise locations indicated by arréwes ivl(a)z=D ¥ 1:0 and (b3=D ¥4 2:0.

FIG. 14Ensemble-averaged contours of streamwise velocity\Uscabedaby

meridian slice: P (b)FRONTand (cREAR. .
@R (0) R D. Phase-averaged turbulent kinetic energy

Results for turbulent kinetic energy are reported in terms of

Fig. 14where ensemble-averaged statistics are reported for the streaghase-averaged statisticsiy. 19 where the meridian slice crosses
wise velocity, including also the cases of the two isolated propelleie helical lobes of the vortex rings, as illustrated also by means of
More details are provided by means of the radial profilesiin 15 three-dimensional visualizations of the coherent structures shed by
which were extracted from the ensemble-averaged fields of streamwisg two propellers. It is worth noting that the lobes originating from
velocity atz=D %2 1:0 andz=D %, 2.0 (arrows inFig. 1J. While the  the tip vortices shed by the rear propeller are populated by higher
stronger acceleration of the flow downstream of the two propellerfevels of turbulent kinetic energy, compared to those from the front
working together is expectedg. 15also shows that this acceleration propeller, since the rear propeller ingests the turbulent wake of the
extends to outer radial coordinates, in comparison with the cases @font one. Therefore, the meridian slice showirig. 19s character-
the isolated propellers. This is a consequence of the outward fshift fzed by maxima of turbulent kinetic energy at the outer boundary of
the upstream U-shaped vortex lobes of the vortex rings populating thghe wake which display a non-monotonic trend, since they originate
wake of the contra-rotating propellers. alternatively from the front and rear propellers, whose signature is

Wake expansion as well as an increased complexity of the topdhdicated a$ and R, respectively. This asymmetry between levels of
ogy are also well distinguishable from the ensemble-averaged fieldstarbulent kinetic energy within the vortex ring lobes coming from
azimuthal vorticity in~ig. 16and the relevant radial profiles ifig. 17 the front and rear propellers is also demonstrated in the cross sec-
It is worth noting that inFig. 17 the maxima of vorticity are higherin tions ofFig. 20
the wake of the isolated front and rear propellers than doweas of Figure 21deals again with contours of phase-averaged turbulent
CRPthe instability of the wake system in the latter case is faster; resukinetic energy, but in this case, the meridian slice crossesd-shaped
ing in two broader, more diffused, lower maxima of vortiditygon- lobes connecting the helical lobes of the vortex rings.isrvibualiza-
trast with the single, sharper peak produced in the wake tf bo tion of the wake, the outward and inward shifts of the U-shaped vortex
isolated propellers. lobes are well distinguishable. Also, the signaluséthe radial struc-

Additional evidence of the grid-independence of the results isure connecting those vortices just downstream of their oisset
provided inFig. 1§ where radial profiles for the ensemble-averagedevealed by the relevant local maxima of turbulent kinetic energy, link-

streamwise velocity and azimuthal vorticity at the strea@woordi-  ing the peak$ and O at inner and outer radial coordinates, associated
nate z=D ¥ 1:0 are compared across resolutions. The agreememtith the cores of the inward and outward vortex lobes of the wake
across grids is very close. system.
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FIG. 17Radial profiles of ensemble-averaged azimuthal vorticity at the streamwige
locations indicated by arrows)in.6(a)z=D ¥ 1:0 and (b3=D ¥4 2:0.
FIG. 16Ensemble-averaged contours of azimuthal vorticity\scalzoiya
meridian slice: @RP (b)FRONTand (CREAR. even reinforced further downstream fiig. 24(h) where the peak of
turbulent kinetic energy moves to inner radial coordinates, but its tail
Additional details are provided ifig. 22 where the areas of shear €xtends further away from the axis, which is the signature of the out-
between outward and inward lobes of consecutive vortes a'“giden_ Ward prOjeCtion Of the U-Shaped |ObeS ||nk|ng the SiX helical Sides Of

tified by arrows as those of the highest levels of turbulestik energy.  the vortex rings. Irig. 24(cjthe peak in the wake @@ RPweakens
and becomes comparable to that of the cd&RONTand REAR

although the integral value f@RPkeeps well above those of the iso-
_ lated propellers: turbulence is higher at both inne2 € r=D < 0:3)

_ !:|gure 23represen_ts_ contours of ense_mk_)le-averaged turbulend g outer (66 < r=D < 0:6) radial coordinates, due to the inward
kinetic energy on a meridian slice. For more insight on treeeéifthe g gutward shifts of the downstream and upstream U-shaped vortex
interaction between tip vortices, also the results in the wake of the ISsbes, respectively.
lated propellers are reported. The visualizatiorisin 23provide fur- Grid-independence is demonstrated also for turbulent kinetic
ther evidence of the expansion of the propeller wake, resulting froranergy in-ig. 25 where radial profiles are given at the streamwise loca-
the interaction of the helical tip vortices shed by the two propellers. Iion z=D 4 1:0 on the fine, medium and coarse grids: they almost
addition, the comparison with the wakes of the isolated propellergvenap across resolutions.
makes it clear that higher levels of turbulent kinetic energy are  Figure 26shows the streamwise evolution of the maxima of
achieved in the near wake, as a result of this interactionnWe,  ensemble-averaged turbulent kinetic energy at the outer boundary of
the diffusion of the maxima of turbulence at the outer boupiddithe  the wake, corresponding to the region of the tip vortices. Just down-
wake is faster, as a consequence of the faster instabiliywbke sys-  stream of the rear propeller tt@RPand REARcases display similar
tem, resulting quickly in broader maxima, compared to the wake ofnaxima. Values are lower in tiERONTcase, since its tip vortices
the two isolated propellers. were generated more upstream. However, the levels of turbulence

A more detailed comparison across cases, dealing with the datalicome quickly the highest f@RP as a consequence of the shear
Fig. 23 is available ir-ig. 24 where radial profiles were extracted at between the tip vortices of the two propellers and their faster instabil
the streamwise coordinates (a@rD %405, (b) z=D % 1:0 and ity. Interestingly, this interaction produces local maxana minima
(c) z=D ¥4 2:0.Figure 24(aghows that the interaction between tip vor- across the streamwise evolution through the near wake, which vanish
tices produces higher values of turbulent kinetic energy in the neasnce the instability of the tip vortices causes the wak¥Rbto lose its
wake: the peak at the outer boundary of the wake is both higtter a coherence. Eventually, the peak value€RIPdrop to similar levels of
wider, compared to the cases of the isolated propellers. This trend tike case$RONTand REARdue to the diffusion of the maxima of

25'22:60 20Z Aen

E. Ensemble-averaged turbulent kinetic energy
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FIG. 18Radial profiles of ensemble-averaged (a) streamwise velocity and (b) azi-
muthal vorticity at the streamwise lasatiginl:0 from the computations deal-
ing with th€RPsystem on the fine, medium, and coarse grids.

FIG. 19Contours of phase-averaged turbulent kinetic energyl$catetihey  FIG. 20Contours of phase-averaged turbulent kinetic energyl$catethey

wake o€RPon a meridian slice cutting the helical lobes of the vortex rings wake ofCRPon cross-stream slices of streamwise coordirzaf@&4@u5,

wake system: (a) three-dimensional visualization including isosurfe (b)z=D ¥4 0:85, and (=D % 1:10. Isolines of phase-averaged pressure coeffi-
QIZ?ZU% %500 and (b) bi-dimensional visualization including isoline cien€, s 1:0.FandRindicating the signatures of the vortex ring lobes originat-
€, % 1.0.F andR indicating the signatures of the vortex ring lobes origin ing from the front and rear propellers, resp@ethalindicating the signatures

from the front and rear propellers, respectively. of the outward and inward U-shaped vortex lobes, respectively.

Phys. Fluid3g 055116 (2024); doi: 10.1063/5.0207145 36 055116-13
¢ Author(s) 2024

25'22:60 202 AeiN 80



Physics of Fluids ARTICLE pubs.aip.org/aip/pof

FIG. 21Contours of phase-averaged turbulent kinetic energyl$catethey

wake o€RPon a meridian slice cutting the outward and inward vortex lobes con-
necting the helical lobes of the vortex rings: (a) three-dimensional visualization
including isosurfacesﬁﬂ?:uf %500 and (b) bi-dimensional visualization
including isolinestgfys 1:0. O andl indicating the signatures of the outward

and inward U-shaped vortex lobes, resp€cindibating the signature of the

radial structures connecting the outward and inward lobes of the vortex rings during
the early stages after their onset.

turbulent kinetic energy, caused by the breakup of the tip vortices.

This is already the case at abaaD ¥4 2:0, in agreement with the

radial profiles of-ig. 24 FIG. 22Isourfaces of phase-averaged pressure cogffigiert:@), colored
by phase-averaged turbulent kinetic energy, st#ledliferent views in
(a) and (b). Arrows indicating the areas of the highest turbulence, due to the shear

F. Ensemble-averaged turbulent shear stresses between neighboring vortex rings.

The substantial increase in th&\? shear stresses in the wake of
CRR reflected in the increase in turbulent kinetic energyhdsva in
Fig. 27 where ensemble-averaged contours are reported. This is the |n the near wake, the contoursef). 27(ajare actually saturated
shear stress contributing the most to turbulent production, whsch i for visibility of more wake features at downstream coordinates
given by ulP@i=@;, since the largest gradients are those affectingrherefore, more detailed comparisons are made availabley g
the streamwise velocity along the radial direction, especially at thghere radial profiles were extracted again at the streanowiseli-
wake boundary. Therefore, the leading term of turbulentyetidn in nates (a)=D ¥4 0:5, (b)z=D ¥4 1.0, and (c)z=D ¥4 2:0. It is clear that
the cylindrical reference frame isifW2@v=@. the production of turbulence is substantially enhanced by the increased

The maxima oli%P achieved at the outer boundary of the wake shear stresses when the tip vortices of the two propellers interact with
are significantly higher downstream®©RR, compared to the two iso-  each other. This is the case across all streamwise coordimakes i
lated propellers, as a result of the shear between the tip vortices shegar wake, as demonstrated-in. 29 where the streamwise evolution
by the front and rear propellers. Also, fifig. 27(a) the onset of an  of the peak at the outer boundary of the wake is reported: thewalu
additional, lower peak is distinguishable, diverging diveam  for CRPare an order of magnitude higher than those associated with
toward outer radial coordinates, again as a result of theavdtshift  the tip vortices shed by the two propellers working alone. In agreement
of the upstream vortex lobes of the vortex rings of@fRPwake. The  with the behavior observed for the normal stresses of turbulence, local
contours in the wake of the two isolated propellers are vifigreht.  maxima and minima are produced by the interplay between the tip
The near wake is characterized by substantially lower levels of turbuertices coming from the front and rear propellers, as long as they
lent shear stress and an increase is produced only further downstreakeep coherent, up to abomtD V2 2:0. At this streamwise location, a
due to the instability of the tip vortices. This instability is reflected inlower, broader maximum is the result of the breakup of the coherence
Figs. 27(band27(c)in the radial diffusion of the maxima at the outer of the vortices populating the outer boundary of the wake saslals-
boundary of the wake, as it develops downstream. trated inFig. 27(a)
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FIG. 23Ensemble-averaged contours of turbulent kinetic energyfscated by
a meridian slice: GRRP (b)FRON;Tand (CREAR.

25'22:60 202 AeiN 80

The substantial modification of the flow physics in the wake of
CRPis also demonstrated by the turbulent shear stv€s8 in
Fig. 30 Downstream of the two isolated propellers the signature of
their tip vortices is characterized by a couple of strong positive and
negative peaks of this stress, as long as they keep coherent. The
topology of the contours faCRPis significantly modified and in this
case lower levels are achieved, in contrast with the behavior four FIG. 24Radial profiles of ensemble-averaged turbulent kinetic energy at the
for udP. This is also shown through the radial profiles-af. 31and streamwise locations indicated by arFows’i(a)z=D ¥4 0:5; (b)z=D %z 1.0;
the streamwise evolution of its peak value=ig. 32 Dealing with ~ and (CF=D¥220.
Fig. 32 it should be noted that the result f@RPis affected by the
lack of a sharp, dominant peak @i\P across the near wake, in con-
trast with the cases of the two isolated propellers. The peak value of
VA@ in the wake of the rear propeller is actually negative; therefore,
in Fig. 32its sign was switched for visualization purposes. It is worth
mentioning that also the turbulent shear stre8® was computed,
but for limitation of space it is not reported, since it was found signif-
icantly lower than bothu® and VAP for both propellers working
alone and together.
Also for the turbulent shear stresses grid convergence was veri-
fied, as shown irFig. 33 where radial profiles fan@® and VAP are
reported at the streamwise coordinat® ¥4 1.0. The results fou@?°
almost overlap across grids. A small grid-dependence évesfor
Vin®, with some deviations of the profiles from the computations on g5 55Radial profiles of ensemble-averaged turbulentekiyesttae stream-
the coarse grid, while those on the medium and fine grid$agisain  wise locatiareD %4 1:0 from the computations dealing W@REsgstem on the
a close agreement. fine, medium, and coarse grids.

Phys. Fluid3g 055116 (2024); doi: 10.1063/5.0207145 36 055116-15
¢ Author(s) 2024



Physics of Fluids ARTICLE pubs.aip.org/aip/pof

FIG. 26Streamwise evolution of the peak of ensemble-averaged turbulent kinetic
energy at the outer boundary of the wake from thecdata in

VI. CONCLUSIONS

Large eddy simulation was adopted to reproduce the wake flow
generated by two contra-rotating propellers, including the interaction
between the helical tip vortices shed by each of them. Casopar
with experiments were reported, finding an excellent agreement with
them on both the performance of the propellers and the iatec
topology of the wake structures, but providing a highe lefvdetail,
thanks to the availability of the full three-dimensionalilfield in the
near wake across a wider domain. Also, the two propellerkingor

FIG. 28Radial profiles of ensemble-averaged turbulent she@Psitabe
streamwise locations indicated by arrows’in(a)z=D ¥4 0:5; (b)z=D ¥4 1.0;
and (cg=D ¥4 2.0.

alone were simulated, for comparison purposes, helping identify
the effect of the interaction between them in the contra-rotating sys-
tem on both performance and the wake dynamics.

The interaction between the helical tip vortices results in the
onset of vortex rings consisting of six helical vortex loblesse lobes
come alternatively from the front and rear propellers, respectively.
They are linked by three upstream and three downstream U-shaped
vortex lobes. They experience a shift toward outer and inner radial
coordinates, respectively. This shift is due to the shear with the
upstream and downstream vortex rings, respectively. Thensegif
shear between the legs of the outward and inward vortex lobes of con-

FIG. 27Ensemble-averaged contours of the turbulent shePssesied by ~ SEcutive vortex rings are characterized by the highestiémtatresses.
U2 , on a meridian slice:G&P (b)FRONTand (CREAR. The six helical lobes of each vortex ring also differ for the levels of
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FIG. 29Streamwise evolution of the peak of ensemble-averaged turbulent shear
stressfWP at the outer boundary of the wake from thé-aatain

turbulence at their core. Higher turbulent stresses occur in the lobes
originating from the tip vortices of the rear propeller, gared to
those in the lobes from the tip vortices of the front propeller: the rear
propeller, ingesting the turbulent wake of the front propeller, sheds tip
vortices characterized by higher levels of turbulent kirestergy at
their core.

The outward projection of the upstream U-shaped vortex lobes
produces an expansion of the wake. This is in contrast watlyibical
contraction of the wake of isolated propellers, as alsorstuywthe
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FIG. 31Radial profiles of ensemble-averaged turbulent she@Psitabe
streamwise locations indicated by arFows3in(a)z=D ¥4 0:5; (b)z=D ¥4 1.0;
and (cy=D ¥4 2.0.

FIG. 30Ensemble-averaged contours of the turbulent she@Psteasied by FIG. 32Streamwise evolution of the peak of ensemble-averaged turbulent shear
U2 , on a meridian slice:G&P (b)FRONTand (CREAR. stress/AP at the outer boundary of the wake from thé-aatadin
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