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ABSTRACT

The wake systems of rim-driven thrusters (RDTs) with different numbers of blades, producing the same overall thrust, are compared by using
a large eddy simulation methodology. For all cases, the shear produced at the outer boundary of the wake results in a quick breakup of the
helical vortices shed at the outermost radial coordinates, while those at the innermost radii keep coherent up to the outlet section of the com-
putational domain, located five diameters downstream of the propeller plane. The vortices within the trailing wake of each blade undergo
merging into larger structures, while, in contrast with the wake development process typical of conventional propellers, no mutual inductance
phenomena between the vortices shed by neighboring blades were observed, even as the number of blades increases. Therefore, more blades
experiencing lower loads result in less intense vortices, shear layers, and turbulent stresses, since the decreasing azimuthal distance between
trailing wakes and vortices from neighboring blades was not found to trigger more intense interactions and a faster diffusion. These results
suggest that more blades are beneficial to the wake properties of RDTs, at least in the range of blade numbers considered in this study, from
three to six.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0314358

I. INTRODUCTION

Rim-driven thrusters (RDTs) are unconventional marine propel-
lers.1 They differ from typical propellers since their blades are mounted
on a ring rotating within a slot in their nozzle, and their tips are ori-
ented inwards, rather than outwards. Therefore, although some RDTs
also have a hub, this is actually not required for the rotation of their
blades, avoiding the onset of a large axial vortex in the wake of these
propellers. This feature of RDTs is highly beneficial, since the hub vor-
tex is the largest flow structure shed by conventional propellers, for
instance, creating issues of unsteady interactions with downstream
bodies, such as rudders, and producing vibrations and noise, in addi-
tion to erosion and structural damage.2–5 Meanwhile, although RDTs
work within a nozzle, unlike typical ducted propellers, there is no gap
between their blades and the inner surface of the nozzle. This avoids
the onset of cross-flows between the pressure and suction sides of the
blades, where large turbulent stresses and strong pressure minima
develop, with the potential inception of cavitation phenomena.
Therefore, RDTs do not shed leakage vortices. Meanwhile, the pres-
ence of the gap between the rim moving the rotor blades and the

statoric part of the propeller results in the onset of a parasitic torque,
creating some penalty to the overall performance, but having little
influence on the physics of the wake flow.6–8

Actually, RDTs are not a very recent idea,9 but their practical
implementation was made possible only in recent years, thanks to the
development of compact, brushless electric motors, which can be
installed within the stator (the nozzle) of these propellers. This is also
the reason why the literature on RDTs is currently still quite limited,
with most works focusing mainly on their global performance6,10–29

and only a few studies reporting more details on their flow physics,
such as their inner flow7,8,30–32 and wake development.33–36 However,
during the last two decades, the wake of more conventional marine
propellers was analyzed in detail,37–51 because of its importance in the
definition of the acoustic signature and interaction with rudders as
well as for its rich flow physics, which makes its investigation of inter-
est to both engineers and scientists. In agreement with the earlier theo-
retical study on helical vortex filaments by Widnall,52 the experimental
and numerical works on the dynamics of the wake of marine propel-
lers demonstrated that their tip vortices undergo short and long waves
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instabilities, leading eventually to mutual inductance between them
and leapfrogging phenomena, resulting in vortex meandering and
finally in the breakup into smaller structures, triggering a rise and fol-
lowing diffusion of turbulence levels. Moreover, the interaction occur-
ring between the trailing wake of the blades and the tip vortices of the
neighboring blades, due to their different pitch and thus their different
velocity of downstream convection, was identified as an additional
source of perturbation of the tip vortices, accelerating the disruption of
the coherence of the flow structures populating the wake system.53,54

Among the several studies on the wake dynamics of marine pro-
pellers, a few of them have explored the influence of the number of
blades on their streamwise development.39,55,56 For conventional pro-
pellers, increasing blades numbers were found to accelerate their
breakup, shifting the onset of mutual inductance and leapfrogging phe-
nomena to upstream coordinates. This behavior was attributed to the
diminishing azimuthal distance between trailing wakes, resulting in a
faster shear of the tip vortices with the wake of the following blades
and a stronger inductance between neighboring tip vortices. This phe-
nomenon may be considered similar to that occurring for increasing
loads.53,57–60 They result in a smaller pitch of the wake of the propeller
blades, producing shorter inter-spiral distances and a wider gap
between the pitches of the tip vortices and trailing wake of each blade,
which also leads to a faster interaction of the former with the trailing
wakes of the following blades.

Similar investigations on the influence of the number of blades
on the wake dynamics of RDTs are not available in the literature. The
only exception is represented by the numerical study reported by
Gaggero,33 where detached eddy simulation (DES) on a computational
mesh consisting of 44� 106 finite volumes was adopted for the analy-
sis of the wake flow of RDTs with four and six blades. However, in that
work, the focus was on the comparison with the wake system of a
ducted propeller operating within the same nozzle and producing the
same thrust, as well as the comparison with the wake prediction by
Reynolds-averaged Navier–Stokes (RANS) simulations. Meanwhile,
the changes affecting the wake dynamics of RDTs are substantial, as
demonstrated by Gaggero,33 suggesting that the conclusions on the
influence of the number of blades on the wake development of conven-
tional propellers may not extend to their case. In particular, RDTs
shed root vortices at their outermost radii as well as a shear layer from
the trailing edge of their nozzle, instead of the typical tip vortices of
conventional propellers. In addition, at the innermost radii, the wake
of RDTs is populated by inner tip vortices, instead of the root vortices
and the large hub vortex of typical propellers. In other words, in the
particular case of RDTs, the wake is dramatically modified in compari-
son with that analyzed in the existing investigations on the subject.

In this study, large eddy simulation (LES) computations are
reported for four RDTs, producing the same overall thrust, for the pur-
pose of a fair comparison across them, but having blade numbers rang-
ing from three to six. They are the result of an optimization study
aimed at maximizing performance and minimizing cavitation incep-
tion for the given thrust.14 We explore the influence of the number of
blades of RDTs on the topology of the wake and its breakup process,
as well as turbulence statistics. To the authors’ knowledge, this is the
first work on this subject, using an eddy-resolving methodology on a
computational grid consisting of 6.3� 109 points, which is a couple of
orders of magnitude more extensive than in the most advanced DES
studies currently available on the wake development of RDTs,33–36

which typically utilize meshes of Oð107Þ finite volumes. This paper is
organized in methodology (Sec. II), flow problem (Sec. III), computa-
tional setup (Sec. IV), analysis of the wake flow (Sec. V), and conclu-
sions (Sec. VI).

II. METHODOLOGY

In this study, the flow problem is governed by the filtered
Navier–Stokes equations for incompressible flows, which in non-
dimensional form are

@~ui

@xi
¼ 0; (1)

@~u i

@t
þ @~ui~u j

@xj
¼ � @~p

@xi
� @sij

@xj
þ 1
Re

@2~ui

@x2j
þ fi; (2)

where the indexes i and j span the three directions in space, t is time, xi
and xj being the coordinates in the directions i and j, ~ui and ~u j being
the filtered velocity components in the directions i and j, ~p is the fil-
tered pressure, sij is the subgrid scale (SGS) stress tensor, fi is a forcing
term, and Re is the Reynolds number. This results from scaling the
dimensional equations by using a reference length, L, a reference
velocity,V, and the density of the fluid, q, and is defined as

Re ¼ LVq
l

¼ LV

�
; (3)

where l and � are the dynamic and kinematic viscosities of the fluid,
respectively.

The SGS tensor, sij ¼ ~uiuj � ~ui~u j, is the result of filtering the
non-linear terms of the Navier–Stokes equations and represents the
action of the unresolved scales on the resolved ones. This is typically
modeled by using an eddy-viscosity hypothesis, based on Boussinesq’s
approximation, which assumes that the deviatoric part of the SGS ten-
sor and the deformation tensor of the resolved velocity field, ~Sij, are
aligned

sdij ¼ sij � 1
3
dijskk ¼ �2�t~Sij; (4)

where dij is the Kronecker delta, skk is the trace of the SGS tensor, and
�t is the eddy-viscosity. This assumption reduces the number of
unknowns of the problem of turbulence closure from the six indepen-
dent elements of the symmetric tensor sij to the only eddy-viscosity.
This scalar needs to be modeled. In this study, the wall-adaptive local
eddy-viscosity (WALE) model was adopted, which is discussed in
detail by Nicoud and Ducros61 and was successfully employed in sev-
eral earlier works on marine propellers.46,47,62–65 In particular, it has
the convenient property of switching off in regions of pure strain (lam-
inar gradients with no turbulence) and reproducing the correct limit-
ing behavior of the eddy-viscosity in the vicinity of solid walls with no
need for ad hoc corrections.

The forcing term fi in Eq. (2) was utilized to enforce the no-slip
boundary conditions on solid walls by using an immersed boundary
(IB) methodology, which decouples the discretization of the computa-
tional domain by the Eulerian grid, where the governing equations are
resolved, from the discretization of the bodies immersed within the
flow, represented by Lagrangian grids. Based on their position relative
to the Lagrangian grids, the Eulerian points are separated into “fluid,”
“solid,” and “interface.” The interface points are those placed at the
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boundary between the fluid and solid regions. In the particular imple-
mentation of the IB methodology adopted in the present computa-
tions, they are the points of the Eulerian grid placed outside the
immersed boundaries, but having at least an interior (solid) neighbor
in any coordinate direction of the Eulerian grid. All other points out-
side the immersed boundaries are tagged as fluid. Boundary conditions
are enforced at the solid and interface points, while at the fluid points,
velocity, pressure, and eddy-viscosity come from the solution of the
equations governing the flow. At the solid points, the boundary condi-
tion is the velocity of the bodies where they are located, which may be
stationary or moving. At the interface points, the velocity condition
comes from a trilinear interpolation along the direction normal to the
surface of the Lagrangian grid representing the particular immersed
boundary. This local reconstruction utilizes, as boundary conditions,
the no-slip requirement on the surface of the body as well as the veloci-
ties at the fluid points surrounding the particular interface point.
Therefore, the term fi at the interface and solid points of the Eulerian
grid in Eq. (2) is computed as

fi ¼ Ui � ~ui

Dt
� ~R i; (5)

where i ¼ 1; 2; 3,Ui is the velocity boundary condition at the particu-
lar solid or interface point, ~ui is the filtered velocity at the same point
from the previous time level, Dt is the step of advancement in time of
the numerical solution, while ~R i is the sum of all convective, viscous,
pressure gradient, and SGS terms of Eq. (2), all computed explicitly
from the resolved (filtered) velocity, pressure and eddy-viscosity fields.

The governing equations were discretized in space on a staggered
grid in cylindrical coordinates by using centered, second-order finite-
differences. For Eq. (1), this resulted in a hepta-diagonal Poisson prob-
lem. This was decomposed into a penta-diagonal system of equations
for each meridian slice of the grid by using trigonometric transforma-
tions along the periodic azimuthal direction. Each penta-diagonal sys-
tem was efficiently inverted by means of a direct solver.66 The
advancement in time utilized a fractional-step technique.67 The con-
vective, viscous, and SGS terms of radial and axial derivatives in Eq.
(2) were discretized by the explicit, three-step Runge–Kutta scheme.
To relax the resolution requirements in time arising at the axis of the
cylindrical grid, the terms of azimuthal derivatives were instead discre-
tized by the implicit Crank–Nicolson scheme. This was actually also
the case of the terms of radial derivatives in a particular region of the
cylindrical grid (the root of the blades of the RDTs and the inner sur-
face of their nozzle), where the radial spacing becomes very small, as
discussed later in Sec. IV, where the Eulerian grid will be described in
detail.

More details on the overall solver are reported in the works by
Balaras68 and Yang and Balaras,69 where it was demonstrated to be
second-order accurate in both space and time and where validations
on canonical flow problems are reported. The same solver was also val-
idated on several complex flows, including cases dealing with marine
propellers.46,47,62–65 It is also important to mention that in this section,
the symbol � was utilized to indicate filtered quantities. In Secs. IV
and V, this notation will be omitted for convenience, since the whole
analysis will deal with resolved quantities only. About this point, it is
useful to mention that the modeled turbulent stresses were estimated
to be of the order of 1% of the resolved ones, which means that the lat-
ter are a very good approximation of the total turbulent stresses.

III. FLOW PROBLEM

Four propellers are considered in this study. They are RDTs,
sharing the same geometry of the stator (the nozzle), with the excep-
tion of the streamwise extent of the slot for the rim, and differing in
the number of blades of their rotors, but producing the same overall
thrust. The number of blades ranges from three to six across the four
geometries, which are represented in Fig. 1. These cases will be indi-
cated hereafter as RDT3, RDT4, RDT5, and RDT6, respectively. They
are the outcome of an earlier optimization study, aimed at maximizing
the efficiency of propulsion and minimizing cavitation inception for
the given thrust at the design working condition.14 For the specific
optimization problem, the design space consisted of 18 parameters,
one constraint (thrust), and 8 objectives, including the efficiency of
propulsion and seven different cavitation risk indicators on both suc-
tion and pressure sides of the blades. Each optimization process, deal-
ing with a particular number of blades, was initialized with a
population sampling quasi randomly the design space. The number of
evolutions of this initial population was kept identical for all four blade
numbers by using a metaheuristic (genetic) optimization algorithm. In
general, this approach does not ensure uniform results across different
design processes and the opportunity to select geometries having iden-
tical performance indicators relevant to cavitation inception across
blade numbers. In the particular case, we may hypothesize that the
optimization algorithm favored the shift of the load toward outer coor-
dinates in the three-bladed case to keep high levels of efficiency (during
the optimization process, while converging to the optimal design, the
three-blades geometries experienced the lowest efficiency of propul-
sion, compared to the four-, five-, and six-blades configurations14).
About this point, it is useful to recall that from inner to outer radii, the
force generated on the blades contributes increasingly to the thrust it is
able to produce and less to the torque required for its rotation. This is
due to the increase in the tangential velocity, changing the angle of the
velocity of the flow relative to the blade profile, and is beneficial to the
efficiency of propulsion. This displacement of the load toward outer
radii for RDT3 was also enabled by the larger value of the chord length
for this particular geometry. This results in a smaller load per unit
chordwise length, granting RDT3 the largest margins against suction
side cavitation across all geometries.14 In contrast, larger numbers of
blades allowed a more uniform spanwise distribution of the lower load
per blade, compared to the three-bladed case, especially at the outer-
most radii.

Therefore, as a result of this optimization process, the geometries
of the propeller blades are not similar. This is shown in Fig. 2, where
the evolution of the chord length, c, the pitch, P, and the maximum
camber, C, are reported across the span of the propeller blades. In
Fig. 2, D is the rotor diameter. As expected, the average size of the
chord length is diminishing from RDT3 to RDT6 in Fig. 2(a), since an
increasing number of blades results in smaller blades required to pro-
duce the same overall thrust. However, it is interesting to notice the
significant deviations in the radial distribution of the chord length for
the geometry RDT3, if compared to all other cases. While the values of
the chord length for RDT3 are similar to those characterizing the other
geometries at the innermost radii, they become obviously larger at the
outermost ones. Significant differences also affect the blade pitch in
Fig. 2(b), which is monotonically growing from inner to outer radii for
RDT3, in contrast with the case of RDT4, whose pitch distribution is
rather uniform, while for RDT5 and RDT6 it is even decreasing. These
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distributions are indicative of a blade geometry for RDT3 characterized
by a more significant shift of the load from inner toward outer radii, if
compared to the other cases. This is also confirmed by the maximum
camber in Fig. 2(c). The implications of these differences will be clear
when the fluid dynamics are analysed in Sec. V. The present compari-
son across the number of blades, although less straightforward, was
considered more useful than just scaling the size of each blade, based
on the thrust that each blade needs to produce, which is obviously
inversely proportional to the number of blades. In this case, each
geometry is the one producing the best efficiency of propulsion for the
given thrust and the particular number of blades. All thrusters do not
need a rotating hub, which is an important difference from conven-
tional propellers, since they are moved by the rim rotating in a slot of
the nozzle, thanks to an electric motor installed within the statoric part
of the propulsion system.

The working conditions of marine propellers are typically charac-
terized by means of the following quantities:

J ¼ V
nD

; Re70%R ¼
c70%R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2pn 0:7RÞ2 þ V2

q
�w

: (6)

In Eq. (6), J is called the advance coefficient, V is the advance
velocity, and n is the frequency of rotation of the propeller blades. In
this study, open-water conditions are considered, which means that all
propellers operate alone within a uniform flow. Therefore, the advance

velocity is equal to its free-stream value, U. Re70%R is the Reynolds
number at the reference radial location r ¼ 70%R, where
R ¼ 0:5D, c70%R is the chord of the propeller blades at the same
radial location, while �w is the viscosity of water. All thrusters were
simulated at the advanced coefficient J ¼ 1:034, which is the one
for which their optimal design was found. The Reynolds number
changes across cases since an increasing number of blades results
in a decreasing size of each blade, having a smaller chord.
Therefore, the model-scale Reynolds numbers considered in this
study are Re70%R � 332 000; 276 000; 265 000; 239 000 for RDT3,
RDT4, RDT5, and RDT6, respectively.

IV. COMPUTATIONAL SETUP

All simulations were conducted within a cylindrical domain rang-
ing from 2.5D upstream and 5.0D downstream of the rotor’s plane,
where the origin of the streamwise coordinates was placed. The radial
extent of the domain was equivalent to 5.0D. Since open-water condi-
tions were simulated, a uniform axial velocity was enforced at the inlet
section, while at the outlet section, convective conditions were utilized
for all three velocity components, using U as convective velocity to
transport away from the domain the eddies that otherwise cluster at
the outlet boundary. These conditions were designed by Orlanski70 in
order for the flow structures to cross the boundary of the computa-
tional domain with minimal reflections, limiting the influence on the
numerical solution of the flow to only a few grid cells. As discussed

FIG. 1. Visualization of the four thrusters: (a) RDT3, (b) RDT4, (c) RDT5, and (d) RDT6. Yellow and orange colors for the rotors and the stators, respectively.
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also by Han et al.,71 this strategy enables a significant contraction of
the size of the computational domain. Free-stream conditions with
impermeability were imposed at the cylindrical lateral boundary of the
domain by setting u ¼ 0, @v=@r ¼ 0, and @w=@r ¼ 0, where u, v,
and w are the instantaneous, resolved velocity components along the
radial, azimuthal, and streamwise directions, respectively, while r is the
radial coordinate of the cylindrical reference frame. Homogeneous
Neumann conditions were enforced for both pressure and eddy-
viscosity at all external boundaries of the computational domain.

The angular azimuthal spacing of the grid, D#, was uniform.
Therefore, the cylindrical topology of the Eulerian grid utilized to dis-
cretize the computational domain allowed clustering points toward

inner radial coordinates, where the propellers were placed, and the gra-
dients of the solution were the highest. All geometries were simulated
on an Eulerian grid consisting of 960� 2562� 2562 (6.3� 109)
points along the radial, azimuthal, and axial directions, respectively.
While the azimuthal spacing was uniform, as discussed above,
the radial and axial resolutions were refined in the regions populated
by the propellers and their wake. The radial grid was characterized
by a uniform resolution of Dr=D ¼ 1:0� 10�3 across the span
of the blades and the nozzle. However, this was refined up to
Dr=D ¼ 5:0� 10�5 in the vicinity of the inner surface of the nozzle,
in order to accurately resolve the root vortices produced at the inter-
section between the blades and the rim. The axial grid was also uni-
form across the rotor blades, where the maximum resolution was
achieved, equivalent to Dz=D ¼ 5� 10�4, increasing smoothly down-
stream up to z=D ¼ 3:5, with the purpose of resolving the wake struc-
tures. Further downstream coarsening was accelerated, up to the
outflow boundary of the computational domain at z=D ¼ 5:0. The
most downstream region of the domain is indeed affected by the out-
flow boundary conditions. Therefore, we considered it unnecessary to
keep high levels of streamwise resolution in that region. We verified
that the near-wall resolution was equivalent to about 4, 6, and 8 wall-
units in the normal, streamwise, and spanwise directions, respectively.
Simplified representations of some slices of the Eulerian grid are
reported in Fig. 3, where, for visibility of the grid lines, only a sample
of points is shown. In the framework of the adopted IB methodology,
while the Eulerian grid discussed above was utilized to discretize the
computational domain, the discretization of the geometries of the pro-
pellers was achieved by using Lagrangian grids. The geometries of the
rotors and the stators were represented by about 200 000 and 150000
triangles for each case. They are visualized in Fig. 4.

It is important to mention that the case RDT4 was also simulated
on coarser Eulerian grids to check the grid independence of the results.
While the one discussed above will be indicated as “fine” grid, the
“medium,” and “coarse” grids were generated by increasing the spacing
in all directions according to factors equal to

ffiffiffi
23

p
and

ffiffiffi
43

p
. By using this

strategy, the overall number of points of the computational grid was
reduced by factors equal to 2 and 4, respectively, but keeping the same
distribution of grid points along the radial and axial directions, while
the azimuthal spacing was still uniform. Therefore, the “medium”
and “coarse” grids consisted of 765� 2050� 2050 (3.2� 109) and
615� 1602� 1602 (1.6� 109) points, respectively.

Based on the discussion reported in Sec. II, the resolution in time
of all simulations was tied to that in space by the stability requirements
of the explicit, three-step Runge–Kutta scheme. Therefore, given the
resolution in space, the resolution in time was very fine. All simula-
tions were carried out enforcing a constant value of the Courant–
Friedrichs–Lewy number equal to CFL ¼ 1:0. As a result, each step of
advancement in time was equivalent to rotations of 0:071�, 0:064�,
0:054�, and 0:063� for RDT3, RDT4, RDT5, and RDT6, respectively,
which means that each revolution of the propellers required roughly
6000 time steps, in order to resolve the fastest dynamics of the smallest
scales of the flow on the fine Eulerian grid. As expected, on the
medium and coarse grids, the requirements of time resolution of the
simulations of the RDT4 case were relaxed, resulting in a number of
time steps per revolution equal to about 4300 and 3400, respectively.

All simulations were advanced in time during two flow-through
times (15 time units, equivalent to about 15 revolutions) in order to

FIG. 2. Radial evolution of (a) the chord, c, (b) the pitch, P, and (c) the maximum
camber, C, of the propeller blades: comparison across thrusters. D is the diameter
of the rotor.
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develop statistically steady conditions in the wake. Then, both time-
averaged and phase-averaged statistics were computed at run time dur-
ing ten additional rotations, including within the statistical sample all
realizations of the solution, consisting of about 60 000 instantaneous

fields. The time-averages and phase-averages were computed within
stationary and rotating reference frames, respectively, and will be
denoted as u and bu, where u is a generic physical quantity. The
mean squares in time will be indicated as u0u0 and du0u0 for the

FIG. 3. Visualizations of the Eulerian grid dealing with (a) a meridian slice, (b) a cross-stream slice, (c) a detail of a meridian slice in the vicinity of the propeller, and (d) a detail
of a meridian slice downstream of the propeller. For visibility of the grid lines, only one of every 256 and 64 points is shown in the top and bottom panels, respectively.

FIG. 4. Lagrangian grids of the (a) RDT3, (b) RDT4, (c) RDT5, and (d) RDT6 propellers.
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time-averaged and phase-averaged statistics. In particular, the turbu-
lent kinetic energy was computed from the mean squares of the three
velocity components as

k ¼ 1
2

u0u0 þ v0v0 þ w0w0ð Þ; (7)

bk ¼ 1
2

du0u0 þ cv0v0 þ dw0w0
� �

; (8)

respectively for the time-averaged and phase-averaged statistics.
All simulations were carried out in a high-performance comput-

ing environment, by using a parallel in-house-developed Fortran solver
with Message Passing Interface (MPI) capabilities, able to split the
overall problem into smaller cylindrical subdomains, distributed across
cores of the Leonardo DCGP cluster at CINECA, Italy. In particular,
all computations on the fine grid were performed on 1280 cores, while
those on the medium and coarse grids for RDT4 were distributed
across 1024 and 800 cores. The overall computational cost of all simu-
lations was equivalent to about 10� 106 core hours.

V. RESULTS
A. Global performance

Although the major focus of the present study is the comparison
of the wake development of RDTs across blade numbers, the global
coefficients of performance are reported, mainly for comparison with
the RANS simulations conducted on the same thrusters. Even if RANS
is not well-suited for the analysis of the wake flow, it is accurate
enough for the computation of the overall loads, especially at the
design conditions considered in this study.72–74 Note also that both
LES and RANS simulations did not include in the computational
model the effect of the gap flow produced in the small clearance
between the rotor and the stator, which would have been computation-
ally expensive, also due to the additional restrictions tied to numerical
stability. The coefficients of performance are defined as follows:

KT ¼ T
qn2D4

; KQ ¼ Q
qn2D5

; g ¼ JKT

2pKQ
; (9)

where T andQ are the thrust produced by the propeller and the torque
required by its rotation, respectively. It should be noted that, while the
contribution of the nozzle to the torque is negligible, this is not the
case for the thrust. Therefore, KT is given by KT ¼ KTs þ KTr, where
KTs and KTr are the thrust coefficients of the stator (the nozzle) and
the rotor (consisting of blades and rim), respectively. In particular, in
this case, while the rotor generates a positive thrust, the nozzle produ-
ces a negative one. It is indeed a decelerating nozzle, whose purpose is
to mitigate the peaks of negative pressure and the inception of cavita-
tion phenomena, rather than to increase the overall thrust. However,
about this point, it is important to mention that both RANS and LES
computations considered in this study do not include a cavitation
model. In the following, for confidentiality reasons, all results of per-
formance will be scaled by reference values, which were taken as the
coefficients KT , KQ, and g from the RANS computations on the
RDT3 thruster. Note that all thrust coefficients were scaled by the over-
all KT of RDT3, including both components attributable to the rotor
and the stator, respectively. In Table I, the scaled values are denoted
with a star, while the percentage deviations of each coefficient of per-
formance from the RANS computations for each case are indicated by
using the notation Du. As discussed above, all geometries were

designed to produce the same overall thrust, within a tolerance.
Therefore, all values of K

�
T are close to 1.0. All geometries show similar

values of efficiency of propulsion, and in general, no trend as a func-
tion of the number of blades can be observed. This is in line with the
target of the optimization process in the earlier work by Gaggero,14

aimed at finding the best geometry of the propeller blades, in terms of
efficiency of propulsion, for each number of blades. The major purpose
of the data in Table I is rather to demonstrate the close agreement with
the results of the RANS computations, with relative errors well within
3%.

The data reported in Table I deal with the computations con-
ducted on the fine grid. As discussed above, for the case RDT4, simula-
tions on the medium and coarse grids were also carried out to assess
the level of grid convergence of the results. The relevant data for the

TABLE I. Time-averaged parameters of global performance from the LES computa-
tions on the fine grid, scaled by the values from the RANS computations in the RDT3
case. Du for the deviation from the RANS computation of each case.

RDT3 RDT4 RDT5 RDT6

K
�
Tr 1.2463 1.2405 1.2551 1.2855

DKTr þ0:41% �1:14% �0:13% þ0:82%
K

�
Ts �0:2435 �0:2761 �0:2687 �0:2781

DKTs �0:93% �0:44% þ1:73% þ0:01%
K

�
T 1.0028 0.9643 0.9865 1.0075

DKT þ0:28% �1:58% þ0:32% þ1:05%
K

�
Q 0.9790 0.9577 0.9669 0.9702

DKQ �2:10% þ1:17% þ1:29% �0:82%
g� 1.0243 1.0070 1.0203 1.0384
Dg þ2:43% �2:72% �0:96% þ1:88%

TABLE II. Time-averaged parameters of global performance from the LES computa-
tions of the RDT4 case on the medium and coarse grids, scaled by the values from
the RANS computations in the RDT3 case. Du for the deviation from the RANS
computation of RDT4. du for the deviation from the LES computation of RDT4 on
the fine grid.

Medium grid Coarse grid

K
�
Tr 1.2722 1.2479

DKTr þ1:40% �0:54%
dKTr þ2:56% þ0:60%
K

�
Ts �0:2753 �0:2737

DKTs �0:13% þ0:46%
dKTs �0:31% �0:90%
K

�
T 0.9970 0.9742

DKT þ1:75% �0:57%
dKT þ3:38% þ1:03%
K

�
Q 0.9391 0.9152

DKQ �0:79% �3:32%
dKQ �1:94% �4:44%
g� 1.0616 1.0645
Dg þ2:56% þ2:84%
dg þ5:43% þ5:72%
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parameters of global performance are reported in Table II, where the
notation du was utilized to indicate the percentage variation of each
coefficient of performance from the results of the LES simulation of
RDT4, conducted on the fine grid. Overall, the grid dependence is
small, with the highest errors affecting g, since coarser grids overesti-
mate the thrust coefficient and underestimate the torque coefficient,
resulting in higher values of efficiency of propulsion, if compared to
the results on the fine grid. However, the deviations from the RANS
computation keep within a few percent, demonstrating that the coarser
grids are also able to estimate quite accurately the coefficients of per-
formance. The convergence of the thrust coefficient of the rotor is not
monotonic, since the deviation from the result on the fine grid is larger
on the medium grid than on the coarse grid. This may be due to the
non-linear nature of the phenomena captured by the adopted eddy-
resolving approach, as well as to the similarity of the parameters of
performance across computational grids, with the results on the coarse
grid already very close to those on the fine grid. This is not a surprising
behavior in LES computations.75,76

B. Wake structure

The results in Fig. 5 provide an overview of the wake topology by
using the Q-criterion.77 It is clear that the flow downstream of the
thrusters consists of multiple helical vortices populating the trailing
wake of the propeller blades across all geometries, in addition to the

inner tip vortices and the outer root vortices. These vortices originate
from the pressure side of the blades of each propeller as a result of
cross-flow instabilities, promoted by centrifugal effects and observed
also for conventional marine propellers in several earlier
works.62,64,78,79 However, also important differences from the fluid
dynamics of the wake of conventional propellers are worth mention-
ing. The typical wake of marine propellers is dominated by the hub
vortex at its axis and the tip vortices at its outer boundary. In contrast,
the visualizations of Fig. 5 do not show any axial vortex, as expected,
while the helical vortices populating the inner radii can be isolated to
distances further downstream, if compared to the ones at the outer
boundary of the wake, which experience a faster diffusion.

It is interesting to notice that merging events involving the helical
vortices populating the trailing wake of each blade occur. They are bet-
ter distinguishable in Fig. 6, where both geometries and isosurfaces
were blanked out for r=D > 0:42, for visibility of the inner vortices of
the wake core. Some particular merging phenomena are indicated by
black arrows. Instead, events of mutual inductance between vortices
from different blades were not observed, which is in contrast with the
typical behavior of the tip vortices shed by conventional marine pro-
pellers.39 As discussed in Sec. I, the literature on the wake system of
conventional propellers identified mutual inductance and leapfrogging
events as fundamental steps for the onset of the process of turbulent
energy cascade from the tip vortices. These phenomena are not visible
in the phase-averaged visualizations of Figs. 5 and 6 and were not
observed in animations generated from instantaneous realizations of
the solution, not reported here for limitation of space. All these behav-
iors are shared across geometries, hardly affected by the number of
blades, and will be discussed in more detail below when the wake sta-
tistics are analysed. It is also worth mentioning that, although it may
be possible that higher loads than design could promote more interac-
tions of the innermost vortices, by increasing their intensity and
decreasing their pitch, they appear more coherent across further down-
stream distances than the tip vortices of conventional propellers. This
is especially the case, taking into account that their location at inner
radii should actually result in a stronger mutual inductance by decreas-
ing the distance between neighboring helices. For the same reason, an
increasing number of blades should promote a stronger interaction by
decreasing the azimuthal distance of the vortices from different blades,
as observed for conventional propellers.55 This was not the case in the
present simulations, where increasing the number of blades did not
trigger mutual inductance events.

It is also important to notice that the wakes of the four thrusters
in Figs. 5 and 6 are not “similar,” which is consistent with their design.
It should be recalled that they were designed to optimize the efficiency
of propulsion and minimize the risk of cavitation, resulting in an opti-
mal distribution of the load for each blade number, different across
cases. This means, for instance, that the load at the inner tip of the
blades does not scale with their number. This is the reason why,
although each blade of the RDT3 geometry is the most loaded across
cases, less intense inner tip vortices are produced, in particular if com-
pared to RDT4, which is the thruster shedding the most intense ones.
Such a lower intensity of the inner tip vortices shed by the RDT3 pro-
peller is revealed by the contours of vorticity magnitude in Figs. 5 and
6, achieving lower values in that case, especially if compared to those
shed by RDT4. More details are also provided below by means of radial
profiles of vorticity magnitude downstream of the rotor. This point is

FIG. 5. Isosurfaces for (a) RDT3, (b) RDT4, (c) RDT5, and (d) RDT6, based on the
Q-criterion from phase-averaged statistics of the solution (bQD2=U2 ¼ 50) and col-
ored with the vorticity magnitude, scaled by U=D.
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clarified in Fig. 7, where the radial distribution of the force on the
blades per unit spanwise length is represented. In Fig. 7(a), all values
are scaled by f MAX , which is the peak value across all blades, that is,
the one relative to RDT3, while in Fig. 7(b), they are scaled by f max,

which is the peak value for each case. The visualizations in Fig. 7 high-
light that, although the largest overall force is produced on the blades
of RDT3, as expected, the largest values at the inner end of the blades
occur for RDT4, which is the one shedding the most intense inner tip
vortices. Figure 7(a) shows indeed that f =f MAX for r=D < 0:20 is actu-
ally larger for RDT4 than for RDT3. RDT3 is the case displaying the
most significant shift of the overall load from inner toward outer radii,
corresponding to the fastest radial growth of the forces over the blades
and the most intense vortices shed at mid radial coordinates between
the tip and the root of the blades. For instance, in Fig. 7(b), RDT3 starts
from the lowest value of f =f max across all cases at the innermost radii
to the largest one at r=D � 0:43. It is also important to point out that
the force represented in Fig. 7 consists mainly of azimuthal and axial
components, generating torque and thrust. In other words, the overall
force in Fig. 7 is contributing only in part to the generation of thrust.
Therefore, its faster growth from inner toward outer radii for RDT3 is
due not only to the smaller number of blades, but also to the differ-
ences across geometries in terms of pitch distribution, shown in
Fig. 2(b), affecting the balance between azimuthal (torque-producing)
and axial (thrust-producing) components of the overall force across
the span of the blades.

Radial profiles of time-averaged vorticity magnitude at z=D ¼
0:15 are shown in Fig. 8. The arrows in Fig. 8(a) indicate the maxima
relevant to the inner tip vortices and the outer root vortices. The latter
are more intense than the former, since the load of the propeller blades
grows from inner radii toward outer radii (see Fig. 7) and the lack of
leakages and cross-flows allows keeping large loads even at the outer-
most radii of the propeller blades, in contrast with conventional pro-
pellers. While for the root vortices the intensity of the relevant maxima

FIG. 6. Isosurfaces based on the Q-criterion for (a) RDT3, (b) RDT4, (c) RDT5, and
(d) RDT6 from phase-averaged statistics of the solution (bQD2=U2 ¼ 50) and col-
ored with the vorticity magnitude, scaled by U=D. Both geometries and isosurfaces
blanked out for r=D > 0:42 for visibility of the wake core. Arrows indicate coupling
events between helical vortices of the trailing wake of each blade.

FIG. 7. Radial profiles of the force per unit spanwise length, f , over the propeller
blades, normalized by the peak value (a) across all cases, f MAX , and (b) for each
case, f max.
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is a decreasing function of the number of blades, this is not the case for
the inner tip vortices, as pointed out above. For instance, the highest
inner peak is achieved in the case RDT4, while the lowest one is in the
case RDT3, since the blades are not similar across thrusters and the
intensity of the inner tip vortices does not scale with the number of
blades. The detail of Fig. 8(b) is useful to highlight the presence of sev-
eral local maxima at mid radial coordinates, representing the signature
in the time-averaged statistics of the helical vortices populating the
trailing wake of the propeller blades. The most intense ones are those
downstream of RDT3. Although the blades of this thruster are the most
loaded ones, this result is not obvious. In thrust similitude, it is obvious
that the rotors with less blades are shedding more intense trailing
wakes, characterized by higher levels of vorticity and turbulent stresses.
This definitely affects the comparison across phase-averaged statistics.
This is not the case for the time-averaged statistics, which are computed
in a stationary reference frame. The frequency of the passage of the
trailing wakes of the propeller blades at each Eulerian point of the com-
putational grid is indeed the smallest for RDT3. This would balance in
the time-averaged statistics the higher intensity of the flow structures
shed by its blades, if they were similar to those of the other propellers,
since all of them are producing the same overall thrust. However, as dis-
cussed above, the number of blades of the four thrusters was not
changed across cases with the requirement of keeping them similar, but
with the objective of maximizing the efficiency of propulsion and mini-
mizing the risk of cavitation within the rotor for each number of blades.
Therefore, the higher intensity of the local maxima at intermediate radii
correlates with the lower intensity of the inner tip vortices for RDT3,
since the overall load is more shifted away from the innermost radii
toward mid radial coordinates, in comparison with the other

geometries. For the same reason, the lowest local maxima of vorticity at
mid radii occur in the wake of RDT4, which is the thruster shedding
the most intense inner tip vortices. Therefore, in general, for the same
level of overall thrust, the lower the inner peak of vorticity of the time-
averaged statistics tied to the tip vortices, the higher the local maxima
within the wake core at mid radial coordinates.

The downstream evolution of the wake is shown through meri-
dian slices in Fig. 9, providing additional evidence that the size of the
vortices, whose signature is represented by local maxima of vorticity,
grows at downstream coordinates, as a result of the merging of helical
structures within the same trailing wakes. Again, the innermost vorti-
ces are the most coherent ones, while the outermost ones experience
breakup into smaller scales, eventually undergoing diffusion, due to
the shear produced at the outer boundary of the wake. These general
features of the wake development are shared across all geometries,
despite the changes affecting pitch and intensity of the wake structures.
Note that the diffusion of the vorticity peaks accelerates downstream
of z=D ¼ 3:5, due to grid coarsening.

More details dealing with the comparison across geometries are
given in Fig. 10, where radial profiles of time-averaged vorticity magni-
tude are shown at (a) z=D ¼ 0:5 and (b) z=D ¼ 2:0. If compared to
the results in Fig. 8, the ones in Fig. 10 highlight that the several local
maxima at mid radial coordinates are replaced by broader maxima

FIG. 8. Radial profiles of time-averaged vorticity magnitude at the streamwise loca-
tion z=D ¼ 0:15: different vertical scales in (a) and (b). Vertical bars for RDT4 indi-
cate the grid uncertainty.

FIG. 9. Contours of vorticity magnitude on a meridian slice for (a) RDT3, (b) RDT4,
(c) RDT5, and (d) RDT6 from phase-averaged statistics, scaled by U=D.
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encompassing a wider radial extent of the wake, which is due to the
merging phenomena across vortices, discussed above. For instance, the
local peak at r=D � 0:3, for the case RDT3, experiences a growth in
both intensity and radial extent from Figs. 10(a) and 10(b), despite the
overall expected diffusion of the vorticity fields toward downstream
coordinates. This increase is due to the overlapping effects of merging
and outward radial shift of the helical vortices populating the trailing
wake of the propeller blades. These phenomena are also visible, for
example, at r=D � 0:2 for RDT4, RDT5, and RDT6. About the com-
parison across geometries, it is interesting to see again that the inten-
sity of the vorticity values at mid radial coordinates is inversely
proportional to the intensity of the inner tip vortices, since more
intense inner tip vortices, originating from higher loads at the inner-
most radii, are equivalent to lower loads at mid radii and in turn
weaker shear layers from the trailing edge of the propeller blades.
Meanwhile, the vorticity peak at the boundary between the overall
wake system and the free stream at r=D � 0:45, which is similar across
cases, is the one experiencing the fastest downstream diffusion. This
decay is due to the large shear produced at the outer boundary of the
wake and is consistent with the quick breakup and diffusion of the
wake structures at the outermost radial coordinates.

C. Wake statistics

Radial profiles of time-averaged azimuthal and streamwise veloci-
ties are reported in Fig. 11 at z=D ¼ 0:5. The shape of these profiles

changes across cases, with those for RDT3 displaying the major devia-
tions from the others. They feature the highest values of both velocity
components at the outer boundary of the near wake. Meanwhile,
RDT3 shows the lowest acceleration of the flow at the innermost radii,
where the lowest values of azimuthal and streamwise velocities (in
magnitude) are achieved across cases. This is in line with the radial dis-
tribution of the overall load across the propeller blades, which is the
most shifted toward outer radial coordinates. In contrast, RDT4 is
characterized by the most significant acceleration of the flow at the
innermost radii. It is interesting to see that, in general, the largest radial
gradients affect the outermost radii of the wake, where the flow accel-
erated by the propeller experiences shear with the surrounding free
stream. These results can be explained by considering that, typically,
the load on the blades of marine propellers is the highest at the outer
radii, in order to achieve improved performance. This is even more the
case of RDTs, which by design are more loaded than conventional pro-
pellers at the outermost radii, since there is no need of mitigating the
intensity of the cross-flows between the pressure and suction sides of
the blades and the resulting tip vortices. The importance of these
points will become more clear in the following discussion.

The intense shear produced at the outer boundary of the wake is
illustrated in Fig. 12 by means of contours of du0w0 , which was found to
be the most intense turbulent shear stress in the wake. It is interesting
to see how the levels of shear achieved at inner radial coordinates are
at least an order of magnitude lower than those within the shear layer
of the nozzle across all cases, even at the core of the helical vortices
within the trailing wakes of the propeller blades. This result is able to

FIG. 10. Radial profiles of time-averaged vorticity magnitude at the streamwise
locations (a) z=D ¼ 0:5 and (b) z=D ¼ 2:0. Vertical bars for RDT4 indicate the
grid uncertainty.

FIG. 11. Radial profiles of time-averaged (a) azimuthal velocity and (b) streamwise
velocity at the streamwise location z=D ¼ 0:5.
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explain the faster breakup of the coherent structures populating the
outer boundary of the wake, if compared to the inner ones. Although
not reported here for the limitation of space, the same behavior was
also found for the turbulent kinetic energy as well as the turbulent
shear stresses du0v0 and dv0w0 , even if their levels were verified to be
lower than those characterizing the turbulent shear stress du0w0 . Once
again, these results are shared across geometries, with no evident influ-
ence on them by the number of blades. In particular, for all cases, tur-
bulence is mainly coming from the shear at the outer boundary of the
wake and is not substantially influenced by the particular geometry
and the increasing interaction between trailing wakes for increasing
numbers of blades. As discussed above, the literature on conventional
propellers often attributed the breakup of the tip vortices of conven-
tional propellers to phenomena of shear with the wake of the following
blades.49,53,62,80 This shear is due to the smaller pitch of the tip vortices,
if compared to the trailing wake of the blades. Therefore, as the wake
system develops downstream, the trailing wake of each blade reaches
the tip vortex of the preceding blade. These phenomena definitely
occur also in the present case for the innermost helical structures, as
shown in Fig. 9. Nonetheless, this interaction is not strong enough to
produce a substantial rise in turbulence levels associated with the inner
helical vortices, which were found coherent up to the outflow

boundary of the computational domain or diffusion due to grid coars-
ening at the most downstream coordinates.

A more detailed comparison across cases is given in Fig. 13 for
the time-averaged turbulent kinetic energy and the three turbulent
shear stresses in the cylindrical reference frame at the streamwise coor-
dinate z=D ¼ 0:5. They are the highest for RDT3 across most radial
coordinates. However, as discussed above, this is not the one produc-
ing the most intense inner tip vortices, which are those shed by RDT4,
corresponding to the maxima in Fig. 13 at the innermost radial coordi-
nates of the wake. Meanwhile, the most intense turbulent stresses
occur at the outer boundary of the wake and are the highest for RDT3.
This is also the case at mid radial coordinates. It is also worth noting
again that this result is not obvious in the time-averaged statistics and
is not a direct consequence of the smaller number of blades of RDT3.
Although the blades of RDT3 are the most loaded ones, having to pro-
duce the same overall thrust as in the other cases with more blades,
and thus their trailing wakes are characterized by the most intense
shear layers, the time-averaged statistics also take into account the
more frequent passage of the trailing wake of the propeller blades in
the cases with more blades. This explains why at mid radii the levels of
turbulent kinetic energy are similar across RDT4, RDT5 and RDT6,
despite the different blade numbers, while for RDT6 they are even
higher at the outermost radii. The highest values are achieved for all
turbulent stresses in the wake of RDT3, especially at the outer bound-
ary of the wake, since this is the case characterized by the most signifi-
cant shift of the blades’ load from inner toward outer radii. As
discussed in Sec. III, this shift is tied to the need of keeping high levels
of efficiency of propulsion with the requirement of producing a higher
load per blade, in comparison with the other geometries.

The comparison across cases on the streamwise evolution of the
turbulent stresses is given in Fig. 14, where all values were averaged
across the radial region 0:0 < r=D < 0:6 at each streamwise coordi-
nate. Note that for the shear stresses, their magnitude was considered
in order to avoid mutual cancelation between positive and negative
values in the averaging process over cross sections. All results agree
that the levels of turbulence are the highest downstream of RDT3
through the whole near wake, but an evident trend as a function of the
number of blades is not revealed. The deviations across the other cases
are indeed quite small, with the exception of a short distance down-
stream of the RDT6 propeller, where its values are higher than for
RDT4 and RDT5. In Fig. 14(d), v0w0 is higher for RDT4 than for RDT5
and RDT6 in the range of streamwise coordinates 0:5 < z=D < 2:0,
although this is the lowest across all turbulent stresses. Overall, the
lowest turbulence levels are produced downstream of RDT5.

VI. CONCLUSIONS

This study reported results on the wake flow of RDTs reproduced
by using an LES approach on a cylindrical grid consisting of 6.3� 109

points. Four geometries were analyzed, with different numbers of
blades, designed in the framework of an optimization process to
achieve the best efficiency of propulsion for a given thrust.14 All cases
were found to share the following similarities, independent of the
number of blades:

• All wake systems were characterized by a faster diffusion of the
helical vortices at outer radii, in comparison with those at the
wake core, due to the large stresses produced at the outer bound-
ary of the wake, populated by the shear layer shed from the

FIG. 12. Contours of the turbulent shear stress du0w 0=U2 on a meridian slice for (a)
RDT3, (b) RDT4, (c) RDT5, and (d) RDT6 from phase-averaged statistics.
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trailing edge of the nozzle. As a result, while the wake of conven-
tional propellers is characterized by tip vortices at its outer
boundary and a large hub vortex at its axis, the wake of RDTs
was found populated by smaller helical structures, especially at
the innermost radii of the wake core.

• The interaction across the helical vortices of the trailing wake of
each blade did not give rise to their break-up into smaller struc-
tures. In contrast, they merged into larger structures, as demon-
strated by the onset of wider peaks of vorticity as the propeller
wake developed downstream.

FIG. 14. Streamwise evolution of (a) k=U2, (b) ju0w 0j=U2, (c) ju0v0j=U2, and (d) jv0w 0j=U2. At each streamwise location average within the region 0:0 < r=D < 0:6. Vertical
bars for RDT4 indicate the grid uncertainty.

FIG. 13. Radial profiles of (a) k=U2, (b) u0w 0=U2, (c) u0v0=U2, and (d) v0w 0=U2 at the streamwise location z=D ¼ 0:5. Vertical bars for RDT4 indicate the grid uncertainty.
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• In contrast with the typical wake system of conventional propel-
lers, mutual inductance phenomena between vortices shed by dif-
ferent blades were not observed, at least within the simulated
extent of the downstream flow and for the particular working
condition. This was also the case of the inner tip vortices, despite
their shorter mutual distance, if compared to the outer tip vorti-
ces of conventional propellers.

Referring to the last point, the comparison across geometries did
not reveal, in contrast with the findings of earlier studies on the wake
system of conventional propellers,39,55,56 an increase in the mutual
inductance phenomena and, in turn, a faster disruption of the coher-
ence of the wake system for an increasing number of blades. In the lit-
erature on conventional propellers, this trend was attributed to the
faster interaction of the tip vortices with the trailing wake of the follow-
ing blades, which was hypothesized to be one of the major players in
the process.49,53,62,80 In this study, this interaction was not found to
produce a faster breakup into turbulence of the inner tip vortices. This
result is consistent with the finding that downstream of these propel-
lers the most significant source of turbulent stresses is the shear at the
outer boundary of the wake, rather than the interaction between the
wake systems of different blades at the innermost radii. This difference
from conventional propellers in terms of the influence of the number
of blades on the wake dynamics may be due to two major reasons. (i)
The tip vortices of conventional propellers are usually more intense,
since for improved efficiency, the load over the propeller blades typi-
cally grows from inner toward outer radial coordinates. Therefore,
more intense tip vortices are able to produce more intense mutual
inductance events between each other. (ii) The outer tip vortices of
conventional propellers experience more significant disturbances, due
to their shear with the free stream, in comparison with the inner vorti-
ces of RDTs. These disturbances also make them more sensitive to the
reinforced interactions due to larger numbers of blades.

The comparison across RDTs demonstrated that the highest
time-averaged turbulent stresses were produced in the wake of the
RDT3 geometry, with small differences across the other cases. As dis-
cussed above, the larger number of blades did not result in a signifi-
cantly stronger shear between the closer tip vortices and trailing wakes
of neighboring blades, which would have caused larger turbulent
stresses. Meanwhile, the highest turbulent stresses were produced at
the outer boundary of the wake, especially for RDT3. This was the
geometry characterized by the most significant shift of the overall load
toward outer radial coordinates, due to the need of producing the
same overall thrust while keeping a satisfactory efficiency of
propulsion.

As discussed above, the highest turbulent stresses were found in
the shear layer at the outer boundary of the wake. Although a rigorous
stability analysis81,82 of this shear layer is beyond the scope of the pre-
sent work, the instability phenomena which characterize this region of
the wake of RDTs could be modeled as a Taylor–Couette–Poiseuille
type of flow. Extensive details about this subject can be found in the
work by Lueptow et al.83 They studied experimentally the flow gener-
ated by concentric cylinders with the inner one in rotation and the
presence of a streamwise pressure gradient, resembling in some way
the conditions generated in RDTs. More recent studies on the instabil-
ities of this class of flows can be found in the works by Heaton and
Peake84 and Suzuki.85 In particular, Suzuki85 utilized data from
improved delayed DES to investigate the instability modes in the

interstage flow between the rotor and the stator of a turbofan, espe-
cially in view of their impact on the relevant acoustic emission.
Meanwhile, it is worth mentioning that the setup of the experiments
by Lueptow et al.83 may be considered only a rough approximation
of the flow conditions in the wake of actual RDTs. For instance, the
inner cylinder, represented by the rim of the rotor, is actually rotat-
ing within a slot of the outer nozzle, covering only part of its stream-
wise extent. The flow within this gap is not actually influencing the
wake development. Furthermore, the shear layer shed by the nozzle
is developing under the additional influence of the root vortices pro-
duced by the interaction of the boundary layer on the rim with the
root of the propeller blades. Instead, the same approximation as in
Lueptow et al.83 could be more suitable to analyze the flow condi-
tions generated in the gap region between the rim and the nozzle.
This gap was not modeled in the present study because of its compu-
tational challenge and its negligible influence on the wake dynamics,
as we verified by specific RANS computations on the same propel-
lers. However, the phenomena occurring in that region have the
drawback of generating a parasitic torque and, in turn, a penalty to
the performance of propulsion. This is definitely a subject of interest
for future studies.
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