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ABSTRACT

A hybrid Eulerian—Lagrangian solver is applied to investigate aerodynamic interference in a tandem propeller config-
uration. The solver couples ROSITA with DUST to capture near-field loads and far-field wake structures efficiently.
Grid convergence on a single three-blade propeller at advance ratio J=0.8 yields thrust and power coefficients within
1% and 3% of wind-tunnel measurements. For a tandem arrangement with axial spacing L,/R = 5 and radial off-
set L,/R = 1, the effects of phase offset and co/counter-rotation on the downstream propeller are quantified. In the
baseline co-rotating case, the rear propeller incurs 7.4% thrust and 4.5% power losses and two-order-of-magnitude
increases in unsteady fluctuations. Under the same rotational condition, a 30° phase offset magnify these losses and
fluctuations, while 90° phase offset performs the opposite. Counter-rotation reduces oscillations by over 70% despite
larger mean performance penalties. Blade-vortex interaction analysis reveals that phase control and rotation direction
alter the alignment of tip vortices with the rear blade and thereby modify the induced velocities, governing loss and

fluctuation characteristics.

NOTATION

&
Symbols

A Amplitude

¢ Chord, m

C; Drag coefficient

C; Lift coefficient

Cp Pressure coefficient

Cp Power coefficient

Cu, Rotational momont coefficient
Cr Thrust coefficient

J Advance ratio

L4, L, Separation distance, m
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M, Tip Mach number

N Number of nodes

R Rotor radius, m

u, Axial velocity, m/s

u;, Tangential velocity, m/s
V.. Freestream velocity, m/s
Ay, First layer thickness, m
n Propulsive efficiency

o Standard deviation

v Azimuthal position

o Vorticity magnitude

Acronyms

AOA Angle of Attack

BVI Blade-Vortex Interaction
CCW Counter Clock-Wise
CW Clock-Wise

DEP Distributed Electric Propulsion



eVTOL electric Vertical Take-Off and Landing

FMD Fused Deposition Modeling

NSCBC Navier-Stokes Characteristic Boundary Condition
PWM Pulse Width Modulation

RANS Reynolds-Averaged Navier—Stokes

ROSITA ROtorcraft Software ITAly

RPM Revolutions Per Minute

SA Spalart-Allmaras

SNG Spinner-Nacelle Grid

UAM Urban Air Mobility

VPM Vortex Particle Method

INTRODUCTION

In response to the increasing challenges of urban transporta-
tion and environmental sustainability, electric Vertical Take-
Off and Landing (eVTOL) aircraft have gained significant
attention as a transformative advancement for future Urban
Air Mobility (UAM). Driven by Distributed Electric Propul-
sion (DEP), eVTOL configurations typically employ multi-
ple closely-spaced rotors mounted on wings, booms, or fuse-
lages. Such high rotor density enables compact layouts and re-
dundancy but introduces complex aerodynamic interferences
among rotors and lifting surfaces that can significantly de-
grade performance, increase noise, and complicate flight con-
trol. Understanding and mitigating these interferences is cru-
cial for optimizing DEP configurations, therefore requiring
precise simulations and experimental validations.

Indeed, multiple DEP systems has been proposed and
the aerodynamic interferences within have been investi-
gated experimentally (Refs. 1-3) and numerically in re-
cent years. The latter have predominantly relied on Eu-
lerian Reynolds-Averaged Navier—Stokes (RANS) solvers,
which accurately capture viscous boundary layers and com-
ponent loads (Refs. 4-6). However, to improve the accu-
racy of far-field vortex tracking due to inevitable numerical
diffusion, high-fidelity schemes and considerable computa-
tional resources are often required (Ref. 7). Mid-fidelity La-
grangian solvers such as DUST (Refs. &,9) and FLOWUn-
steady (Refs. 10, 11) have been employed to extend these
databases, providing detailed wake visualizations yet lacking
viscous near-body aerodynamic information.

Another alternative, the hybrid Eulerian-Lagrangian
method (Refs. —14), which offers the advantage of
accurately resolving aerodynamic loads while effectively
preventing numerical dissipation of vortices with higher
efficiency than Eulerian-based methods and higher accuracy
than Lagrangian-based methods, has not been thoroughly
explored for aerodynamic interference in such systems. The
primary challenge to apply the hybrid method to a multi-rotor

environment lies in coupling the induced velocity field and
the vorticity carried by vortex particles with the Eulerian
computational grids.

In this paper, we apply our recently developed hybrid
Eulerian-Lagrangian solver (Ref. 14) to analyze a tandem pro-
peller configuration, assessing different geometrical arrange-
ments to give insights into the aerodynamic mechanisms of
rotor-rotor interferences and evaluate the potential of hybrid
solvers in accurately capturing interference effects with im-
proved computational efficiency.

All simulations are performed on 64 cores of two AMD EPYC
7513 CPUs with speed of 2.60GHz on the high-performance
cluster of Politecnico di Milano, CFDHub.

HYBRID EULERIAN-LAGRANGIAN
SOLVER

The hybrid solver (Ref. 14) integrates a Eulerian solver
ROSITA (Ref. 15) and a Lagrangian solver DUST (Ref. 10).
The solver is designed to efficiently acquire a Eulerian-level
accuracy of aerodynamic loads while maintaining the ability
of capturing the farfield wake vortices with a Lagrangian ap-
proach. The two parental codes are briefly introduced below.

ROSITA solves unsteady RANS equations coupled with one-
equation Spalart-Allmaras (SA) turbulence model (Ref. 17).
The governing equations are discretized spatially using a Roe-
MUSCL cell-centered finite volume approach (Ref. 18) and
temporally a dual-time formulation (Ref. 19). In the hybrid
scheme, the solver is only applied upon the near-body regions
covered by structured grids, in the aim of interpreting the com-
pressible and viscous flows around lifting bodies, such as pro-
pellers and wings.

On the other hand, DUST is a medium-fidelity open-source
solver based on the integral boundary element method (BEM)
and on the vortex particle method (VPM) (Ref. 20). Thanks
to the approximation of discrete vorticity field and the La-
grangian convection-diffusion governing equation, it is capa-
ble of efficiently capturing and preserving the wake vorticity
in a grid-free farfield (Refs. 8,2 1), which is essential for mod-
eling blade-vortex interaction (BVI) in unconventional rotor-
craft configurations.

The two solvers actively interact with each other at each time
step such that from Eulerian to Lagrangian solver, the aero-
dynamic loads on the lifting bodies are extracted as a solu-
tion of RANS calculation and transformed into bound vortex
strength of corresponding surface elements required by La-
grangian solver, following Kutta-Joukowsky theorem; from
Lagrangian to Eulerian domain, the induced velocities from
all the Lagrangian elements including surface elements and
vortex particles correct the interface boundary condition of
RANS grids, where Navior-Stokes Characteristic Boundary
Condition (NSCBC) (Ref. 22) using ghost cells is adopted to
ensure a bilateral non-reflection in regards of wake vortices.

The hybrid solver has been proved to achieve a more effi-
cient computation of the rotor aerodynamics compared to a



pure RANS method, as it only requires near-field grids while
maintaining a less-diffusive wake in the farfield, against ex-
perimental data of several bechmark cases. Detailed formu-
lation and validation of the hybrid solver can be found in our
previous work (Ref. 14).

TANDEM PROPELLER TEST CASE

The propulsion unit employed in this work is a three-blade
propeller with a spinner and a nacelle designed at Politecnico
di Milano (Ref. &) (hereinafter referred to as propeller). The
blade is VarioProp 12C with a diameter of 300mm. The blades
are mounted on a hub assembled with an aluminum spinner of
65 mm diameter, and a 270mm-length polycarbonate nacelle
manufactured via Fused Deposition Modeling (FDM) tech-
nique completes the unit, as is shown in Figure 1(a). The
propeller is driven by a Scorpion brushless motor and an ex-
ternal PWM-controlled electronic speed controller. It should
be noted that the phase angles of propellers are not precisely
controlled due to limitations of the hobby-grade components
used.

In a tandem configuration, the two propellers are mounted per-
pendicular to the incoming flow, see Figure 1(b). The axial
separation distance L, /R is fixed at 5, a value chosen to emu-
late the inter-propeller row spacing of an Airbus Vahana-like
eVTOL aircraft. The radial separation distance L,/R can be
varied from O to 2 to evaluate the aerodynamic interactions
between the two propellers based on their degree of overlap-
ping. Both propellers operated at a constant rotational speed
of 7050 RPM, resulting in a tip Mach number (M;) of 0.325
which is typical cruise speed of full-scale eVTOLs (Ref. 23).
The propeller blades have a pitch angle of 26.5° at 75%R. The
advancing speed of the tandem system spanned a range corre-
sponding to moderate to fast cruise conditions (Refs. 24,25),
specifically from a free-stream velocity V. of 14.1 m/s (ad-
vance ratio J = 0.4) to 35.2 m/s (advance ratio J = 1.0). The
experimental campaign is conducted at the S.De Ponte wind
tunnel of Politecnico di Milano.

RESULTS AND DISCUSSION

Single Propeller Performance

A preliminary verification on a single propeller at an advance
ratio of J = 0.8 is carried out to assess the accuracy of current
hybrid solver since the propeller’s blade are geometrically dif-
ferent from the the conventional helicopter ones in terms of
the spanwise twist, aspect ratio and kinematic control. Af-
ter rebuilding the blade geometry by 3D scanning, three O-
block body-fitted grids with different spatial resolutions are
generated, namely Coarse, Medium and Fine, and the grid in-
formation is reported in Table 1. To avoid complexity of the
rotating parts, the spinner and nacelle are regarded as a fixed
integrated unit (SNG), and a body-fitted grid of 0.85M nodes
is generated accordingly. For the purpose of comparing the
computational result with pure RANS solution, a Cartesian
near-field with a maximum grid spacing of 0.02R and a Carte-
sian far-field background grid are supplied. The CHIMERA

(a) single propeller

(b) layout of tandem models

Figure 1: The configuration of tandem propellers

overset grid system and a close look at Medium grid of the
blade surface is shown in Figure 2.

Table 1: Single propeller: body-fitted blade grid informa-
tion(i: chordwise, j: spanwise, k: normal, Ay;: first layer
thickness)

Grid Niot Nijk Ayi x 10°
Coarse  0.76M 136 x 82 x 44 6.67R
Medium 1.22M 141 x 141 x 126 3.33R

Fine 1.69M 208 x 95 x 54 1.67R

The simulation was firstly performed using ROSITA without
SNG to assess the grid sensitivity of the blades. Table 2 re-
ports the propeller’s thrust coefficient Cy, power coefficient
Cp and propulsive efficiency 11 computed by different grids.
Compared to the experiment result, the Cr differences of
Coarse, Medium, Fine girds are 5.7%, 1.0% and 1.0% respec-
tively, implying that Medium grid meets the requirements for
grid independence. However, it is observed that the ROSITA
solver tends to overpredict Cp, showing an error of 2.7% with
the Medium grid, consequently leading to a 3.9% underesti-
mation of the propulsive efficiency.

Table 3 presents the propeller performance results at J = 0.8
from various methods. Unlike the Eulerian ROSITA solver,
the hybrid solver overpredicts by 2.0% compared to experi-
ment, and Cp is overpredicted by 6.5%. The inclusion of SNG
in the ROSITA simulation results in a minor reduction in Cr



(a) Overset grid

(b) Blade surface grid

Figure 2: Single propeller: grid system and blade grid

Table 2: Single propeller: grid independence study of thrust
coefficient Cr, power coefficient Cp and propulsive efficiency

n

Grid Cr Cp n

Exp 0.101 0.107 0.755
Coarse  0.095 0.105 0.723
Medium 0.100 0.110 0.726
Fine 0.100 0.110 0.726

while the power coefficient Cp remains consistent.

The results align with Caccia et al’s (Ref. 260) and Zanotti et
al’s (Ref. 8) work, which is also listed in the table. It ap-
pears that the Eulerian-based solvers (ROSITA, SU2) tend
to under-predict Cr but overpredict Cp, whereas Lagrangian-
based solver (DUST) overpredicts both of them. The observed
errors are attributable to model accuracy, discrepancies in op-
erational conditions, and the specific numerical schemes em-
ployed. Nevertheless, the hybrid solver, with its blade-only
model, reproduces the propeller’s performance with sufficient
accuracy and is capable of investigating the tandem configu-
ration.

Tandem Propeller Performance

On the basis of the prior single-propeller computation, the tan-
dem propeller configuration is simulated and analyzed. The
radial distance L,/R of the two propeller is fixed to 1, as is
confirmed (Ref. 8) that in this condition the rear propeller ex-

Method SNG Cr Cp n

Experiment - 0.101 0.107 0.755
ROSITA w/o  0.100 0.110 0.726
ROSITA w/ 0.098 0.110 0.707

Hybrid w/o 0.103 0.114 0.722
DUST (Ref. 8) w/ 0.112 0.114 0.786
DUST (Ref. 26) w/  0.106 0.113 0.750
SU2 (Ref. 26) w/ 0.097 0.111 0.699

Table 3: Single propeller: thrust, power coefficients and
propulsive efficiency of the propeller at J = 0.8 using differ-
ent methods compared with experiment

periences the the most fluctuations and unsteadiness. More-
over, the impact of rotational direction and phase control are
considered, in which the phase control is realized by offsetting
the starting azimuth angle of the rear propeller to 30°, 60° and
90° in terms of its rotational direction. The complete settings
of operating conditions with their shortened abbreviations is
reported in Table 4.

Table 4: Tandem propeller: complete settings of operation
condition

rotational direction  Phase offset

Case Front Rear Front Rear
CW-CW_0 Cw CW 0° 0°
CW-CW_30 CW CW 0° 30°
CW-CW_60 Cw CwW 0° 60°
CW-CW_90 Cw CW 0° 90°
CW-CCW_0 Cw CCW 0° 0°
CW-CCW30 CW CCW 0° 30°
CW-CCW.60 CW CCW 0° 60°
CW-CCW.90 CW CCW 0° 90°

CW-CW _0 serves as the baseline configuration in this work, as
it undergoes both experiments (not synchronized) and simu-
lation with DUST (Ref. 8). Table 5 presents the performance,
associated losses, and standard deviations for both the front
and rear propellers, processed from the last revolution. The
losses and standard deviation increments are defined as

Cfront,rear
ACr p = (L—l) x 100% (1)
) Csmgle
T,P
front,rear
Orp’
AO-CTJ’ = single 1 (2)
Orp

Under this specific configuration, the front propeller exhibits
less than 0.1% variation in both Cr and Cp, a negligible
change that aligns with experimental observations. The re-
duction of performance of the rear propeller is somewhat more
relevant than that of the front propeller, yet remaining within
few percent. From the data reported in Table 6, it may be
observed that the present predictions are closer to the experi-
mental values than those of DUST (Ref. 8).

Based on the standard deviation of Cy and Cp, the dynamic
fluctuation of the performance of front propeller is limitedly



Table 5: Tandem propeller: performance, its losses and standard deviation increment of front and rear propellers for case CW-
CW_0 at J = 0.8 (negative denotes losses and positive denotes gains)

Propeller CT ACT AGCT CP ACP AGCP
Front 0.103  +0.04% 298 0.114 +0.10% 4.92
Rear 0.096 -7.44% 156 0.109 -445% 226

Table 6: Rear propeller: performance losses compared with
experimental and DUST results for case CW-CW_0atJ =0.8
(negative denotes losses and positive denotes gains)

Method ACt ACp
Exp (Ref. 8) -4.7% -3.6%
DUST (Ref. 8) -9.8% -6.7%
Hybrid -744% -4.45%

amplified, while those of rear propeller are escalated by hun-
dreds of times, becoming a non-negligible source of aeroa-
coustic noise, mechanical vibration and fatigue. Since the
blade phase angle was not synchronized during the experi-
ment, the experimental values of the amplitudes of critical
frequencies are not precise. However, 3/rev, 6/rev are high-
lighting frequencies of the tandem configuration (Ref. 8), of
which 6/rev reaches maximum value when L, /R = 1, becom-
ing one of the major contributions to the fluctuation of Cr and
Cp. Therefore, Table 7 gives the quantitative data of the major
spectrum for a single propeller, and Table 8 reports the mag-
nification factor of these two frequencies for both front and
rear propellers as a comparison for the rest of the simulation,
which is define similar to Aoc; , as

Afront,rear
Me, =2 1 3)
Cr Asingle

T,P

The results indicate that the values of the amplitude of 6/rev
are approximately half of 3/rev’s for the single propeller’s
Cr and Cp. Under CW-CW_0 tandem configuration, the am-
plitudes of front propeller are increased at a minimal level,
whereas those of rear propeller are magnified substantially.
Since the value of the 3/rev component is greater than that
of the 6/rev component, the former is the major impact on
the performance fluctuation. Moreover, the following analy-
sis will only address the performance of rear propeller.

Table 7: Single propeller: amplitude of major frequencies in
performance spectrum at J = 0.8

Propeller
Single

Acr(3) A (6)  Ag(3)  Ac(6)
121E-5 6.33E-6 6.44E-6  3.00E-6

Table 9 present the performance and its losses and standard
deviation increments of the rear propeller, at the operating
conditions of Table 4, with respect to the baseline case CW-
CW_0. The relative losses and relative standard deviation in-

Table 8: Tandem propeller: amplitude increase of major fre-
quencies in performance spectrum of front and rear propellers
for case CW-CW_0 atJ =0.8

Propeller AAc; (3) AAc, (6) AAc,(3)  AAc,(6)
Front 3.23 2.99 3.15 5.87
Rear 589 291 563 510

crements are defined as
: ACY
ACT-,P = AC%\;’—CW,O,rear (4)
* i
AGCT,P = AG%}’)J—CW,O,rear (5)

Note that a larger ACT. , means an increase in the losses and
reversely a lower Crp. The differences in mean Crs and
Cps between the co-rotating and counter-rotating cases be-
come evident. Generally, the front propeller’s impact on the
overall performance of the counter-rotating rear propeller is
larger, resulting in averaged relative losses of 34% for Cr and
52% for Cp respectively, while the fluctuation is noticeably re-
duced. Considering the large absolute magnitude of the fluc-
tuations, it can be inferred that counter-rotating configurations
can improve the rear propeller’s aerodynamically induced os-
cillations of the aerodynamic coefficients. For instance, com-
paring CW-CW_30, which exhibits the largest standard devi-
ation, with CW-CCW _30, which has the smallest, the fluctua-
tions can be relatively reduced by more than 62% for Cr and
66% for Cp.

Table 10 list the variations of the amplitudes of major com-
ponents within the performance fluctuation for rear propeller.
Similarly, the relative variations of the amplitudes are calcu-

lated as
rear

* Crp
TP = ~ CW-CW Orear (6)
) AACW CW_0,rear

Crp
In co-rotating rear configurations, with the exception of the
CW-CW_30 case (which exhibits the largest standard devia-
tion), phase control has a very limited impact on the 6/rev
amplitude while effectively reducing the 3/rev frequency am-
plitude. In contrast, the CW-CW_30 case leads to a mild raise
in the 3 /rev amplitude but a significant drop in the 6/rev am-
plitude. However, as analyzed above, the amplitude of the
3/rev frequency primarily contributes to the propeller perfor-
mance fluctuation. Consequently, the fluctuation in the CW-
CW_30 case increases, while it decreases in other co-rotating
cases. For counter-rotating configurations, drawing parallels
with the co-rotating analysis, the CW-CCW _30 case displays
the smallest 3 /rev frequency amplitude, thus resulting in the



Table 9: Tandem propeller: performance, its losses and standard deviation increment of rear propellers at / = 0.8 normalized

by case CW-CW_0

Case Cr ACr Aoy, Cp ACp Aoy,
CW-CW.0  0.0955 1.0 1.0 0109 1.0 1.0

CW-CwW.30 0.0942 1.17 1.17 0.108 130 1.25

CW-CW_.60 0.0950 1.07 0973 0.109 1.11 0.975

CW-CW.90 0.0956 0987 0.738 0.110 0.939 0.716

CW-CCW.0 0.0932 131 0.763 0.107 148 0.725

CW-CCW.30 0.0934 1.28 0438 0.107 141 0.426

CW-CCW_60 0.0925 139 0.675 0.106 1.58 0.590

CW-CCW.90 0.0926 138 0.798 0.106 159 0.714
lowest fluctuation. Reversely, although the CW-CCW_90 case .
has the smallest 6/rev amplitude, its 3/rev frequency ampli- A L —
tude is the largest, leading to the highest fluctuation. / ‘ I
Further examination reveals that the performance losses and S \ | Eaieews - A\ | Feweens
standard deviation (or 3/rev amplitude) increments do not / = W G,
necessarily introduce a linear relationship. Figure 3 and Fig- e .
ure 4 compares the Cr and Cp contribution of a single blade
of the rear propeller as a function of its azimuth angle with (@) Cr (b) Cp

respect to the radial offset direction. All the curves present
two local minimums around ¥ = 140° and 230, denoting en-
tering and exiting the overlapping region of the blade, while
the loads recover around y = 180° when the blade is tem-
porarily far from the wake vortices of the front propeller. The
differences among the cases are the values of the local min-
imums and maximums. For co-rotating cases, the most fluc-
tuated configuration CW-CW_30 has the lowest sum of local
minimums and the least fluctuated CW-CW _90 has the largest,
implying strongest and weakest total interactions respectively.
However, although CW-CCW _30 and CW-CCW _90 still hold
the lowest and largest minimum summations, their perfor-
mance fluctuation is reversed. This is attributed to the su-
perposition of three blades loads with 120° phase offset, as
the time histories of Cr and Cp of the last revolution shown
in Figure 5 and Figure 6. Note that the performance losses
of counter-rotating cases are larger because the load recovery
around ¥ = 180° is less significant. As a result, the over-
all performance and spectrum analysis do not fully reflect the
real oscillation condition of the blades.

»—»-—Q— < 0.040
0035

cr

0025

0.020 CW-CW_90|

0025

(a) Cr (b) Cp

Figure 3: Rear propeller: load contribution of a single blade
as a function of its azimuth angle with respect to the radial
offset direction for co-rotating cases at J = 0.8

The following analysis tries to provide more details on the

Figure 4: Rear propeller: load contribution of a single blade
as a function of its azimuth angle with respect to the radial
offset direction for counter-rotating cases at J = 0.8

(@) Cr (b) Cp

Figure 5: Rear propeller: load time histories of the last revo-
lution for co-rotating cases at J = 0.8
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Figure 6: Rear propeller: load time histories of the last revo-
lution for counter-rotating cases at J = 0.8

cases where the rear propeller exhibits the strongest and weak-
est overall fluctuations within both co-rotating and counter-
rotating propeller configurations as aforementioned. For the
CW-CW configuration, the polar distributions of AC;, ACy
and ACy,, Aug/Ves, Au;/Veo and AAoA, which are the varia-
tions with respect to the single propeller simulation, are shown
in Figures 7-10. It is important to note that for the hybrid



Table 10: Tandem propeller: amplitude increase of major frequencies in performance spectrum of rear propeller at / = 0.8

normalized by case CW-CW_0

Case ARG (3) MAL (6) AAL(3) AAL(6)
CW-CW_0 1.0 1.0 1.0 1.0
CW-CW_30 1.22 0.307 1.30 0.351
CW-CW_60 0.970 1.04 0.965 1.14
CW-CW.90 0715 100 0.674 111
CW-CCW.0 0707 126 0.638 1.36
CW-CCW.30  0.354 104 0.163 1.35
CW-CCW_60 0.652 0.940 0.535 0.191
CW-CCW_90 0.820 0.465 0.733 0.0970

solver, the velocity at collocation points of lifting line ele-
ments does not directly influence the aerodynamic loads on
the blade. Therefore, the variations of u,, #; and AOA are only
used as a diagnostic tool for examination.

Starting from a phase angle of 30°, the rear propeller blade
likely encounters the most intense and coherent regions of
the front propeller’s wake during rotation. As is presented
in Figure 8, when the blade enters the overlappping region,
the Au,/V. contour shows a evidently negative stripe while
there is also a less obvious but still negative stripe when the
blade exits. Concurrently, Au,/V. is also increased signifi-
cantly at both of these two moments. The variations of the
two velocities result in a highly oscillatory effective AOA, con-
sequently causing notable fluctuations in the distributed per-
formance parameters (AC;, AC; and ACyy,) at the respective
position.

Conversely, a starting phase angle of 90° allows the rear pro-
peller blade circumvent the most detrimental regions of the
wake from the front propeller. The wake’s influence on the
blade’s aerodynamic performance becomes more diffused and
balanced, as demonstrated in Figure 10 (a) and (b) where the
two stripes with extreme velocities fade. This leads to re-
duced unfavorable interference and, and consequently rela-
tively smaller thrust and power losses.

The situation becomes rather different under counter-rotating
configuration. Since the rear propeller rotates in the opposite
direction to the front propeller, it aligns with the swirl compo-
nent of the front propeller’s slipstream. Hence, the effective
tangential velocity u, on the rear propeller blade, induced by
the front propeller’s slipstream, is generally smaller compared
to a co-rotating setup. This effect is visually observed in Fig-
ure 12(b) and Figure 14(b), where the magnitudes of Au, [V
tend to be slightly but not obviously larger compared to co-
rotating cases, as well in Figure 3 and Figure 4, where the
load recovery of counter-rotating propellers is reduced. Due
to this interaction, the rear propeller in counter-rotating con-
figurations experiences slightly lower Cr and Cp compared to
co-rotating ones.

From the fluctuation perspective, the diagnostic Au,/V. and
Auy [V contours in Figure 12 and Figure 14 exhibit opposite
extreme value stripes in the blade entry and exit regions. Re-
garding the Effective AoA, compared to co-rotating configu-
rations, the two regions where AoA decrease are connected at

the blade root given that the lowest rotational speed of blades
encounters the highest swirl velocities generated by the front
propeller’s blade tips. For CW-CCW_30 case, the distribution
of these two regions extends from blade root to tip, causing
more apparent losses in outboard area, whereas the losses are
more concentrated at the root for CW-CCW_90 case.

As a conclusive remark at this stage, the hybrid solver proves
its effectiveness for predicting the performance of complex
tandem propeller configurations. Moreover, when phase con-
trol is feasible, this technique can be employed to reduce
thrust losses that impact overall performance and to mitigate
its fluctuations. Regarding the choice of rotational direction,
an optimal solution could be selected by making a trade-off
between fluctuations and thrust losses. It should also be noted
that the performance fluctuation is not necessarily positively
correlated with load fluctuations on the blade.

Tandem Propeller Flowfield Analysis

A more in-depth study on the aerodynamic interaction be-
tween the wake from front propeller and the rear propeller is
provided based on both the Lagrangian and Eulerian flow field
in this section. Rather than using cases with extreme fluctua-
tions of overall performance, the investigation centers on the
local interactive effect between blade and vortex, thus the se-
lected cases are CW-CW_30, CW-CCW_0 and CW-CCW_60.

Coarse BVI processes within different cases are described
briefly according to the evolution of tip wake and blade po-
sition post-proceed from Lagrangian field solution in the fol-
lowing figures, where the vortices are extracted by Q-criterion
= 0.1 and colored by vorticity magnitude. The target blades
are distinguished with pressure distribution Cp.

Figure 15 presents the BVI process as the target blade enters
the overlapping region for the CW-CW_30 case. The spiral
tip vortices generated by the front propeller are inclined to
the target blade and mostly remain beneath it. Furthermore,
the blade cuts off these vortices from the outer side of their
arc. The region on the blade affected by these vortices ex-
tends from approximately 0.6R towards outboard to the blade
tip. Additionally, during the roll-up process, the tip vortices
generated by the target blade also interact and subsequently
merge with the developed tip vortex from the front propeller.
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Figure 7: Rear propeller: Eulerian lift, drag and axial moment coefficients on the disk plane for case CW-CW_30 at J = 0.8
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Figure 8: Rear propeller: Lagrangian axial and tangential velocities and effective angle of attack on the disk plane for case

CW-CW.30atJ=0.8

The broken vortices are reconnected since their directions of
vorticity form an acute angle in space.

As the target blade exits the overlapping region (Figure 16),
the blade intercepts the arc of the tip vortices from its inner
side. The inclination and position of the tip vortices relative to
the blade are mirrored compared to the entry process, and con-
sequently, the affected region on the blade transitions inwards
from tip. The vortex-vortex interaction is also observed.

The BVI process of blade entering the overlapping region in
CW-CCW_0 case (Figure 17) and exiting in CW-CCW_60
cases (Figure 18) are also presented as the tip vortices inter-
sect with the mid-blade and have the most significant impact
on a large portion of the span. In Figure 17, the inclined tip
vortice pipe encounters the blade at approximately 0.6R. For
the inboard blade section, the vortices are located above the
blade’s suction surface, while for the outboard blade section,
the vortices are positioned below the blade’s pressure surface.

The developed vortices are cut-off and remain separated since
v = 110°, and the vortices near the pressure side of blade
are slightly relocated towards the direction of blade motion.
On the other hand, the oblique BVI in Figure 18 is reversed,
where the blade cuts off the developed vortices from its inner
side of arc, and the vortices stays above the outboard of the
blade and under the inboard of the blade. According to the
variation of blade load of one revolution in Figure 4, the BVI
intensity of entering the overlapping region in CW-CCW_0
case is somewhat stronger than exiting in CW-CCW _60 case.

It is worth noting that the azimuthal angle at which a clear vi-
sual interaction occurs between the blade and the vortex does
not correspond to the local minimum blade loading shown in
Figure 3 and Figure 4. When entering the overlapping region,
the degradation in loading shows a certain delay, whereas dur-
ing the exiting phase, the recovery of loading occurs earlier,
probably due to the unsteady effect of the inter-propeller in-
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Figure 10: Rear propeller: Lagrangian axial and tangential velocities and effective angle of attack on the disk plane for case

CW-CW. 90 atJ=0.8

teraction.

A finer evaluation is performed within the five sections
(0.35R, 0.5R, 0.65R, 0.80R and 0.95R) of RANS grids at
critical azimuth angle of aerodynamic interactions in terms
of non-dimensional spanwise vorticity and normalized chord-
wise velocity. Figure 19 corresponds to blade entering over-
lapping region at y = 125° for CW-CW_30 case. The
outboard-pointing tip vortices are captured at the leading edge
of the 0.95R section. At the suction side of this section, the
negative vorticity layer thickens, and the positive chordwise
velocity region is suppressed, indicating boundary layer thick-
ening. At other sections, an additional layer with positive
spanwise vorticity emerges on the suction side, and the pos-
itive chordwise velocity regions shrink. An extra secondary
vortex is observed shedding from the leading edge. The re-
verse flow region near the trailing edge extends towards the
downstream.

In Figure 20, the blade is exiting the overlapping region at
Y = 240° for CW-CW _30. A vortex trajectory with negative
spanwise vorticity is observed across sections from 0.95R to
0.50R, and it intersects the blade’s leading edge at the tip.
The positive chordwise velocity region is stretched towards
the propeller’s advancing direction, while its overall magni-
tude decreases, similar to that observed during the entering
phase.

Figure 21 and Figure 22 present vortices with contrast direc-
tion pass through the RANS grid in different inclination for
the contra-rotating cases. The vortices collide with the blade
at intermediate section 0.50R and 0.65R. However, since the
vortex direction is opposite to the vorticity stemming from
velocity gradiant of the suction surface, as is shown in Fig-
ure 22(b), the chordwise flows are indeed accelerated. The
same condition complies with the pressure side at section
0.35R and 0.50R, where a notable positive chordwise region
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Figure 12: Rear propeller: Lagrangian axial and tangential velocities and effective angle of attack on the disk plane for case
CW-CCW_30atJ=0.8

emerges. On the order hand, aligned vortices distort the flows by two orders of magnitude, while the front propeller

around the blade section, making the interaction even more remains nearly unaffected. The results agree well with
severe, which is also demonstrated for the suction side in Fig- DUST results.

ure 19.

2. Phase control and co/counter-rotation play a critical role

CONCLUSIONS in the rear propeller’s overall performance. Under co-

rotating configuration, a 30° phase offset in co-rotation

In this work, the hybrid Eulerian-Lagrangian solver is applied leads to blades encountering tip vortices, increasing

on a tandem configuration of propellers, emphasizing effects thrust/power losses and oscillations, whereas a 90° off-

of the phase control and rotational direction on the rear pro- set avoids vortices. Counter-rotation reverses the inflow

peller. Main conclusions are as follows: swirl velocity for the rear propeller, causing more load-

ing losses but greatly lowering the fluctuations.
1. The hybrid Eulerian-Lagrangian solver accurately pre-

dicts single propeller performance at cruise advance ratio 3. BVI analysis shows the unsteady load changes corre-
J = 0.8, matching experimental thrust and power within spond to rear blade entry and exit through the slipstream
1% and 3%. In the baseline co-rotating tandem case with tip vortices from front propeller. Phase control
(CW-CW_0), the rear propeller suffers a 7.4% thrust and and co/counter-rotating configuration adjust the relative
4.5% power loss, with unsteady fluctuations increasing alignment of the tip vortices and the rear blade, altering

10
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Figure 13: Rear propeller: Eulerian lift, drag and axial moment coefficients on the disk plane for case CW-CCW_90 at J = 0.8
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Figure 14: Rear propeller: Lagrangian axial and tangential velocities and effective angle of attack on the disk plane for case
CW-CCW. 90 atJ =0.8
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Figure 19: Rear propeller: BVI when blade enters overlapping region at y = 125° for case CW-CW_30 at J/ = 0.8
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Figure 20: Rear propeller: BVI when blade exits overlapping region at Y = 240° for case CW-CW_30 atJ =0.8
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