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This research aims to extend our understanding of propeller wake dynamics under a light loading condition,
thereby laying a foundation for design optimization and flow control of the propeller. Dynamic mode decom-
position (DMD) and reconstruction are used to analyze the transient vortical wake structures obtained by large
eddy simulation. The propeller wake includes stable tip and hub vortices without interacting evolution at the
light loading condition, and elliptical instabilities are observed downstream of the tip vortices. DMD describes
the most energetic modes and the corresponding dominant frequencies are the blade passing frequency and its

LES multiples. The coherent structures identified via DMD are primarily associated with the ordered convection of
the tip vortices and have little correlation with the hub vortices. Additionally, the propeller wake flow is
reconstructed using the first four DMD modes, and the primary wake features are well restored with a maximum
reconstructed error of 7.98%. This demonstrates that the flow-field reconstruction based on the DMD reduced-
order model is promising for predicting the propeller wake and controlling the propeller operation.

1. Introduction

The propeller is a means of propulsion widely used in trans-media
vehicles. When the propeller is running at high speed, a sophisticated
wake field is formed, including blade trailing edge vortices (Felli et al.,
2011), tip vortices (Wang et al., 2021a), and a hub vortex (Heydari and
Sadat-Hosseini, 2020). Up to now, much effort has been made to
investigate propeller wake behaviors, such as elliptical instability
(Blanco-Rodriguez and Le Dizes, 2016), breakdown (Hattori and Fuku-
moto, 2009), leap-frogging, meandering (Quaranta et al., 2015, 2019),
and merging of tip vortices (Shi et al., 2022). However, the evolutionary
mechanisms underlying the turbulent vortex structures in the propeller
wake are still not comprehensively understood (Dubbioso et al., 2013;
Felli and Falchi, 2018; Felli et al., 2008; Posa et al., 2019). The wake
instabilities directly affect the propulsion efficiency and even increase
the fatigue load, vibration, and noise of the propeller(Bai et al., 2022;
Wu et al., 2018), thereby causing structural damage to ships or vehicles
(Dubbioso and Ortolani, 2020; Guo et al.,, 2021; Heydari and
Sadat-Hosseini, 2020; Kao and Lin, 2020; Posa et al., 2022). In-depth
understanding of propeller wake characteristics is critical for design
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optimization and development of the next-generation propeller.
Experimental measurement is one of the most effective methods for
studying the propeller wake. In the propeller wake experiments, the
dynamic characteristics of complex vortex systems are usually captured
by high-speed cameras (Felli et al., 2011), which can see the evolution of
the vortex system in space and time. The velocity distribution of the
propeller wake field is obtained by particle image velocimetry (PIV)
technology (Di Felice, 2004; Felli and Felice, 2005; Felli et al., 2009;
Paik et al., 2007). Felli et al. carried out experiments under different
operating conditions to investigate the wake dynamics past an INSEAN
E779A propeller by using the PIV technique together with pressure and
velocity phase measurements (Felli et al., 2006). Their experiments
focused on the effects of blade numbers (Felli et al., 2008), advance
coefficients (Felli et al., 2011), and the oblique flow (Felli and Falchi,
2018) on the propeller vortex evolution, instability, and breakdown. The
experimental results show that the propeller wake instability is related
to the mutual inductance between adjacent helicoidal vortices (Felli
etal., 2011), and the interaction between the tip vortices and hub vortex
(Felli and Falchi, 2018). Lee (2002) used the particle image velocimetry
(PIV) technique to measure the velocity distribution of a five-blade
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propeller wake field and analyzed the statistical characteristics of the
phase-averaged flow field. Paik et al. (2007) measured the wake char-
acteristics of a four-blade propeller at a high Reynolds number via a
double-frame PIV technique, and the phase-averaged velocity indicates
that trailing edge vortices are related to radial velocity jump, and the
wake is influenced by blade boundary layers and centrifugal forces.
Cotroni et al. (2000) used a multigrid adaptive cross-correlation algo-
rithm to the process the PIV images and obtained the high-resolution
wake field past a four-blade propeller, revealing the contribution of
the viscous wake generated by the blade boundary layer at various
angular positions.

Due to the limitations of experimental techniques, many three-
dimensional multi-scale vortex structures of the propeller wake cannot
be directly measured. In contrast, computational fluid dynamics (CFD) is
a very promising method that can more intuitively study the spatio-
temporal evolution mechanisms of the propeller wake (Gong et al.,
2021; Hanetal., 2021; Liet al., 2021; Long et al., 2021; Posa et al., 2020;
Qin et al., 2021; Wang et al., 2022a). Wang et al. (2021b, 2021c)
simulated the wake dynamics for a propeller under different advance
coefficients, and the calculated wake structures were consistent with the
experiments. The vortex structure, kinetic energy power spectral den-
sity, and velocity distribution indicate that the tip vortex instability is
related to the interaction of different vortex structures in the wake field,
such as the mutual induction of tip vortices(Wang et al., 2021b). Ahmed
et al. (2020) numerically studied the propeller wake characteristics at
various advance coefficients using large eddy simulation (LES), and the
simulated results were consistent with the experiments. They found that
the mutual inductance between adjacent vortex sheets caused
short-wave instabilities, the breakup of tip vortices, and long-wave in-
stabilities. Muscari et al. (2013) used the Reynolds-averaged Navier—-
Stokes (RANS) and the detached eddy simulation (DES) methods to
simulate the vortex dynamics in the propeller wake and found that the
RANS method could predict the global quantities but it is too dissipative
to capture the unsteady fluctuations and the wake instabilities. Di
Mascio et al. (2014) studied marine propeller wake instabilities using
the DES method. The destabilization process of the propeller wake field
was excited by the central vorticity in axisymmetric flow, while the
secondary vorticity with the hub vortex was the major contributor to
oblique flow. Dubbioso et al. (2013, 2014) used the RANS method to
study the wake behaviors in a wide range of incidence angles (10-50°) at
two different loading conditions, demonstrating that the propeller load
increased almost linearly with the incidence angle and the vortex
structures were complicated in oblique flow. Chase and Carrica (2013)
conducted simulations of the submarine propeller E1619 for different
grids and turbulence models. The results show that the mesh resolution
slightly affects thrust and torque but strongly affects the wake. On the
other hand, the RANS method excessively dissipated the wake and the
calculated tip vortices were nonphysical.

Dynamic mode decomposition (DMD) (Jovanovic et al., 2014;
Schmid, 2010, 2011; Schmid et al., 2011) projects a high-dimensional
data sequence (either experimentally or numerically) into a
low-dimensional space and simultaneously obtains the dominant modal
characteristics. Modal analysis can not only obtain the flow instability
and dynamic characteristics but also reconstruct the flow field via the
DMD reduced-order model (Liang et al., 2020; Liu et al., 2021a, 2021b).
Therefore, DMD is an effective approach for investigating the highly
complex wake past a propeller (Debnath et al., 2017). Magionesi et al.
(2018) used DMD to analyze a propeller wake field. The DMD analysis
showed that the evolution process of the propeller wake was dependent
on the propeller loading and related to the most energetic modes, which
was identified by the main frequency of the propeller wake field being
consistent with the blade pass frequency and its multiples. Sun et al.
(2021) and. Zhu et al. (2022) studied the unsteady wake flow of a
horizontal-axis wind turbine using LES. Based on DMD analysis, the
swing and rotating motion of the tip vortices were identified and the
instability of the tip vortex was related to the small-scale turbulence. Liu
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et al. (2020) conducted DMD and reconstruction to study flow charac-
teristics of multiphase flow in a pump and obtained the primary fre-
quencies and the associated coherent structures. The reduced-order
reconstruction fields can effectively depict the main flow features, but
cannot reflect the high-order harmonic components. Han and Tan
(2020) focused on coherence modes and frequencies of tip leakage
vortex by using DMD. DMD can obtain the dominant frequency of the
flow field and coherent structures near the trajectory of the unstable
primary tip leakage vortex. It is noted that the flow field can be suc-
cessfully reconstructed based on the mean flow mode and the first mode.
Wang et al. (2022b) investigated the wake instability of a propeller
under a heavy loading condition using DES simulation and LES. Based
on modal analysis, the LES method can resolve more flow details with
richer coherent structures and a wider frequency range.

A brief literature review indicates that the evolution process and
instability of the propeller wake have been studied through both nu-
merical simulations and experiments, but the wake instability mecha-
nisms have still not been fully revealed. There are a limited number of
studies about the modal analysis of the propeller wake, focusing on
heavy loading conditions. Magionesi et al. (2018) analyzed the spatial
shape and time scale variation of the modes under two different oper-
ating conditions. The analysis showed that the modes are related to the
evolution of the propeller wake and the destabilization mechanism.
Wang et al. (2022b) carried out a propeller DMD analysis under heavy
loads to learn more about the initiation mechanism of propeller wake
instability. Shi et al. (2022) used DMD to study the effect of nozzles on
the wake flow dynamics and instability mechanism of a four-bladed
marine propeller. However, modal analysis of the propeller wake
under light loading conditions has been largely neglected. From the
perspective of engineering application, any propulsion system designed
to operate under heavy loading conditions must necessarily transit the
light-to-heavy loading conditions. From a scientific standpoint, it is of
great significance to provide a better insight into the propeller wake
dynamics under light loading conditions via DMD. Therefore, in this
paper, the propeller wake is simulated using the LES method under a
light loading condition, and then DMD is used to identify the dominant
frequencies and mode features of the propeller wake. Finally, a
reduced-order wake field is reconstructed based on the primary modes
and compared with the original wake field. This work could extend the
knowledge of the propeller wake dynamics to the light loading range.

2. Research approach
2.1. Governing equations

In the Cartesian coordinate system, based on the assumption of
incompressibility, the basic governing equations include the mass con-
servation and momentum conservation equations, i.e., the Navier-Stokes
equations, which are described as follows:
dp  d(pu;)

—+

o ox =0 M

@

d(pu;) d(pu,-uj) _op 0 ou;
o g 70*&*6*%( 07,-)
where u; represents the velocity component in the i direction, p repre-
sents the pressure, p represents the density, and u represents the flow
viscosity.

When solving the propeller flow field, the large-scale vortices in the
fluid domain are solved directly, while the small-scale vortices need to
be modeled through the LES approach (Kumar and Mahesh, 2017).
Therefore, by filtering the solution variables and inserting them into the
Navier-Stokes equations, the filtered LES equation can be written as
follows:
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where the over-bars of the letter represent filtered quantities, 7; is

known as the sub-grid scale (SGS) stress with the definition in Eq. (5).
©; = p (Wt — ) ®

Based on the Boussinesq assumption, the SGS stress can be modeled
by the eddy viscosity model as shown in Eq. (6),

1
Ty= grkké,»j —2u,S;; (6)

where 7y is the isotropic part,gij is the strain rate tensor of the resolved
scale, andy, is the sub-grid scale turbulent viscosity. The sub-grid scale
turbulent viscosityu, must be closured by a sub-grid scale model that
considers the effect of small eddies on the resolved fluid. In this paper, y¢
is closured by the wall adapting local eddy-viscosity (WALE) model
(Nicoud and Ducros, 1999), which can be defined as:
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The SGS mixing length A, is defined as:
A, =min(kd, C,V'7) amn

where V represents the grid cell volume, k represents the von Karmén
constant, d represents the shortest distance to the wall, and C; represents
the WALE constant. The typical values of C; published in the literature
range from 0.5 (for freely decaying isotropic homogeneous turbulence
flow) to 0.325 (for channel flow). The choice C; = 0.5 in this paper is
suitable for the freely decaying isotropic homogeneous turbulence
(Nicoud and Ducros, 1999).

2.2. Dynamic mode decomposition

DMD methods have been widely used in complex flow fields such as
separation flows and wind turbine wakes flows.

The discrete flow field data are used to construct the snapshots
matrix required by the DMD. The flow field data are arranged as a
snapshots matrix V:

N _
Vi =[vi,v2,va, e, Vi o

s o] 12)

where v; represents the i-th flow field data snapshot, and N represents
the total number of flow field data snapshots. Assuming that the flow
field data are linear, there is a constant linear mapping A connecting the
propeller wake field v; to the next propeller wake field v;,1,

Vien =Av; (13)
The snapshots matrix V¥ can be expressed as:
VY=o, Av, A%y, e A g e AV ] a4

The snapshot vy can be represented as a linear combination, which
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includes previous N-1 snapshots,
VW=C1Vy + vy + o+ ey VN T (15)
where ¢y, ¢z, -, cy_1 are the polynomial coefficient of the previous N-1

snapshots and r represents the residual vector.
By combining Egs. (13) and (15), we get:

AV =V = VYISt rep a1e)

where VN1 = [v1,v5,,vy_1], V) = [va,V3,--,Vn], en_1 represents the (N-
1)-th unit vector, and the matrix S can be expressed as:

0 Ci
1 0 C
s=| o : an
1 0 CN-2
1 v

Using the QR-decomposition snapshot matrix V¥, y; is an eigen-
vector ofS, then ¢, = V¥-1y; is an approximate eigenvector of A.

Due to the limitations of QR-decomposition, singular value decom-
position (SVD) is used instead of QR-decomposition to process the
original flow field data:

vitt=uy wr 18)
The complete matrix is obtained from Egs. (16) and (18):

S=U"Viwy w! 19

where U" is a complex conjugate transpose of the basis U, which is
obtained from the singular value decomposition (SVD) of V-1, as
shown in Eq. (18). The DMD modes can be obtained by the eigenvectors
i, where y; is the eigenvector of S with linear independence. Therefore,
the DMD modes can be expressed as:

@;=Uy; (20)

Therefore, the snapshot matrix V¥~! obtained from experiments or
numerical simulations can be expressed as:

N—1
@ L O Hy

N—1
_ a L L T )
[V17V27~~~7VN71}7[¢]7(027"'7(pN—I} . . . .
e p " H : : :

N—1 N—1

L A

Dg=diag(a) —— —
Vana

(21)

where q; is the amplitude, ¢, is the DMD mode, and y; is the eigenvalues
of the eigenvectors y;. The DMD mode ¢; can be solved by the Vander-
monde matrix Vg, of eigenvalues y;. The i-th amplitude represents the
weight of the i-th mode, which describes the importance of various
modes from the first to the last time sequence. The real part and imag-
inary part of each eigenvalue indicate the growing rates and frequencies
of the flow field around the propeller, respectively. Each mode corre-
sponds to a kind of flow structure. For example, the first mode indicates
the averaged flow of the propeller, whose growing rate and frequency
correspond to 0. The second mode usually represents the most energetic
vortex evolution in time and space, so the frequency of the second mode
corresponds to the fundamental frequency of the propeller. Similar
analysis can be applied to the other modes.

The amplitude @; can be solved by the optimization problem of the
following equation (Chen et al., 2012; Jovanovic et al., 2014; Qiu et al.,
2020):

min||J(a) | = min|[ V" — @D, V[ (22)
a a
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Fig. 1. Geometry and reference system of the propeller.

Table 1
Basic parameters of the INSEAN E779A propeller.
Description Symbol Value Units
Number of blades Z 4
Radius R 0.113635 m
Diameter D 0.22727 m
Rotational speed n 25 ps
Pitch ratio P/D 1.1
Blade passing BPF 100 Hz
frequency
Hub diameter ratio dp/D 0.200
Area ratio Ag/Ao 0.689
Reference chord Co7r 86 mm
Reference velocity Vieforr = 18.5 (J = 0.85) m/s
U2 + (2anR)?
Reynolds number Co.7r Vrefo.7R 1.14 x 10° (U =
Reo7p = ——————
v 0.85)

Inlet ( Velocity )

Rotate region

Outlet ( Pressure )

Fig. 2. Computational domain and boundary conditions.

where ¢ = [p;(x), p5(x), -, on_1(x)] and D, = diag(a) represents the
diagonal matrix of the vector @ = [a1,a2, -, an-1]-

3. Numerical simulation
3.1. Test case

In this paper, the E779A propeller was chosen as the research object,

and the model agrees with the experimental model (Felli et al., 2008,
2011). The propeller geometry and propeller coordinate system are
shown in Fig. 1, with the coordinate origin at the center of the propeller.
The main parameters of the propeller geometry are listed in Table 1. The
INSEAN E779A propeller is widely used to investigate the propeller
wake (Felli et al., 2008, 2011; Felli and Falchi, 2018; Felli and Felice,
2005).

The light loading condition J = 0.85 was simulated, where the
advance coefficient (J) is represented as J = U, /nD, with n = 257ps and
D = 0.227m. Based on previous experiments and numerical calculations
(Ahmed et al., 2020; Felli et al., 2011), it can be found that the wake
vortex system of the INSEAN E779A propeller is stable when the
advance coefficient is J = 0.85, and the wake vortex system maintains
an orderly structure and regular motion during the downstream move-
ment. Therefore, the propeller wake field is considered to be a periodic
flow, and the dominant frequencies and modal characteristics of the
wake field can be obtained by DMD.

To resolve more accurate vortex structures in the propeller wake, the
unsteady governing equations are iteratively solved using the SIMPLE
algorithm. The spatial term is discretized using the second-order upwind
scheme, the temporal term is discretized using the second-order implicit
scheme, and a central difference method is utilized for the convection
term. The time-step in the numerical calculation is set to At =1.1111 x
10~*s, that is, the propeller rotates 1° in one time-step during the
calculation process (Sun et al., 2020).

3.2. Mesh details

As shown in Fig. 2, the computational domain is a cylinder with a
diameter of 3.5D, where D is the propeller diameter. The inlet plane is
2D from the propeller center and the outlet plane is 10D from the pro-
peller center. The size of the computational domain is consistent with
the experiments and the computational domain can be considered to
have no constraining effects in numerical simulations (Kumar and
Mahesh, 2017). The inlet was set as the inlet velocity, according to J =
0.85, the outlet was set as the pressure outlet, and the other boundary
conditions of the computational domain and the propeller wall were set
as no-slip walls.

In this paper, an unstructured Cartesian mesh (Hu et al., 2021; Wang
etal., 2018, 2019) is used. To resolve the wake details past the propeller,
multiple cylindrical control bodies are used to refine the mesh in the
propeller region. The control bodies are distributed around the propeller
as shown in Fig. 3(a), mainly including the tip vortex refining region and
the hub refining region. The grid distribution is shown in Fig. 3(b). First,
surface remeshing is performed on the propeller surface. Then a
high-quality surface mesh with good surface triangulation is generated.
Finally, the volume mesh with prism layer mesh and trimmed mesh is
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Tip vortex refining region

Tip vortex refining region

Hub vortex refining region
X Hub vortex refining region

(a) (b)

Fig. 3. Refining region and refining mesh of the propeller, (a) refining region, (b) local refining mesh.

Table 2 Elliptical instability.
Grid convergence analysis (J = 0.85).
Medium  Fine Exp. Err meg EIT fine E Un
(%) (%) (%)
Kr 0.1732 0.1725 0.1659 4.40 3.98 1.36 x 0.47
1073
10Kq 0.3364 0.3362 0.3358 0.18 0.12 3.64 x 0.18
1073
W71 771 7717 T 1
B —EXPK T 2
——EXP 10K 0
8 " CALK, ]
| A CAL IOKQ
o 0.6
K
= Fig. 5. Comparison of the propeller wake between the numerical calculation
> and the experiment (Felli et al., 2011) (Top: calculation; bottom: experiment).
0.4
0.2
0.0
0.0 02 04 0.6 0.8 1.0 1.2
o

Fig. 4. Open water characteristics of the experiments (Ahmed et al., 2020; Felli

et al., 2011) and calculated results. ' /R
Fig. 6. Instantaneous axial velocity distribution on the central-longitudinal

generated based on the surface mesh. For the mesh along the wall, the plane (t = 1.00T). The axial velocity U is normalized with U..

boundary layer was set to 20 layers with the boundary layer growth rate

of 1.2, and the total thickness of the boundary layer was set to 3.3. Verification and validation

0.00023m. To meet the requirements of LES calculation accuracy, y* is

set to be less than 1, as suggested by Di Mascio et al. (2014). To evaluate the numerical uncertainty, uncertainty analysis is car-
ried out on the calculation grid. The analysis process is consistent with
that of Sun et al. (2020). We use a Cartesian grid to divide the medium
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0.2 1 2 3 4 3
x/R

Fig. 7. Time-averaged axial velocity on the central-longitudinal plane.

grids and the fine grids. The mesh refinement rate (Gong et al., 2021;
Sun et al., 2022) for medium and fine grids is defined as:

1/d
r= (—Nﬁ“ ) @3)

N, medium

where Njp,, represents the total number of fine grids with the value of
14.10 million, Nyequm represents the total number of medium grids with
the value of 8.45 million, andd represents the simulation dimension with
the value of d = 3. The mesh refinement rate used in this study was r =
1.2, as suggested by Sun et al. (2020). After the calculation is stable and
converged, the thrust coefficient Ky and torque coefficient K, are
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calculated, where Kr and K, are defined as follows:

T Q

Kr= Ko = 24

"7 05pm2D "¢ T 0.5pn2D5 24
The error between the two sets of grids is expressed as:

f —fmedion = fine 25)

1—r

where p represents the formal order of accuracy, with p = 2, fs. rep-
resents the calculated result of the fine grids, and f,,eqim represents the
calculated result of the medium grids. The uncertainty of the propeller
load is estimated by:

L5 ) .
] P1 P2 P3 P4 Tip vortex region
Fo—e¢ — —o — 9 — — 1]
0.5 b I |
[ | | | 0.9R
ZR 0 F— . i
05 1 2 3 4 5 6
-0.5 x/R
-1
-1.5

Fig. 9. Schematic diagram of the monitoring point location.

i v/g, 1.4
[ R .
T T T T ] [T T T T T_|] 1
0.5 - - 0.5
0 z/R - -0 z/R
-0.5 - - -0.5
-1 ul 1 1 1 o -1
-1 0.5 0 0.5 1
VIR
(b)
1 T [ T T T
0.5 - -1 0.5
0z/R o -0 z/R
-0.5 - - -0.5
ul 1 1 1 i -1 71 1 1 1 -1

y/R

v/R

(d)

Fig. 8. Time-averaged axial velocity on various transverse planes: (a) x = 0.5R, (b) x = 1.0R, (c¢) x = 2.0R, (d) x = 3.0R.
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Fig. 10. (a) The kinetic energy (KE) and (b) the power spectrum distribution (PSD) of four monitoring points.
L5 ansvenBlae Central-longitudinal Plane L5 Central-longitudinal Plane
1} ;/A\\;\; 1
0.5 | | | 05
SR oL I().SR IZR I3R ZR 0L
05 | I I | 05 |
| | |
- ) . . 1t
-1.5 ) ) 15 ) . . Trarllsver§e Plz}ne
-1 0 1 2 3 5 15 -1 05 0 05 1 15
X/R VR

(b)

Fig. 11. Planes for snapshot data acquisition, (a) front view, (b) side view (Black solid line: central-longitudinal plane; pink dashed line: transverse planes). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

where Fs represents a safety factor, with Fs = 3.

Table 2 shows the results of grid convergence analysis based on Kr
and K. The calculated results for the fine and medium grids are in good
agreement with the experimental results (Ahmed et al., 2020; Felli et al.,
2011). The errors of Kr and K, under the medium grid are 4.4% and
0.18%, and the errors of Ky and K, under the fine grid are 3.98% and
0.12%. The load errors of the two grids are both less than 5%. It is worth
noting that the calculated results of the fine grids are closer to the
experimental results. At the same time, the uncertainties of the calcu-
lated Kr and K, are 4.4% and 0.18%, respectively. The uncertainty of
propeller load is less than 3%, so the two sets of grids can be considered
reliable (Di Mascio et al., 2014). This study uses fine grids to capture the
detailed features of the wake passing through the propeller blades, the
fine grids are finally selected in this study. The open water character-
istics calculated by the fine mesh are shown in Fig. 4. The calculated K1
and K are consistent with the experimental results, so the fine mesh is
fully competent for the simulation tasks in this study.

4. Results
4.1. Wake field characteristics
Fig. 5 shows the propeller wake obtained by the numerical calcula-

tion and the experiment. The propeller wake is visualized by the vortex
structures by using the isosurface of the Q criterion (Wang et al., 2020),

where Q = 20000 s 2. The calculated results are consistent with the
experimental results. The calculated tip vortices are the same as those
observed experimentally, the position of the tip vortex structure is the
same as the experimental one, and the hub vortex develops straight
backward. The vortex system topology of the propeller wake includes
regular tip vortices and hub vortex, and elliptical instabilities are
captured downstream of the tip vortices. Since the tip vortices and the
hub vortex do not interfere with each other, the wake vortex structures
are stable within the visualization range. The tip vortices retain their
geometric characteristics (pitch and tip-to-tip distance). The difference
in the hub vortex structure is mainly due to an ellipsoidal body being
used for the tail of the propeller hub in the experiments (Felli et al.,
2011) while a blunt hub is used in the numerical calculations. According
to previous studies in the literature (Magionesi et al., 2018), the flow is
mainly associated with the ordered convection of the tip vortex while
the hub vortex dynamics have a negligible contribution. Therefore, the
change in hub geometry has little effect on the DMD analysis of the
propeller wake flow under light load conditions.

Fig. 6 shows the instantaneous axial velocity distribution on the
central-longitudinal plane. It is observed that the velocity in the region
between the tip vortex and the hub vortex is higher than that in the free
stream, this region has a high-velocity sheet region due to the influence
of the propeller blade boundary layer (Ahmed et al., 2020), and the
velocity of the hub vortex region is lower. The axial velocity in the tip
vortex region shrinks and expands alternately. This is mainly because



Y. Zhi et al.

T & T * T L T & T
1.0 .
05F a2
o  DMD eigenvaluesh < 1

- - — - - Unit circles

00t .
-0.5 F -
-1.0 n

1 L 1 " 1 1 1 L 1

-1.0 -0.5 0.0 0.5 1.0
Re())

Fig. 12. Distribution of eigenvalues obtained by DMD (central-longitudi-
nal plane).

when the fluid passes through the tip vortex, the velocity gradient
changes dramatically, and then the velocity recovers after passing
through the tip vortex.

Time-averaged axial velocity distribution on the longitudinal plane
and various transverse planes are shown in Figs. 7 and 8, respectively.
Consistent with the instantaneous velocity distribution in Fig. 6, the
time-averaged axial velocity in the region between the tip vortex and the
hub vortex is higher than that of the free stream, and the time-averaged
axial velocity of the hub vortex is lower than that of the free stream. The
flow augments in the near-wake flow field of the propeller and the wake
contraction can be observed (Kumar and Mahesh, 2017). It can be seen
from Fig. 8 that the time-averaged axial velocity at x = 0.5R is smaller
than in other positions due to the influence of the propeller blades and
hub. When x > 1.0R, the time-averaged axial velocity is distributed
similarly at various transverse planes, indicating that the propeller wake
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is stable within the visualization range.

To better analyze the propeller wake dynamics, the kinetic energy
(KE) of the propeller wake field is extracted, and the positions of
monitoring points are shown in Fig. 9. The radial position of the
monitoring points is z/R = 0.9, located mainly in the propeller tip vortex
region. The axial positions of the monitoring points are x/R = 0.5, 1, 2,

Table 3
Dominant frequencies obtained by DMD and FFT.
Mode DMD FFT Error
1 0 0 -
2 99.90 100 0.10%
3 200.03 200 0.02%
4 299.99 300 0.003%
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Fig. 14. Growth rate and frequency of DMD modes.
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Fig. 13. (a) Energy distribution, (b) cumulative energy at central-longitudinal plane.
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3, located near and in the middle portion of the propeller wake.

Fig. 10 shows the KE and the power spectrum distribution (PSD) of
the monitoring points. The KE (Felli and Falchi, 2018) is defined as
KE = 0.5(u? +v? + w?) /U2, where u,v,w are the velocity components
along three orthogonal axes, and U, is the inlet velocity. It is noted that
the KE amplitude varies widely near the propeller, which is due to the
stronger induced velocity caused by the propeller rotation. Downstream
from the propeller, these induced velocities are almost the same, so the
KE amplitude varies similarly at points 2-4.

Fig. 10(b) shows the KE-normalized power spectrum distribution of
monitoring points. The blade passing frequency is defined as BPF =
nZ = 100Hz, where n = 25rps is the rotational speed and Z = 4 is the
number of propeller blades. The main peaks appear at the blade passing
frequency and their integer multiples, demonstrating that the velocity
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fluctuation of the propeller wake is mainly related to the rotation of the
propeller.

4.2. DMD analysis for the wake field

To analyze the wake dynamics, the velocity fields are extracted at
one central-longitudinal plane and three transverse planes (i.e., x =
0.5R, x = 2.0R, and x = 3.0R), as shown in Fig. 11. Fig. 10 shows that the
high-frequency components in the wake field occupy less energy, so the
snapshot frequency f; = 1/dt = 2250Hz can meet the DMD re-
quirements, where the time interval is set to dt = 4At = 4.4444 x 10™%s
(that is, four times the time-step). Following the recommendations given
by Sun et al. (2021) for DMD analysis of rotating machinery, we sampled
temporal data for nine rotation cycles and obtained 810 snapshots of the
velocity field. The resultant sampling frequency meets the Nyquist—
Shannon criterion (Magionesi et al., 2018; Shannon, 1949). The three
velocity components (Uy, Uy, U,) at the cross section are extracted as
original data and used as the input to the DMD program to obtain the
corresponding DMD results. According to the previous literature
(Ahmed et al., 2020; Kumar and Mahesh, 2017), the propeller wake
instability is mainly manifested in the axial velocity, so we only show the
DMD results via the cloud diagram of the axial velocity (Uy). We
reconstructed the reduced-order wake field by using the primary modes,
but the axial velocity (U,) field is only depicted and compared with the
original U, wake field. It is noted that the DMD results are obtained
using three velocity components (Uy, Uy, U,). In addition, the DMD re-
sults are more accurate based on the three velocity components (Uy, Uy,
U,), compared with a single velocity component (Uy) as DMD raw data.

4.2.1. Central-longitudinal plane

The axial velocity on the central-longitudinal plane is analyzed by
DMD. Fig. 12 shows the distribution of the unit circle and eigenvalues,
where the red dotted line is the unit circle, and the blue circle are the
DMD eigenvalue. The horizontal axis represents the real part of the
eigenvalue and the vertical axis represents the imaginary part of the
eigenvalue. The unit circle represents the stability of the eigenvalues. It
is observed that most of the eigenvalues are on the unit circle, and a few
eigenvalues are inside the unit circle, which indicates that these modes
are convergent or periodic.

The DMD energy spectrum of the central-longitudinal plane is shown
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Fig. 16. The first four DMD modes of the propeller wake field: (a) mode 1, (b) mode 2, (c) mode 3, and (d) mode 4.
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in Fig. 13(a). Fig. 13(b) presents the cumulative energy of the DMD
mode. The eigenvalues y; provide the energy of the i-th DMD mode. The

Zi:l”k/

Zjli 1#;- According to the criteria for selecting modes proposed in the

cumulative energy up to the i-th mode is defined as E{"™

literature (Qiu et al., 2020), the first four modal frequencies are f; =
OHz, f, = BPF = 100Hz, f3 = 2BPF = 100Hz, and f4 = 3BPF = 300Hz,
where BPF is the blade passing frequency. The frequencies obtained by
DMD are in good agreement with those obtained by FFT, as shown in
Table 3. The first four modes account for 54.96% of the total energy of
the flow field, and mode 1 accounts for 49.06%, making it the mode with
the largest energy. As the number of modes increases, the accumulated
energy of the first 100 modes accounts for 90.03% of the total energy.

Fig. 14 shows the growth rate and frequency of the DMD modes, and
Fig. 15 shows the amplitude and frequency of DMD modes. The growth
rate g; is defined as g; = Re{log(y;)}/dt and the physical frequency ; is
defined as w; = Im{log(y;)}/dt, where y; represents the eigenvalues, and
dt is the time interval. The frequencies are distributed symmetrically due
to complex conjugate pairs of eigenvalues. The eigenvector amplitude
and the growth rate of the modes are two important parameters for
selecting the dominant modes. The dominant modes have near-zero
growth rates and large amplitudes. The distribution of eigenvalue am-
plitudes shows that DMD does not only focus on the amplitudes when
looking for the main modes of the flow field but also identifies the modes
that have the greatest impact on the entire time history of the flow field.
The relationship between the frequency and the growth rate indicates
the growth or decay of the mode over time. The growth rate of modes
1-4 are zero, indicating that modes 1-4 are stable modes and exhibit
periodicity.

Fig. 16 shows the coherent structures of the first four DMD modes. It
is shown that the DMD mode captures a very complex vortex system
consisting of tip vortices and hub vortices. Modes 2-4 show that the
coherent structures are mainly related to the ordered convection of the
tip vortices, which is manifested in the fact that the dominant modal
frequencies of the DMD are the blade pass frequencies and frequencies
related to their multiples, while the hub vortices are less affected.

Mode 1 represents the mean flow, consistent with the flow field in
Fig. 7, and mode 1 has the maximum energy. The mode 2 frequency is
consistent with the dominant frequency of the propeller wake, which is
the primary factor affecting the periodic flow of the propeller wake, and
the mode 2 energy is the second largest. Mode 2 depicts antisymmetric
large-scale structures in the tip vortex region, which is mainly related to
the tip vortex structure. As the frequency increases, modes 3-4 in the tip
vortex region decompose into smaller antisymmetric turbulent coherent
structures, and those small coherent structures are mainly related to the
small-scale vortex structures induced by the tip vortices.

DMD can reconstruct the propeller wake field by using reduced-order
modes. The error of the reconstructed propeller wake field is related to
the selected number of modes, which is evaluated by the loss function:

10

The relationship between the loss function and the selected number of modes.

N—1 _
I -

@7
V=il

loss =

Fig. 17 shows the loss between the reconstructed propeller wake field
and the original propeller wake field. As the number of modes increases,
the loss tends to decrease. When the number of selected modes is 200,
the reconstructed propeller wake field has an error of 0.5% compared
with the original propeller wake field. It is worth noting that mode 1
contains most of the information about the propeller wake field, with an
error of 8.89% compared to the originally simulated data. Additionally,
the propeller wake field reconstructed by using the first four modes has
an error of 5.26% relative to the original data sequences. On a small
range, with the increase in the number of modes, the accuracy of the
reconstructed propeller wake field has not been greatly improved. The
propeller wake is a complex physical field with a highly complex tur-
bulent flow structure. Although the tip vortex is an ordered flow under
light load conditions, it also has the tip vortex elliptical instability and
the fluctuating behavior of the hub vortex. Therefore, even if the pro-
peller wake is a quasi-periodic process, the nonlinear characteristics of
the propeller wake cannot be ignored. The loss defined in this paper is
achieved by comparing the real velocity field with the reconstruction
field in each time sequence, while the choosing rule of the mode is set
according to the total energy of the flow field. Due to the fluctuation of
the flow field in time, the addition of higher modes to the original flow
fields may not decrease the loss, so the loss will increase when increasing
the number of modes. When the number of modes is sufficiently large,
the error induced by the inconsistency of the loss and sorting method can
thus be eliminated.

Taking into account the accuracy and efficiency of the reconstruc-
tion, we take the first four modes to reconstruct the propeller wake, as
shown in Fig. 18. The flow fields are reconstructed in five instances.
DMD modes are ordered by their amplitudes (entries of vector ), and
the flow field at any time instant is given by:

N—1 -
e =
=20 e

j=1

(28)

where v represents the reconstructed velocity fields. The reconstructed
errors at different instants are used to quantify the accuracy of the
reconstructed flow fields:

7 —

CFD
(vl

Error(rec;) = 2100%

(29)

In Fig. 18, the left side shows the original flow field during one blade
passing cycle, and the right side shows the reconstructed propeller wake
field. The reconstructed propeller wake field is in good agreement with
the original propeller wake field. The reconstructed propeller wake field
can capture the main flow characteristics of the propeller wake field,
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0z/R

Fig. 18. The reconstructed and originally simulated axial velocity field at several instants: (a) t = 0.2T, (b) t = 0.4T, (c) t = 0.6T, (d) t = 0.8T, (e) t = 1.0T. (Left:

original flow field; right: reconstructed flow field.).

Table 4

Reconstruction errors at different instants.
t 0.20T 0.40T 0.60T 0.80T 1.00T
Error (%) 5.91 4.82 4.81 5.69 5.19

11

such as tip vortices, hub vortices, and the thin vortex sheet that sheds off
from the blade trailing edge. The reconstruction errors are listed in
Table 4, the maximum error of the reconstructed propeller wake field is
5.91% at t=0.2T, the minimum error of the reconstructed propeller
wake field is 4.81% at t=0.6T, and the mean error of the reconstructed
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Fig. 20. (a) Energy distribution, (b) cumulative energy at x = 0.5R (transverse plane).

propeller wake field is 5.28%. This is mainly because the present hub
vortex contains high-frequency information, which was not included in
the reconstructed propeller wake field.

4.2.2. Transverse planes

DMD is used for the dynamics of the propeller wake at three trans-
verse planes: x/R = 0.5, x/R = 2.0, and x/R = 3.0. The eigenvalue
distribution and energy distribution on the transverse planes are shown
in Fig. 19-22. The DMD mode on the transverse planes is stable; indi-
cating that the vortical wake develops periodically. At the planes x/R =
0.5, x/R = 2.0, and x/R = 3.0, the accumulated energy of the first 100
modes accounts for 93.81%, 94.27%, and 95.05%, respectively; the
accumulated energy of the first four modes accounts for 53.19%,
71.09%, 72.75%, respectively; and mode 1 accounts for 46.19%,
63.83%, and 65.16% of the total energy of the flow field, respectively. At
x/R = 0.5, the accumulated energy of mode 1 is the smallest, because the
hub vortex has a high-frequency coherent structure near the propeller

12

that decreases as the hub vortex moves downstream. Table 5 compares
the dominant frequencies obtained by DMD and FFT. The frequencies
obtained by DMD are consistent with those obtained by FFT. Compared
with the frequencies at the central-longitudinal plane listed in Table 3,
the frequencies are the same at the three transverse planes.

Fig. 23 shows the relationship between the frequency and the growth
rate of DMD modes. Fig. 24 shows the amplitude-frequency relationship
for all eigenvectors on the transverse planes at x/R = 0.5, x/R = 2.0, and
x/R = 3.0, respectively. The growth rate and amplitude distribution of
the modes at different transverse positions are consistent, indicating that
the coherent structure in the propeller wake remains unchanged as it
flows downstream. Most of the modes are concentrated where the
growth rate is zero, indicating that the propeller wake is stable and
exhibits periodicity.

Fig. 25 shows the coherent structures of the first four DMD modes at
x/R = 0.5, x/R = 2.0, and x/R = 3.0. Mode 1 is the mean flow at
different locations, which is consistent with the velocity distribution in
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Fig. 22. (a) Energy distribution, (b) cumulative energy at x = 3.0R (transverse plane).

Table 5

Comparison of dominant frequencies obtained by DMD and FFT.
Mode DMDy sr DMD; or DMD», or FFT
1 0 0 0 0
2 100.04 99.99 99.97 100
3 200.01 200.00 199.98 200
4 300.05 299.99 299.96 300

Fig. 8. Mode 2 is the large-scale structure associated with the ordered
convection of the tip vortices, which remains stable in the far field of the
propeller. As the frequency increases, modes 3-4 are decomposed into
small-scale structures. In addition, small coherent structures are mainly
related to the small-scale vortex structures induced by the tip vortices.
Based on comparisons of the hub vortex at different positions, the
coherent structures are obvious near the hub vortex at x/R = 0.5, while
the coherent structures gradually decrease at x/R = 2.0 and x/R = 3.0.
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The DMD modes of the propeller wake at different transverse planes are
mainly related to the ordered convection of the tip vortex, and its spatial
wavelengths and frequencies are related to the blade passing frequency
and its multiples, while the dynamics of the hub vortex have a very small
contribution.

Fig. 26 shows the error between the reconstructed flow field and the
original flow field, which is evaluated by the loss function in Eq. (27).
Note that the error is related to the number of modes participating in the
reconstruction. When the number of modes reaches 100, the errors at
different transverse planes are reduced to less than 3%. It is worth noting
that at x/R = 0.5, the reconstruction error is significantly higher than
that at x/R = 2.0 and x/R = 3.0, mainly due to the hub vortex having
high-frequency coherent structures that gradually decrease as the fluid
flows downstream. As with the central-longitudinal plane, the first four
modes are selected to reconstruct the flow field at different locations.

Figs. 27-29 are the reconstructed and originally simulated axial
velocity field at x/R = 0.5, x/R = 2.0, and x/R = 3.0, where the upper
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Fig. 24. Amplitude and frequency of DMD modes: (a) x = 0.5R, (b) x = 2.0R, (c) x = 3.0R.

part is the original flow field and the lower part is the reconstructed flow
field. The reconstructed propeller wake field is in good agreement with
the original propeller wake field. The propeller wake includes three
parts: the tip vortex, the thin vortex sheet that sheds off from the blade
trailing edge, and the hub vortex. There is an increase in the axial ve-
locity from x/R = 0.5 to x/R = 3.0 due to the rotation of the propeller.
The propeller wake changes periodically and the frequency is consistent
with the blade passing frequency. Table 6 shows the reconstruction er-
rors for three transverse planes at different instants, which are evaluated
by the reconstruction error formulation in Eq. (29). The mean recon-
struction errors at x/R = 0.5, x/R = 2.0, and x/R = 3.0 are 6.99%,
3.92%, and 3.57%, respectively, which are consistent with the errors of
the first four modes in Fig. 26. The velocity at the transverse plane of x/
R = 0.5 is greatly affected by the hub vortex, which is manifested as a
larger region with small axial velocity near the hub centerline, as shown
in Fig. 27.
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5. Conclusions

The propeller wake dynamics under light loading conditions, such as
the instability inception and transition mechanisms, have not been fully
revealed or understood. The purpose of this paper is to conduct a modal
analysis of the propeller wake under light loading conditions, and shed
light on the coherent structures with different spatiotemporal scales,
thereby laying a foundation for design optimization and flow control of
the propeller. In this paper, the large eddy simulation is used to simulate
the wake flow past the INSEAN E779A propeller at the advance coeffi-
cient J = 0.85. The vortex structures in the propeller wake are identified
by the Q criterion. Dynamic mode decomposition (DMD) and recon-
struction are used to analyze the wake dynamics on the central-
longitudinal plane and different transverse planes. Compared with
previous work, the unique contributions in this paper are: (1) DMD
analysis of the propeller wake flow and a new perspective for studying
the propeller wake mechanism; (2) greater understanding of propeller
wake dynamics under a light loading condition through the innovative
performance of dynamic mode decomposition (DMD) and
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Fig. 25. The first four DMD modes of the propeller wake field: (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (Left: x/R = 0.5; middle: x/R = 2.0; right: x/R = 3.0).
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Fig. 26. The relationship between the loss function and the selected number of modes.
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Fig. 27. The reconstructed and originally simulated axial velocity field for the transverse plane of x/R = 0.5 at several instants: (a) t = 0.2T, (b) t = 0.4T, (c) t = 0.6T,
(d) t = 0.8T, (e) t = 1.0T. (Up: original flow field; bottom: reconstructed flow field).

reconstruction; and (3) development of the DMD reduced-order model
to reconstruct the propeller wake with well-restored coherent structures.
Our conclusions are summarized as follows:

(€Y

(2

Based on the comparisons of the performance characteristics and
the wake vortex system, the present numerical approach is
proven to be reliable and in good agreement with the experi-
mental results. The propeller wake includes stable tip and hub
vortices without interacting evolution, and elliptical instabilities
are captured downstream of the tip vortices.

DMD analysis shows that most of the eigenvalues are on the unit
circle, indicating that the propeller wake is stable and periodic.
Mode 1 occupies the largest proportion of total energy with
49.06% at the central-longitudinal plane, and 46.19%, 63.83%,
and 65.16% at the transverse planes of x = 0.5R, x = 2.0R, and x
= 3.0R, respectively. Both DMD and FFT can successfully obtain

16

3)

(€]

the dominant frequencies of the propeller wake, that is, the blade
passing frequency and its multiples.

DMD can identify the coherent structures of the tip and hub
vortices. Mode 1 represents the mean flow field. Mode 2 depicts
antisymmetric large-scale coherent structures in the tip vortex
region, where modes 3-4 decompose into smaller antisymmetric
turbulent coherent structures. These coherent structures are
mainly related to the ordered convection of the tip vortices.
DMD can reconstruct the propeller wake by using reduced-order
modes. The reconstruction error gradually decreases as the
selected number of modes increases. Mode 1 restores nearly 90%
of the information about the propeller wake. Moreover, the
reconstructed wake flow using the first four modes has a
maximum error of 7.98%, and it describes the major flow features
of the propeller wake, that is, the tip and hub vortex, and the thin
vortex sheet shedding off from the blade trailing edge.
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Fig. 28. The reconstructed and originally simulated axial velocity field for the transverse plane of x/R = 2.0 at several instants: (a) t = 0.2T, (b) t = 0.4T, (c) t = 0.6T,
(d) t = 0.8T, (e) t = 1.0T. (Up: original flow field; bottom: reconstructed flow field).
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Fig. 29. The reconstructed and originally simulated axial velocity field for the transverse plane of x/R = 3.0 at several instants: (a) t = 0.2T, (b) t = 0.4T, (c) t = 0.6T,
(d) t = 0.8T, (e) t = 1.0T. (Up: original flow field; bottom: reconstructed flow field).
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Table 6
Reconstruction errors for three transverse planes at different instants.
Err o.201 Err .401 Err o.601 Err .01 Err 1.001 EIT mean
(%) (%) (%) (%) (%) (%)
0.5R 7.98 6.87 7.05 6.49 6.58 6.99
2.0R 4.21 3.85 3.69 3.81 4.03 3.92
3.0R 3.97 3.81 3.43 3.41 3.24 3.57

DMD proved to be an effective method to analyze the propeller wake
dynamics. In particular, the flow-field reconstruction based on the DMD
reduced-order model is useful for predicting the propeller wake and
controlling the propeller operation. This work further extends our un-
derstanding of propeller wake dynamics under light loading conditions.
In the future, we will further investigate DMD analysis and the reduced-
order reconstruction for the propeller wake under other operating
conditions.
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