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ABSTRACT

A comparative study on the wake dynamics of a pump-jet propulsor (PJP) and a ducted propeller (DP) is conducted to investigate the effects
of the pre-swirl stator and corresponding stator–rotor interaction on the wake evolution and destabilization mechanisms of a PJP system.
The flow field analysis, vortex structure identification, and dynamic mode decomposition (DMD) analysis are carried out based on the
numerical results obtained from delayed detached eddy simulations. The numerical hydrodynamic loading and flow field of the PJP are com-
pared with experimental results, and they are in good agreement. Compared with the DP, the stator trailing vortices of the PJP interact with
the rotor trailing vortices as well as the hub vortex, accelerating their diffusion and viscous dissipation. The pre-swirl stator triggers the gener-
ation of secondary vortices and moderates the spiral behavior of tip leakage vortices, which dominates the wake instability of PJP. The DMD
analysis revealed that the wake field evolution is primarily characterized by the different mode structures at blade passing frequency and its
multiples, especially in the PJP due to its strong stator–rotor interaction. The modal energy decays faster in the PJP wake field owing to its
more turbulent and earlier instability. The hub vortex plays an important role in the wake dynamics of the DP.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0167130

I. INTRODUCTION

The wake field commonly exists behind the rotor systems operat-
ing in a freestream, such as ship propellers and wind turbines, which
contains complicated vortical structures evolving from near field to far
field in a complex physical behavior.1–3 In the case of propeller propul-
sion systems, the evolution of turbulent wake structures plays a crucial
role in determining the hydrodynamic and hydroacoustic performance
of the system.4–6 A pump-jet propulsor (PJP) is a complex multi-
component propulsor including a duct, a rotor, and a stator, which is
primarily used in underwater vehicles. Compared with regular propel-
lers and ducted propellers (DP), the PJP features more complex wake
coherence structures and uniquely wake destabilizing evolution mech-
anism under the modulation of strong rotor–stator interaction, which
is challenging for its engineering design.7–9

The wake dynamics of the isolated marine propellers has been
studied theoretically and experimentally since the early 20th cen-
tury.3–5,10,11 A regular propeller withN blades operating in the axisym-
metric flow usually includes N tip vortices, N trailing edge vortices and

one hub vortex. These vortex structures undergo different modes of
mutual interaction as they evolve downstream until completely desta-
bilize and disintegrate.1 Widnall10 theoretically proposed three models
of instability evolution for helical vortex filaments, they are short-wave
instability model, long-wave instability mode and mutual-inductance
mode, which are helpful for understanding the propeller wake instabil-
ities. Felli et al.5 studied the wake evolution of open propellers with dif-
ferent blade numbers by means of high-speed visualizations and
velocity signal measurements. They found that there is possible cau-
se–effect relationship between the destabilization of the tip vortices
and hub vortex, and the transition to instability of tip vortices is more
related to the spiral-to-spiral interaction. The computational fluid
dynamics (CFD) techniques are becoming popular to study propeller
wake dynamics with the upgrading of computational software and
hardware. Several works compared the capabilities of different turbu-
lence modeling in resolving the wake vortex structures.12–14 Compared
to the Reynolds-averaged Navier–Stokes (RANS) simulation, detached
eddy simulation (DES) and large eddy simulation (LES) are able to
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resolve the detailed three-dimensional wake vortex structures and cap-
ture their spatial-temporal evolution.14,15 Kumar and Mahesh1 per-
formed well-resolved LES to study the evolution mechanisms of
propeller wake and pointed out that the preferred mechanism of pro-
peller wake instability is strongly dependent on blade geometry and
operating conditions. The mutual inductance between the rolled-up
trailing edge wake and the tip vortices is the primary mechanism caus-
ing the wake instability in their study. Posa et al.16 observed the wake
characteristics of a submarine propeller are mainly dominated by tip
and hub vortices, and also verified load conditions substantially affect
the wake structures. When a propeller is surrounded by a duct, known
as a ducted propeller, the intensity of tip vortices largely depends on
the clearance size between the blade tip and the duct, and the shear
vortex shedding from duct external surface will further interact with
the tip vortices and thereby cause numerous secondary coherent vortex
structures.17 This indicates that the wake characteristics of the DP are
to some extent different from those of the single propellers. Gong
et al.18 conducted a comparative numerical analysis on the wake
dynamics of ducted and non-ducted propellers. They found that the
interaction between the duct and the propeller directly changes the
topography of the wake vortex and the corresponding energy distribu-
tion. Zhang and Jaiman19 observed the short-wave instability is the pri-
mary mechanism for tip vortex destabilization of a four-bladed DP,
followed by the secondary vortex system.

The wake dynamics of the PJP is becoming increasingly attractive
due to its close relationship with the excitation and hydroacoustic
characteristics of the propulsion system. However, most of the studies
on PJP wake dynamics concentrated on numerical analysis due to the
challenging of experimental investigations. Li et al.8 studied the wake
instabilities of a PJP with pre-swirl stator in open water conditions via
DES turbulent modeling. The wake coherent structures are identified
by the omega criterion and divided into two interaction systems, one is
the interaction between the tip leakage vortex (TLV) and the duct
shedding vortex (DSV) and the other is the interaction between the
stator trailing vortex (STV), the rotor trailing vortex and the hub vor-
tex. It is also found that there is a really weak correlation between the
TLV and the destabilization of the hub vortex, which is different from
the wake evolution mechanism of a single propeller studied by Felli
et al.5 Qin et al.7 investigated the effects of the parity of rotor and stator
blades on the vortex destabilizing mechanisms of the PJP. The instabil-
ity of the TLV is found to be more related to the number of rotor
blades which determines the spiral-to-spiral distance. Yu et al.20 stud-
ied the effects of stator parameters including pre-swirl angle, the
rotor–stator spacing and the blade chord length on the propulsion per-
formance of a PJP. Li et al.21,22 observed that the blade angles and cir-
cumferential arrangement spacing of stator affect both thrust
fluctuation and vortex structure evolution of the PJP system. It is con-
cluded from the literature that the existence of the stator in PJP system
brings the strong stator–rotor interaction, resulting in its wake topol-
ogy and evolution mechanism is significantly different from that of a
normal propeller. It is valuable to investigate the effect of stator and
stator–rotor interaction on the PJP wake dynamics from a fluid physics
perspective.

Modal decomposition techniques are able to effectively extract
the dominant coherent structure of the flow field from massive spatial-
temporal data obtained by experimental measurements or numerical
simulations, which are widely used in analyzing the rotor wake

structures.23–28 The proper orthogonal decomposition (POD)29 and
dynamic mode decomposition30,31 (DMD) are the most popular ones.
Magionesi et al.23 investigated the evolution and destabilization mech-
anisms of the propeller wake by analyzing the spatial shape of the
modes in different characteristics frequencies obtained from POD and
DMD. The effectiveness of the two approaches in identifying the
underlying temporal and spatial scales of the wake flow is also com-
pared. Shi et al.24,25 employed POD and DMD to decompose the vor-
ticity magnitude in the core wake region of a propeller with or without
a duct. They concluded that both methods can provide the most repre-
sentative subset of modes to explore the wake destabilization mecha-
nisms. It is also highlighted that the PODmodes can be totally covered
by the DMD results and the various orders of DMD modes are more
convenient for seeking physical causes due to their single frequency
characteristics. Zhi et al.32 employed DMD to decompose and recon-
struct the transient propeller wake field in order to develop a reduced-
order model for predicting the propeller wake. Wang et al.33–35 found
that the morphology of wake flow structures of DMD modes at differ-
ent frequencies largely characterizes the instability process of the pro-
peller wake system. Most of the modal analysis on the wake field of
marine propulsion systems are focused on single propellers and DPs,
and there is less work performed on PJP systems according to the best
of our knowledge. It is worthwhile to study the wake dynamics of PJP
by using modal analysis technique.

In this study, the delayed detached eddy simulation (DDES) is car-
ried out to comparatively study the wake dynamics of DP and PJP in a
pure axial flow. The flow field analysis, vortex structure identification
and DMD analysis are applied to investigate the effects of pre-swirl sta-
tor and corresponding stator–rotor interaction on the wake dynamics
and destabilization mechanisms of a PJP system. The objectives of the
present work are as follows: (i) By comparing the wake characteristics of
DP and PJP to understand the modulation effect of the pre-swirl stator
on PJP wake flow, thereby further guide the stator–rotor matching
design. (ii) The coherent wake structures of PJP are more complicated
than that of single propeller and DP, it is of interest to extract the domi-
nant structures in the PJP wake field by the DMD analysis, and thereby
investigate the wake instability mechanism of PJP system. The paper is
structured as follows: The numerical methodology is shown in Sec. II;
The wake field analysis of PJP and DP cases is shown in Sec. III; The
dynamic mode decomposition analysis for wake field is presented in
Sec. IV, and the conclusions are drawn in Sec. V.

II. NUMERICAL METHODOLOGY
A. Governing equations

Unsteady numerical simulations are carried out on the three-
dimensional flow field of the DP and PJP systems based on the DDES
modeling. The incompressible mass and momentum conservation
equations are shown as follows:

@q
@t

þ @ qujð Þ
@xj

¼ 0; (1)
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where q is the density, ui is the velocity vector, p is the pressure, l is
the dynamic viscosity, and lt is the turbulent eddy viscosity.

The DDES is a cost-effective hybrid RANS/LES turbulence
modeling approach. It covers the boundary layer by a RANS model
and switches to a LES mode in highly separated regions, and over-
comes the grid induced separation problem in the original DES
model.36 This model offers good prediction accuracy for transient vor-
tex evolutions of propellers and PJPs.23–25 The governing equations of
it are as follows:36
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where the k equation is developed from shear stress transport (SST) k-
x turbulence model by adding the length scale term lDDES, which is
expressed as

lDDES ¼ lRANS � fdmax 0; lRANS � lLESð Þ; (5)

where fd is an empirical delay function, lRANS ¼
ffiffiffi
k

p
=Clx, and

lLES ¼ CDESDmax. The CDES is calculated with the function:
CDES ¼ CDES1 � F1 þ CDES2 � ð1� F1Þ, where F1 is the blending func-
tion. Some constants are: Cl¼ 0.09, CDES1¼ 0.78, and CDES2¼ 0.61.

B. Numerical setups

In this study, a scaled PJP model is considered as the research
object, which includes a pre-swirl stator with 8 blades, an axial flow
rotor with 6 blades, and a decelerating duct. The main geometric
parameters of the PJP model are presented in Table I, and the actual
configurations are shown in Fig. 1. The rotor diameter D is 166.4mm,
and the hub diameter ratio Dh/D is 0.3, where Dh is the diameter of
rotor hub. The tip clearance of rotor is designed as 1mm. The basic
blade section of rotor and stator is NACA66 airfoil. The axial distance
between the stator and rotor is 0.35D. The DP model is obtained by
removing the stator blades from the PJP, as shown in Fig. 1(b). The
PJP model is also machined to carry out hydrodynamic tests to vali-
date the numerical simulations, as shown in Fig. 1(c). For the operating
condition, both the PJP and DPmodels are operating with a fixed rota-
tion speed n¼ 20 rps at the design advance coefficient J¼U/nD¼ 1.0,
where U is the inflow velocity.

Figure 2 shows the computational domain details. The entire
computational domain is divided into several subdomains, including
far field domain, near field domain, rotor domain and stator domain
(for the PJP model only). The far field domain is a cuboid with
rounded corners, has a size of 16D� 3.6D� 3.6D, which is same as
the dimension of the experimental water tunnel. The blockage ratio of
the far field domain (k¼Ad/C¼ 0.06, where Ad is the disk area of
rotor and C is the area of test-section cross section) is less than the rule
of thumb (k < 0.1) suggested in Ref. 1, thereby the evolution of rotor
wake is negligibly affected by the domain size. The near field domain is
separated out to refine the mesh distribution of the wake field, with a
cylinder of diameter 2D and length 5.5D.

The entire computational domain is discretized by the hexahedral
meshes, where the rotor domain discretization is completed in
Turbogrid software, and the other domains are discretized by using
ICEM CFD software. Three mesh schemes with different mesh densi-
ties are set to carried out the mesh independent test for the PJP model,
including coarse mesh scheme (4.98 � 106), medium mesh scheme
(9.38 � 106), and fine mesh scheme (20.18 � 106). The grid conver-
gence index (GCI) proposed by Celik et al.37 is also used to estimate
the discretization error for PJP case in two different advanced coeffi-
cients J¼ 0.6 and J¼ 1.0, the detailed results can be found in our previ-
ous work.38 Considering the computational cost and the flow field
resolution level, the fine mesh scheme is finally selected to carried out

TABLE I. Pre-swirl stator PJP parameters.

Description Value

Rotor diameter D 166.4mm
Hub diameter ratio Dh/D 0.3
Tip clearance d 1mm
Rotor blade number Zr 6
Stator blade number Zs 8
Rotor–stator spacing 0.35D
Basic blade section NACA66
Rotation speed n 20 rps

FIG. 1. The 3 D geometries of PJP and DP models.
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the wake flow simulation. To ensure comparable results, the DP case is
assigned a similar mesh number to that of the PJP case, totaling 19.32
� 106 elements. Figure 3 illustrates the mesh distribution details of the
fine mesh scheme, where Fig. 3(a) provides a global overview of mesh
distribution for the PJP model, Figs. 3(b)–3(d) zoom in on mesh distri-
bution surrounding the rotor blade and tip clearance. It is important
to note that 30 grid nodes are placed in the rotor’s tip clearance.

Figures 3(e) and 3(f) show the mesh distribution in the wake region,
with mesh refinement focused around the generation zones of the tip
vortex and hub vortex. For PJP and DP cases, the average yþ for rotor
blade, stator blade (for the PJP model only) and duct surface are 2.6,
2.8, and 1.8, respectively.

The simulation commences with the calculation of the steady
flow solution using the traditional Moving Reference Frame (MRF)
method, coupled with the SST k-x turbulence model. Velocity inlet
and pressure outlet boundary conditions are employed in this phase.
Building upon the steady solution, the transient-state simulation is car-
ried out utilizing a combination of the mesh motion method and the
DDES model. The time step of the transient simulation is 1.39� 10�4

s, which corresponds to 1� of rotor rotation. The duration of the tran-
sient simulation spans 12 complete rotating cycles for both the PJP
and DP cases.

C. Numerical validation

In this part, numerical validation is carried out for PJP case with
the help of experimental data. The thrust Tr, torque Qr and rotation
speed n of the rotor are measured by the J25 dynamometer with an
uncertainly of 0.2% full scale. The incoming velocity U is measured by
the Venturi flow rate with an uncertainty of 0.5% full scale. Figure 4
shows the comparison of experimental and numerical results of hydro-
dynamic performance curves, including the dimensionless thrust coef-
ficient KTr ¼ Tr=qn2D4 and dimensionless torque coefficient
KQr ¼ Qr=qn2D5. The KTr and KQr obtained from numerical simula-
tions are observed to be lower than the experimental tests, whereas

FIG. 2. The computational domain of PJP model.

FIG. 3. Computational mesh details of PJP model: (a) global view, (b) single blade, (c) tip clearance, (d) blade passage, and (e) and (f) central-longitudinal plane and transverse
plane in the wake field.
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they show similar trends with operating conditions. The maximum rel-
ative errors between experiments and numerical simulations for KTr

and KQr are found to be 8.1% and 7.5%, respectively. Moreover, the
laser doppler velocimetry (LDV) equipment is used to measure the
axial velocity in the wake field. The target quarter-circle transversal
plane is positioned 0.6D away from the duct outlet and has a maxi-
mum radius of 0.7D. This plane contains a total of 80 data points
distributed across 5 different angular orientations, as illustrated in
Fig. 5(b). Figure 5(a) displays the axial velocity distribution obtained
from the numerical simulation for the corresponding region. The
numerical simulation results demonstrate a close resemblance to the
experimental data in terms of both quantitative and qualitative aspects.
Within the region of interest, a high-velocity area ranging from 0.1D
to 0.4D is observed. This high-velocity region also exhibits non-
uniformity due to the evolution and interaction of the stator and rotor
trailing vortices in the wake field. Both the wake flow and freestream

intersect at approximately 0.4D. The axial velocity around the center-
line region is both lower due to the presence and evolution of the hub
vortex. Based on the above analysis, it is believed that the numerical
method can be used for wake field investigation and modal analysis for
both PJP and DP cases.

III. WAKE FIELD CHARACTERISTICS
A. Flow field analysis

The wake field characteristics of DP and PJP are emphatically
analyzed in advance coefficient J¼ 1.0 based on the validated numeri-
cal simulation method. Figure 6 shows the time-averaged and instan-
taneous axial velocity field of the DP and PJP models, where the
time-averaged field is obtained from 4 rotations of the rotor. The dis-
tribution of time-averaged velocity for DP and PJP are to some extent
similar. The flow is accelerated through the rotating rotor, and under-
goes secondary acceleration under the action of the shrinking duct.
The axial velocity is higher than that of the freestream everywhere
except in the hub vortex region in both cases. The PJP has a higher
axial injection velocity than the DP at the same operating condition,
which means that the PJP generates a larger thrust loading according
to the momentum theorem. It also reflects the significant influence of
the front stator on the performance of the PJP. Figure 6(c) demon-
strates a noticeable wake contraction around 1.5D in the case of the
PJP, whereas this phenomenon is absent in the wake of the DP. The
time-averaged axial velocity is also displayed on three transverse planes
at 0.7, 1.5, and 2.3D, as shown in Fig. 7. The traces of upstream STV
are evident in PJP case, which weaken progressively from 0.7D to
2.3D. Compared with the DP case, the wake field evolution of PJP is
considerably more unstable with the modulation of the front stator. In
the instantaneous field, the evolving of axial velocity comes with some
discontinuities, as affected by the rotor trailing wakes. The rotor trail-
ing vortices interacts with the STV in PJP case, resulting in a higher
velocity gradient in localized areas of the wake field.

Figure 8 shows the instantaneous vorticity magnitude and its x-
component in entire wake field. The TLV, hub vortex, and thin trailing
vortex generated by the rotating rotor blades are found in both DP and

FIG. 4. Hydrodynamic performance curves of PJP.

FIG. 5. The axial velocity distribution in the wake field: (a) CFD results. (b) Experimental results.
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PJP cases, similar to an open propeller.1,14 The special DSV which has
a opposite sign to the TLV is also found in both two cases, as evident
from Figs. 8(b) and 8(d). Moreover, the STV being split into short seg-
ments are clearly evident downstream of the rotor in PJP case. The

axial evolution of TLV for two cases are compared from vorticity field.
In DP case, the evolution of TLV looks more regular. The TLV leaks
from the duct and interacts with the DSV, its vortex core gradually
evolves from a circle to an ellipse with progressively weaken intensity

FIG. 6. Time-averaged and instantaneous axial velocity distribution on central-longitudinal plane of DP and PJP wake fields: (a) and (c) time-averaged field for DP and PJP,
and (b) and (d) instantaneous field for DP and PJP.

FIG. 7. Time-averaged axial velocity distribution on different transverse planes of DP and PJP wake fields: (a)–(c) 0.7, 1.5, and 2.3D planes of DP; and (d)–(f) 0.7, 1.5, and
2.3D planes of PJP.
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until it is indistinguishable beyond 2.5D. From the perspective of the
cross section shown in Fig. 9, it is observed in Fig. 9(a) that the blade
trailing vortex undergoes a roll-up process which leads to a gradually
bending of its upper part and finally interacts with the adjacent TLV.39

This interaction tends to destabilize the TLV when a rotor with a rela-
tively higher number of blades and weaker tip loading, as Kumar
observed in propellers.1 From 0.7D to 2.3D, the TLV is weakening and
the blade trailing vortex gradually breaks up into small vortex

FIG. 8. Instantaneous vorticity and its x-component distribution on central-longitudinal plane of DP and PJP wake fields: (a) and (c) vorticity for DP and PJP, and (b) and (d) x-
component vorticity for DP and PJP.

FIG. 9. Instantaneous vorticity distribution on different transverse planes of DP and PJP wake fields: (a)–(c) 0.7, 1.5, and 2.3D planes of DP; and (d)–(f) 0.7, 1.5, and 2.3D
planes of PJP.
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filaments, so the mutual interaction between them is also decreasing.
In PJP case, the TLV quickly induces secondary vortices around 0.9D
and then gradually breakdown, eventually undergoes viscous dissipa-
tion beyond 1.6D, as evident from Figs. 8(c) and 8(d). From Figs.
9(d)–9(f), it can be seen that the TLV is starting to distort at 0.7D with
some oscillations. At 1.5D, the TLV dissolves into some small-scale
vortices distributed along a circle and finally it becomes indistinguish-
able at 2.3D.

The instantaneous axial velocity and vorticity magnitude in the
vicinity of the TLV are plotted in Fig. 10 for a cylindrical cut plane at
r/R¼ 0.84 to further show the destabilizing evolution of TLV in DP
and PJP cases. It can be seen that the TLV is characterized by a low
velocity region and a high vorticity region in the axial velocity and vor-
ticity fields, respectively. In DP case, the trajectories of TLVs from dif-
ferent blades are spread in parallel with the similar slope up to 2.5D, as
evident from Figs. 10(a) and 10(b). In PJP case, the slope of TLV tra-
jectory decreases abruptly around 1.2D, almost axially, implying that
there is not sufficient circumferential velocity to maintain the spiral
evolution of the TLV. Moreover, 8 distinct flow traces are visible in
Fig. 10(c), which has the same number with front stator blades. To fur-
ther explain the difference of TLV trajectories in DP and PJP cases, the

time-averaged circumferential velocities of the three transverse planes
are shown in Fig. 11. The circumferential velocity in the DP case is typ-
ically characterized by a negative sign and reaches its maximum value
in the hub vortex region, and its intensity is decreasing along the axial
direction. Obviously, the circumferential velocity in the wake field of
DP is generated by the rotating rotor, so that has a same sign with the
rotor rotating direction. However, the circumferential velocity in the
PJP case has a opposite sign compared to the DP case. In PJP design,
the front stator is designed to generate an appropriate negative pre-
swirl flow upstream of the rotor, which is expected to neutralize the
circumferential velocity generated by the rotating rotor to absorb tan-
gential energy. In our PJP case, the pre-swirl effect is not completely
offset in the wake field due to the imperfect design of the stator geome-
try, so the circumferential velocity has a positive sign. In short, the neg-
ative pre-swirl effects of stator lead to the weakening of the spiral
evolution of the TLV in the PJP case. Back to Fig. 10, it is observed
from the vorticity field of PJP that several secondary vortices are
induced on each TLV, splitting the TLV into short segments with the
similar length, thus disrupting the continuity of the TLV spirals. The
uniform incoming flow is divided by the front stator blades into 8 cir-
cumferentially distributed flow channels when it is entering the duct,

FIG. 10. Instantaneous axial velocity and vorticity distribution on the cylindrical cut plane at r/R¼ 0.84 for DP and PJP cases: (a) and (c) axial velocity for DP and PJP, and (b)
and (d) vorticity for DP and PJP.
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the traces of flow channels splitting are still evident in the wake field,
thus inducing secondary vortices of the TLV, this is also noticed by
Qin et al.39 For the hub vortex, it quickly destabilizes and breaks down
in PJP case owing to the more considerable perturbations from the
upstream stator trailing vortices. In the DP case, the hub vortex main-
tains the streamwise evolution for a longer distance and has a decreas-
ing swirl velocity with increasing distance from the rotor, as evident
from Figs. 6, 8, and 11.

To know the energy distribution in the wake field, the kinetic
energy, KE ¼ 0:5ðV2

x þ V2
y þ V2

z Þ and turbulence kinetic energy,
TKE ¼ 0:5ðV 02

x þ V 02
y þ V 02

zÞ for two cases are shown in axial and
transverse planes, respectively, as shown in Figs. 12–14. The KE
describes the energy transfer between the propeller and the fluid, and
the TKE is related to flow instability and turbulence generation.24 As
shown in Fig. 12, the KE distribution in the wake field of DP and PJP
is discontinuous, consistent with the features of the axial velocity in
Fig. 6. The KE in the wake field of PJP is higher than in that of DP,
and is mainly concentrated in the upper part of the slipstream. This
further indicates that the existence of the front stator is important for
improving the energy conversion between the rotating rotor and the
fluid in such propulsors. From the perspective of the transverse sec-
tions shown in Fig. 13, it is observed that the magnitude of KE
increases and then decreases from 0.7D to 2.3D in both cases. The evo-
lution of the STV brings a large kinetic energy gradient in the wake
field of PJP, thus resulting in a more chaotic kinetic energy field. In the
TKE field, it is evident that higher TKE values are concentrated in the
regions of the TLV and hub vortex in both the DP and PJP cases. In

the TLV region, the highest TKE values are observed near the outlet of
the duct. This is primarily due to the interaction between the DSV and
the TLV, which leads to the increased turbulence. As we move axially
downstream in the TLV, the TKE is progressively decreasing in both
cases, which is consistent with the understanding that turbulence tends
to dissipate and decrease as it travels downstream. Based on the previ-
ous analysis for vorticity fields, it is known that the TLV of PJP is more
unstable, so it generates a higher TKE than DP. On the other hand, the
hub vortex of DP appears to be stronger, hence resulting in a higher
turbulence level and with it more TKE than PJP.

B. Vortex structures

In this part, coherent vortical structures in the wake of DP and
PJP are visualized based on the omega vortex identification method
developed by Liu et al.40 In this method, the vorticity is decomposed
into vortical vorticity and non-vortical vorticity. A dimensionless
parameter X is introduced to identify the vortex, which refers to the
percentage of vortical vorticity to the overall vorticity for a vortex
structure, as shown in the following equation:

X ¼ b
aþ bþ e

; (6)

where a and b are the square of Frobenius norm of A and B, they are
a ¼ kAk2F and b ¼ kBk2F . A and B are the symmetric and antisymmet-
ric parts of the velocity gradient tensor rV , which is, respectively,
expressed as

FIG. 11. Instantaneous circumferential velocity distribution on different transverse planes of DP and PJP wake fields: (a)–(c) 0.7, 1.5, and 2.3D planes of DP; and (d)–(f) 0.7,
1.5, and 2.3D planes of PJP.
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A ¼ 1
2

rV þrVTð Þ; B ¼ 1
2

rV �rVTð Þ: (7)

A small positive parameter e is included in the denominator of Eq. (6)
to avoid nonphysical noises, it is empirically determined as

e ¼ 0:001� ðb� aÞmax.
41 In this study, the vortex structures are visu-

alized by the iso-surface with a thresholdX¼ 0.52.
As depicted in Fig. 15, the wake vortex structures of DP and PJP

models are well visualized, both including the TLV, the DSV and the

FIG. 13. Instantaneous KE distribution on different transverse planes of DP and PJP wake fields: (a)–(c) 0.7, 1.5, and 2.3D planes of DP; and (d)–(f) 0.7, 1.5, and 2.3D planes
of PJP.

FIG. 12. Instantaneous KE and TKE distribution on central-longitudinal plane of DP and PJP wake fields: (a) and (b) KE and TKE for DP case, and (c) and (d) KE and TKE for
PJP case.
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FIG. 14. Instantaneous TKE distribution on different transverse planes of DP and PJP wake fields: (a)–(c) 0.7, 1.5, and 2.3D planes of DP; and (d)–(f) 0.7, 1.5, and 2.3D planes
of PJP.

FIG. 15. Wake vortex structures of DP and PJP: (a) DP and (b) PJP.
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hub vortex. Specifically, the PJP also contains the STV, which is cutoff
by the rotor, generating numerous small-scale vortex structures down-
stream of the rotor. In the DP case, the TLV leaks out from the rotor
suction surface under the action of pressure difference and spirally
develops downstream with a progressive decrease in strength. Its entire
evolution is divided into three stages, namely, the stabilization stage
(before 1.8D), the TLV maintains a continuous spiral shape; the transi-
tion stage (1.8D–2.2D), the TLV is starting to get unstable with a grad-
ual disruption of the spiral trajectory; and the breakdown stage (after
2.2D), the TLV is completely broken down into numerous small-scale
vortex structures. These stages represent the different phases of the
TLV’s development and behavior, as characterized by the red dashed
lines in Fig. 15. In consistent with the previous flow field results, the
hub vortex is present throughout the wake field and develops in a
twisted manner. In the PJP case, the TLV shows short-wave instability
with sinusoidal wave before it leaves the duct, which is caused by peri-
odic fluctuation in incidence angle due to modulation of front stator to
the rotor incoming flow.39 The secondary vortices are gradually form-
ing and escaping from the TLV, thus destabilizing the TLV. The evolu-
tionary stage of TLV is considerably different from that in DP, which
are the stabilization stage (before 1.1D), the transition stage
(1.1D–1.8D) and the breakdown stage (after 1.8D).

Combined with the flow field analysis in Sec. III A, the differences
between the wake vortex dynamics of DP and PJP are summarized in
three aspects. First, the front stator of the PJP induces the STV, which
interacts with the rotor trailing vortices as well as the hub vortex, dete-
riorating the stability of its wake field. Second, the segmentation effect
of the front stator on the flow domain triggers the generation of sec-
ondary vortices of TLV and accelerates its destabilization. Finally, the
negative pre-swirl of the front stator largely absorbs the circumferential
velocity in the wake field and moderates the spiral behavior of the
TLV.

IV. DYNAMIC MODE DECOMPOSITION ANALYSIS
A. Theory

The DMD is widely used in fluid dynamics community as a
method to decompose complex flows into a simple representation
based on spatiotemporal coherent structures. Schmid et al.30,31 first
developed the DMD algorithm and demonstrated its ability in flow
field analysis. In this study, the standard DMD algorithm is employed
and its mathematical principle is briefly introduced.

As DMD is a data-driven analysis method, the modal informa-
tion is derived from time-resolved snapshots, the matrix used to collect
the flow data are expressed as

VN
1 ¼ v1; v2; v3;…vi;…; vN½ �; (8)

where vi is the ith instantaneous snapshot contains M spatial points,
and N is the total number of snapshots. DMD assumes there is a con-
stant linear mapping A connecting the flow field vi to the next viþ1,

viþ1 ¼ Avi: (9)

The snapshot matrix VN
1 can be written as a Krylov sequence,

VN
1 ¼ ½v1;Av1;…;AN�1v1�: (10)

It is assumed that vN can be expressed as a linear combination of
the previous N-1 snapshots,

vN ¼ c1v1 þ c2v2 þ � � � þ cN�1vN�1 þ r; (11)

where ci are the polynomial coefficient and r is the residual vector. By
combining Eqs. (10) and (11), it can be derived,

AVN�1
1 ¼ VN

2 ¼ VN�1
1 Sþ reTN�1; (12)

where eN�1 denotes the (N-1)th unit vector, and the companion
matrix S is described as

S ¼

0 c1
1 0 c2

. .
. . .

. ..
.

1 0 cN�2

1 cN�1

2
66666664

3
77777775
: (13)

To compute the matrix S, the singular value decomposition
(SVD) is commonly used for VN�1

1 , that is, VN�1
1 ¼ URWH . Based on

similarity transformation, the approximate matrix ~S ¼UHVN
2 WR�1,

where UH is a complex conjugate transpose of U. By calculating the
eigenvector yi and corresponding eigenvalue ki of ~S, the DMD modes
can be obtained,

/i ¼ Uyi: (14)

The different DMD modes are able to capture the spatial struc-
ture and temporal evolution of the propeller wake flow, and the modal
energy criterion defined by Eq. (15) is employed to select representa-
tive modes with higher modal energy,35

k/ik ¼ 1

kWHR�1yik
: (15)

The modal growth rate gi and modal frequency fi can also be
obtained from the real part and imaginary part of the eigenvalue ki,
respectively, as shown in the following equation:

gi ¼ Re ln kið Þ=Dt� �
;

fi ¼ Im ln kið Þ=Dt� �
=2p:

(16)

B. Dataset collection

The DMD technique is used to further investigate the coherent
structure in the DP and PJP wake fields. Shi et al.24,25 demonstrated
that the modes derived from the vorticity magnitude are capable of
capturing detailed wake vortex structures and their instabilities.
Therefore, the vorticity is also selected as the variable for modal
decomposition in this study. The modal analysis is carried out on one
central-longitudinal plane and three transverse planes (located at
0.7D,1.5D, and 2.3D) used in Sec. III A.

They contain 74 027, 26 375, 25 110, and 24 997 spatial data
points at an instant, respectively. In temporal dimension, datasets
with a sampling time interval Dt¼ 2.78� 10�4 s (2� of rotor rota-
tion) and a sampling duration of 4 rotor revolutions are collected,
with 720 snapshots in each case. The resultant sampling frequency
satisfies the Nyquist–Shannon criterion.42,43 The modal analysis
results for different planes are presented, respectively, in Secs.
IVC 1 and IVC 2.
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C. Modal analysis results

1. Central-longitudinal plane

The modal analysis is first carried out in the central-longitudinal
plane to investigate the axial evolution of the wake coherent structures in
both DP and PJP cases. Figure 16 presents the eigenvalues of various
orders of DMDmodes on the complex plane for both cases. The horizon-
tal scale denotes the real part of the eigenvalue and the vertical scale
denotes its imaginary part. It can be seen in both cases that most of the
eigenvalues lie on the unit circle, corresponding to stable or periodic
modes. A few eigenvalues lie within the unit circle, corresponding to con-
vergence modes. This reflects that the modal decomposition has favorable
convergence based on the constructed snapshot dataset, and the wake
flow in DP and PJP is both dominated by the periodic flow structures.32,34

To identify the modes contributing prominently to wake dynam-
ics of DP and PJP, the modal energy criterion defined in Eq. (15) is

used to illustrate the energy spectrum of different modes, as shown in
Fig. 17. The horizontal axis is dimensionless with the blade pass fre-
quency fBPF¼ 120Hz and the energy spectrum is shown in the fre-
quency range of the first 8fBPF with relatively higher energy. The mode
with j¼ 0 exhibits the highest energy, while the other dominant
modes are located at the fBPF and its integer multiples. The modal anal-
ysis primarily focuses on the first five modes with the highest energy,
which are named as mode 0–4, respectively. In Fig. 17, the modal
energy spectrum magnitude of the PJP wake field is found to be larger
than that of the DP wake field overall, which indicates that the PJP
wake field exhibits more complicated turbulent coherence structures.
In particular, the energy level of the modes in the PJP wake field is not
exactly decreasing with frequency as in DP. The energy level of mode 4
is higher than that of mode 3. As we know that the wake field charac-
teristics of PJP are commonly modulated by the stator and rotor, the
number of rotor and stator blades in this study is not mutually prime

FIG. 17. Energy spectrum on central-longitudinal plane of DP and PJP wake fields: (a) DP case and (b) PJP case.

FIG. 16. Distribution of DMD eigenvalues on central longitudinal plane of DP and PJP wake fields: (a) DP and (b) PJP.
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leading to rotor–stator resonance, which increases the energy value of
at j¼ 4 and its multiples. This will further increase the excitation force
of the propulsion system and should be avoided in the design.7,9

Figure 18 shows the coherent flow structures in the wake field of
DP and PJP corresponding to modes 0–4. The mode 0 with zero fre-
quency represents the time-averaging vorticity field. The high vorticity
is primarily located in the hub vortex and TLV regions. There is also a
clear vorticity downstream of the rotor in PJP generated by the

evolution of the STV. Comparing the DP and PJP cases, it can be
observed that the hub vortex in DP is stronger than that in PJP, and
the TLV in PJP looks more unstable than that in DP, which is consis-
tent with the instantaneous vorticity field shown in Fig. 8.

Figures 18(b) and 18(g) present the mode 1 for both DP and PJP
wake field. In DP case, the evolution of TLV is characterized by the
modal structures with alternating positive and negative values. It can
be clearly seen that the TLV is leaking from the duct and its topological

FIG. 18. DMD modes on central-longitudinal plane of DP and PJP wake fields: (a)–(e) modes 0–4 of DP, and (f)–(j) modes 0–4 of PJP.
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structure is relatively stable with a gradual decrease in intensity. In PJP
case, the TLV quickly splits into two parts after shedding from the
duct due to the generation of the secondary vortex structures. This
mode also highlights the evolution of STV downstream the rotor in
PJP, as evident from the small-scale modal structures behind the rotor
and near the hub.

The mutual interaction process between the DSV and TLV in the
near wake field can be clearly identified by mode 2 in both cases, as
shown in Figs. 18(c) and 18(h). It is evident that the shedding DSV is
merged with the TLV between 0.5 and 1.0D in DP case, as marked by
the black ellipse. In PJP case, the breakdown of the TLV coherent
structure is clearly shown, forming many small-scale vortex filaments
that evolve downstream in a triangular diffusion pattern. In addition,
the features of the hub vortex in both cases are also reflected by this
mode. The higher TKE region around the hub vortex in DP (about
1–1.7D) and PJP (about 0.5–1.1D) shown in Fig. 12 is highly correlated
with the modal structures of hub vortex indicated by mode 2. This fur-
ther suggests that mode 2 can represent the highly turbulent region of
the hub vortex. Modes 3 and 4 are largely correlated with the axial evo-
lution of the rotor trailing vortices in DP and PJP cases. As shown in
Figs. 18(d) and 18(e), the blade trailing vortex sheds from the trailing
edge of rotor due to the spanwise variation of the blade circulation,
and it gradually weakens in the far wake field with viscous dissipation.1

In PJP case, the spatial scale of the rotor wake represented by modes 3
and 4 is smaller than in DP, and this modal feature is indistinguishable
beyond 1.6D, as shown in Figs. 18(i) and 18(j). The mutual interaction
between the small-scale vortex filaments of STV and the rotor blade
trailing vortex leads to the rapid disintegration of the rotor wake in
PJP case. Moreover, it is observed that the modal structure of DSV is
still evident in the modes 3 and 4 of DP case, and the decomposing
small-scale TLV structures are visible in the modes 3 and 4 of PJP case.

2. Transverse planes

The modal analysis is also carried out on three different trans-
verse planes along the axial direction. From the vortex topologies
shown in Fig. 15, it can be seen that these three planes are, respectively,
located in the stable, transition and breakdown regions of the PJP

wake field, so they can be representatively compared with the DP wake
field to know the evolution mechanism differences between them.

Figures 19–21 illustrate the modal energy spectra of the three
planes in DP and PJP cases. It is observed that the energy level progres-
sively decreases streamwise in both cases, and decreases more rapidly
in PJP. In Fig. 19, the overall magnitude of the energy spectrum cover-
ing the 8fBPF frequency range in PJP is higher than in DP at 0.7D.
However, the energy spectrum value of PJP decreases remarkably at
1.5D and similarly at 2.3D, as evident from Figs. 20(b) and 21(b). This
indicates that the PJP wake field with more complex coherent struc-
tures under the co-modulated of the stator and rotor. Consequently,
the mutual interaction of different scale vortex structures will also be
stronger, thus triggering the instability of the wake vortex system ear-
lier and causing a faster dissipation of its modal energy. Comparing
the energy spectra of DP and PJP, it can be found that the energy spec-
trum characteristics of PJP are mainly dominated by the fBPF and its
multiples in three transverse planes. However, the energy spectrum
features are not completely dominated by the fBPF and its multiples in
DP case. It can be seen from Fig. 19(a) that a mode with the second
highest energy appears at f¼ 283.7Hz, which dominant in the modal
structure of this plane. This special mode is labeled as mode A.
Furthermore, the same observation is found in the 1.5D plane, as
shown in Fig. 20(a), where there are two modes with higher modal
energy located at f¼ 58Hz and f¼ 195Hz, labeling them as mode B
and mode C, respectively. In Fig. 21(a), it is found that the flow struc-
ture in this plane is mainly characterized by the averaged vorticity field
represented by the zero frequency. The second highest energy mode is
labeled as mode D. These four special modes will be analyzed later via
the modal structures to understand their origination. From the analysis
of energy spectrum in different transverse planes, it is concluded that
the streamwise evolution pattern of PJP wake structures is completely
different from that of DP.

To further understand the flow details of the wake field at differ-
ent evolution stages in DP and PJP cases, the modal structures located
at j¼ 1to j¼ 4 are visualized in three transverse planes, and these
four modes are also named as modes 1–4, as shown in Figs. 22–24. In
the DP case, the mode 1 characterizes the main TLV structures and
the rotor trailing vortices, it can be clearly seen from Fig. 22(a) that six

FIG. 19. Energy spectra on 0.7D transverse plane of DP and PJP wake fields: (a) DP case and (b) PJP case.
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pairs of modal structures with alternating positive and negative values
appear in the rotor wake core region and the TLV developing region,
respectively. The mode 2 identifies the mutual interaction between the
rotor trailing vortices and the adjacent TLV, and also interaction
between the TLV and the DSV. It is clearly seen in Fig. 22(b) that two
layers of modal structures are distributed along the circumferential
direction with a slight phase difference. The outer layer with lower
intensity represents DSV, and the inner layer with higher intensity
denotes TLV. They are fused together but not changing the topology
of each one. Moreover, the roll-up process of the rotor trailing vortices
can also be clearly seen. The upper part of the rotor trailing vortices is
in contact with the inner side of the TLV. The modes 3 and 4 mainly
reflect the axial evolution of the rotor trailing vortices, and the modal
structures of DSV and TLV are still visible. Figures 22(e)–22(h) show
the different orders of modes at 0.7D plane in PJP case. In mode 1, the
TLV appears more turbulent than in DP, and the STV is apparent in
this mode, while the rotor trailing vortices are completely disrupted
and poorly distinguished. In mode 2, the interaction between the TLV

and DSV looks stronger and more disordered. The more chaotic rotor
wakes are presented by modes 3 and 4, and the disordered mutual
interaction between the rotor trailing vortices and the TLV can be
identified by these two higher order modes instead of mode 2.

In Fig. 23, the TLV of DP still remains stable as seen from mode
1, while the rotor trailing vortices undergo circumferential and radial
diffusion accompanied by a more chaotic turbulent structure of vari-
ous scales, as evident from Fig. 23(a). In mode 2, the TLV and DSV
are no longer interacting with each other as their intensities decrease.
For PJP case, the wake coherent structures are in the transition stage
from stable to complete disintegration, the wake field is completely
chaotic and loses its stability in this plane, the TLV and rotor trailing
vortices are mixed together and indistinguishable in all the four differ-
ent modes. At 2.3D plane shown in Fig. 24, the TLV of DP shows sig-
nificant circumferential diffusion with more unstable modal structures,
as seen from mode 1. Compared to the flow field at 0.7 and 1.5D
planes, the viscous dissipation process of the rotor trailing vortices in
DP case can be clearly identified by the mode 4. The wake structures

FIG. 21. Energy spectra on 2.3D transverse plane of DP and PJP wake fields: (a) DP case and (b) PJP case.

FIG. 20. Energy spectra on 1.5D transverse plane of DP and PJP wake fields: (a) DP case and (b) PJP case.
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of PJP still develop in a chaotic manner in this plane. Some small-scale
modal structures fused into large-scale structures, as seen from mode
1. Conversely, some large-scale structures also decomposed into
smaller ones accompanied by radial diffusion, and some of them
completely dissipated by viscous effects, as evident from modes 2–4.

Finally, several special modes that play a dominant role in the
energy spectrum of different transverse planes in DP case are
extracted and analyzed. The modal structures of modes A to D
that have been labeled in the energy spectrum are shown in
Fig. 25, where the mode A is extracted from the vorticity field of

FIG. 23. DMD modes on 1.5D transverse plane of DP and PJP wake fields: (a)–(d) modes 1–4 of DP and (e)–(h) modes 1–4 of PJP.

FIG. 22. DMD modes on 0.7 D transverse plane of DP and PJP wake fields: (a)–(d) modes 1–4 of DP, and (e)–(h) modes 1–4 of PJP.
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0.7D plane with a characteristic frequency f¼ 283.7 Hz, the modes
B and C are extracted from 1.5D plane with characteristic frequen-
cies f¼ 58Hz and f¼ 195Hz, the mode D is obtained from 2.3D
plane with a characteristic frequency f¼ 47.8 Hz. It is evident in
Fig. 25 that that the modal structures of the four special modes are
mainly concentrated in the hub vortex region. This indicates that
the axial evolution of the hub vortex plays an important role in the
wake dynamics of DP in this study, and dominates the energy
spectrum characteristics of different transverse planes. In addi-
tion, it is found that the dominant mode frequency of the hub vor-
tex shifts from the higher frequency f¼ 283.7 Hz to the lower
frequency f¼ 47.8 Hz along the streamwise direction, which is
more related to the energy transfer process in the propeller wake
field.5

V. CONCLUSION

In this study, the delayed detached eddy simulations are carried
out to investigate the wake dynamics of DP and PJP, with the purpose
of evaluating the effects of pre-swirl stator and stator–rotor interaction
on the evolution of wake coherent structures and destabilization mech-
anisms of a PJP system. The DP model is obtained by removing the
pre-swirl stator from the PJP in order to ensure comparable results.
The hydrodynamic loading tests and flow field visualization are con-
ducted for the PJP system in open water conditions. Numerical results
are qualitatively and quantitatively verified based on experimental data
and demonstrated reasonable accuracy. Then, the wake field character-
istics of the DP and PJP models are comparatively analyzed by means
of flow physical quantities analysis, three-dimensional vortex structure
identification, and modal analysis technique.

FIG. 25. Four special DMD modes on different transverse planes of DP wake field: (a) mode A, (b) mode B, (c) mode C, and (d) mode D.

FIG. 24. DMD modes on 2.3D transverse plane of DP and PJP wake fields: (a)–(d) modes 1–4 of DP and (e)–(h) modes 1–4 of PJP.
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The existence of a pre-swirl stator increases the hydrody-
namic loading of the PJP system by optimizing the rotor incoming
flow, meanwhile, it also contributes to the instability of the wake
field. The trailing vortices induced by the stator are cutoff by the
rotating rotor to form numerous small-scale vortex filaments,
which further mutually interact with the rotor trailing vortices and
hub vortex, accelerating their diffusion and viscous dissipation
along the radial and axial directions. The TLV plays an important
role in the wake dynamics of both DP and PJP models. Compared
with DP, the stator–rotor interaction causes the TLV to experience
sinusoidal fluctuations before leaking out of the duct. The splitting
effect of the stator on the fluid propagates to the wake field, which
induces the TLV secondary vortices and destroys the continuity of
the TLV spiral topology, thereby accelerating its instability. The
negative pre-swirl of the stator largely absorbs the circumferential
velocity in the wake field and moderates the spiral behavior of the
TLV.

The dominant flow structures and mutual interaction pro-
cesses can be captured by modal features at different characteristic
frequencies obtained from DMD analysis. The PJP wake field is
dominated by modal features at fBPF and its multiples, while some
special modes related to hub vortex evolution contribute signifi-
cantly to the wake field characteristics of DP. The dominant struc-
ture of the TLV is identified by the mode 1 located at fBPF. The
mutual interaction between DSV and TLV and the interaction pro-
cess between the rotor wake and adjacent TLV are characterized by
the mode 2 at 2fBPF. The viscous dissipation of the rotor wake
along the axial direction is identified by the modes 3 and 4.
Compared to other interaction mechanisms, the multi-modulation
of stator on the wake field dominates the wake dynamics and the
underlying instability mechanism of the PJP.
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