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A B S T R A C T

In this work, we investigate the wake characteristics of an underwater vehicle (i.e., the DARPA Suboff
submarine model) using large-eddy simulation with the hull and appendages represented by the curvilinear
immersed boundary method, and the propeller parameterized using an actuator disk (AD) model. Two cases
with and without the AD propeller are carried out. The results show that the near wake for the case with the
AD propeller is featured by an inner velocity-deficit region mainly due to the hull, a jet from the propeller,
and an outer velocity-deficit region mainly caused by the fins and the sail. In the far wake, the interaction
between the propeller’s jet and the sail’s wake dominates the upper region. As for the turbulence statistics, the
peak magnitudes and positions of the Reynolds stresses and the levels of the power spectral density at certain
frequencies are affected by the AD propeller in different ways at different downstream locations.
1. Introduction

Wakes are of interest in numerous practical applications, such as
airplanes, cars, ships, and underwater vehicles. The present work is
focused on the wake of the Defense Advance Research Projects Agency’s
(DARPA) Suboff submarine model (Groves et al., 1989), a notional
geometry for investigating hydrodynamics of underwater vehicles. The
flows around this vehicle surface are featured by flow structures over
a variety of scales, ranging from small protrusions on the surface to
the scales of the propeller and the hull. The computational demand
is high for capturing all the relevant scales, especially when the far
wake evolution is of interest. In this work, we employ a sharp interface
immersed boundary method with a wall model to simulate the flow
over the hull with appendages, and an actuator disk model to model
the effect of the propeller as shown in Fig. 1, with a focus on the
characteristics in the far wake of the DARPA Suboff model.

In the literature, the flow over the Suboff model or its variants
have been carried out in a number of experimental and numerical
studies (Huang et al., 1994; Jiménez et al., 2010a; Posa and Balaras,
2016; Liu et al., 2021b). Huang et al. (1994) conducted experiments
on the flow over the stern on several Suboff model configurations,
both with and without appendages. Their measurements showed that
the boundary layer on the stern is strongly affected by the adverse
pressure gradient. Jiménez et al. (2010a) conducted experiments on
the wake turbulence of an axisymmetric Suboff-like body over a wide
range of Reynolds numbers in a wind tunnel, revealing self-similarity
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of the mean velocity profiles in both midline plane and planes away
from the midline plane. The self-similarity of the second-order statistics
(e.g., the Reynolds stresses), on the other hand, was not observed up
to 15 diameters downstream from the stern, and the statistics were
strongly affected by the necklace vortices trailing from the base of the
fins in the near wake. The evolution of the intermediate wake was
also compared with those from experiments on the Suboff model with
stern fins (Jiménez et al., 2010b), showing that the fins yielded velocity
deficits in the outer region of the wake and increasing turbulence
intensities behind the fin tips. Overall, these experiments demonstrated
the complex dynamics of the near wake, especially for cases of Suboff
model with appendages. Furthermore, the unavoidable support for the
experimental Suboff model imposes extra influence on the flow statis-
tics, e.g., the asymmetry of the wake, the reduced level of turbulence
intensities, and the shear stress, as reported in the literature (Jiménez
et al., 2010a,b).

Large-eddy simulation (LES) has been employed in the literature
for predicting and understanding the wake characteristics of the Suboff
model. Kumar and Mahesh (2018) employed wall-resolved large-eddy
simulation (WRLES) to capture the near-wall flow structures and the
wake evolution on a bare Suboff model at 𝑅𝑒 = 1.1× 106 (the Reynolds
number based on the free-stream velocity and the length of the body).
Consistent with the experimental results (Jiménez et al., 2010a), the
self-similarity in the mean streamwise velocity was observed in their
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Fig. 1. The geometry of the DARPA Suboff model with appendages and an actuator disk for the propeller.
simulation results. Zhou et al. (2020) performed an LES of the turbulent
flow over an axisymmetric body of revolution with the length-to-
diameter ratio of 3.17 at 𝑅𝑒 = 1.9 × 106, found that the tail-cone
boundary layer behaved more like an axisymmetric wake and the
velocity statistics agreed with the experimental data (Hickling et al.,
2019). As for the Suboff with appendages, Posa and Balaras (Posa and
Balaras, 2016) reported a WRLES at 𝑅𝑒 = 1.2 × 106, found that the
shear layer from the trailing edge of the fins significantly affects the
wake characteristics and observed a bimodal distribution in the profiles
of Reynolds stresses. To reveal the Reynolds number effects on the
structure of the boundary layer over the stern and the near wake, Posa
and Balaras (2020) carried out LES of the flow around the Suboff model
with appendages up to 𝑅𝑒 = 1.2 × 107. They found that the growth
of the boundary layer thickness over the stern due to the adverse
pressure gradient is almost independent of the Reynolds number. In the
near wake, the bimodal distribution of the turbulent stresses is very
similar for the two Reynolds numbers considered. However, it is still
prohibitively expensive to employ the WRLES for the hydrodynamics
at full scale of a practical ship, for which the Reynolds number can
be as high as 109 (Stern et al., 2013; Liu et al., 2021a), because of the
extremely high resolution required to resolve the viscous scale near the
wall.

Wall-modeled large-eddy simulation (WMLES), in which the small-
scale turbulence near the wall is modeled, provides a computationally
affordable way for simulating the flow over the Suboff model at high
Reynolds numbers. Alin et al. (2010) reviewed the WMLES, detached
eddy simulation (DES), and Reynolds-averaged Navier–Stokes (RANS)
for simulating the flow around the Suboff model with and without
appendages, and showed that the WMLES gives the best representa-
tion of the flow structures and the second-order statistics of velocity.
Subsequently, Liefvendahl and Fureby Liefvendahl and Fureby (2017)
reviewed the grid resolution requirements for WRLES and WMLES for
ship hull hydrodynamics at both model and full-scale. WMLES was also
employed for certain parts of the Suboff model (e.g., the flow along
the mid-body) in WRLES (Posa and Balaras, 2020; Zhou et al., 2020).
WMLES on the flows around a bare hull model was carried out by Shi
et al. (2019). A good agreement with experimental results was observed
for the pressure and the skin-friction coefficients on the body and the
streamwise velocity in the wake.

Another challenge in simulating the far wake of the Suboff model
is caused by the propeller. In the literature, the flow through a pro-
peller has been simulated with different fidelities. Balaras et al. (2015)
employed 3.3 billion grid nodes in a geometry-resolved WRLES of the
INSEAN E1619 propeller under open water condition and captured the
dynamics of the tip vortices and their footprint on the statistics of
the wake. Kumar and Mahesh (2017) simulated the wake of a five-
bladed propeller using WRLES on unstructured grids and analyzed the
phase-averaged and azimuthal-averaged flow fields in detail. Posa and
Broglia (2022) reported the LES of a system of a marine propeller and
a hydrofoil using 4 billion grid nodes, in which a detailed analysis
2

of the overall wake is presented, especially the turbulent fluctuations.
Even for the Suboff model with appendages and a propeller, Posa
and Balaras (2018) reported the WRLES results at 𝑅𝑒 = 1.2 × 106 in
towed and self-propelled conditions using 2.8 and 3.5 billion nodes,
respectively. The comparison showed that the boundary layer over
the mid-body is almost unaffected by the propeller, but the bimodal
distribution of turbulent stresses in the near wake is replaced by an
axial peak, caused by the instability of the hub vortex. Using WMLES
with the curvilinear immersed boundary (CURVIB) method, Liao et al.
(2020b) simulated the flow around a propeller in crashback mode, in
which the propeller rotates in the reverse direction to decelerate an
advancing underwater vehicle. They found that the requirements of
grid resolution are different for accurately predicting different flow
quantities, in which the side-force coefficient and mean velocity are
less sensitive than the thrust force coefficient and turbulence kinetic
energy (TKE), and are different for different regions, that the near wake
region and the region around the blade are more sensitive than the far
wake region. To alleviate the grid requirement for geometry-resolved
simulations, Liao et al. (2020a) proposed an actuator surface model for
LES of propeller wake, which employs a separate RANS simulation to
compute the force coefficients on the surface and apply the obtained
force to the actuator surface of the propeller.

In this work, we investigate the wake characteristics of the Suboff
model with/without a propeller up to six-hull-length downstream using
a multi-fidelity method (Zhou et al., 2021), in which the hull with
appendages is simulated using the curvilinear immersed boundary
method and the propeller is parameterized using an actuator disk
model. We first show the global flow statistics of the Suboff model with
appendages and then investigate the effect of the propeller on the wake
characteristics by examining the time-averaged flow fields.

The rest of the paper is organized as follows. In Section 2, the LES
solver, the CURVIB method, and the actuator disk model employed
in this work are briefly described. The simulation setup of the cases
is shown in Section 3. The obtained results are then presented in
Section 4. At last, the conclusions are drawn in Section 5.

2. Methodology

In this section, we describe the employed multi-fidelity method
including the CURVIB method for simulating the turbulent flow around
the hull with appendages in Section 2.2 and the actuator disk model for
modeling the propeller in Section 2.3.

2.1. LES solver

We employ the Virtual Flow Simulator (VFS-Wind) (Yang et al.,
2015b,a; Calderer et al., 2015) code for LES of the turbulent flows. The
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governing equations are the three-dimensional, unsteady, spatially fil-
tered incompressible Navier–Stokes equations in non-orthogonal, gen-
eralized curvilinear coordinates, shown as follows:
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where 𝑖, 𝑗, 𝑙 = 1, 2 and 3 represents the 𝑥, 𝑦, and 𝑧 axis respectively.
𝐽 is the Jacobian determinant of the transformation matrix, 𝑥𝑖 and
𝑖 represent the Cartesian and curvilinear coordinates, respectively.
𝑖
𝑙 = 𝜕𝜉𝑖∕𝜕𝑥𝑙 represents the transformation metric of the coordinates.
𝑖 is the 𝑖th component of the velocity vector in Cartesian coordinates.
𝑖 = (𝜉𝑖𝑚∕𝐽 )𝑢𝑚 is the contravariant volume flux. 𝑔𝑗𝑘 = 𝜉𝑗𝑙 𝜉

𝑘
𝑙 represents

he contravariant metric tensor. 𝜌f, 𝜇f and 𝑝 are the density, the dynamic
iscosity and the pressure, respectively. 𝑓𝑙 represents the body force
ntroduced by the actuator disk model and the immersed boundary
ethod. In the momentum equation, 𝜏𝑙𝑗 represents the anisotropic
art of the subgrid-scale (SGS) stress tensor, which is modeled by the
ynamic eddy viscosity model,

𝑙𝑗 −
1
3
𝜏𝑘𝑘𝛿𝑙𝑗 = −2𝜈𝑡𝑆𝑙𝑗 , (3)

where 𝑆𝑙𝑗 is the filtered strain-rate tensor and 𝜈𝑡 is the eddy viscosity
alculated by

𝑡 = 𝐶𝛥2
|𝑆|, (4)

where 𝐶 is the model coefficient calculated dynamically using the
procedure of Germano et al. (1991), |𝑆| =

√

2𝑆𝑙𝑗𝑆𝑙𝑗 and 𝛥 = 𝐽−1∕3

is the filter size, where 𝐽−1 is the cell volume.
The governing equations are discretized in space using the second-

order central difference scheme and advanced in time using the second-
order accurate fractional step method. An algebraic multigrid acceler-
ation along with generalized minimal residual method (GMRES) solver
is used to solve the pressure Poisson equation. A matrix-free Newton–
Krylov method is used for solving the discretized momentum equation.
More details about the flow solver can be found in the literature (Ge
and Sotiropoulos, 2007; Kang et al., 2011; Yang et al., 2015b).

2.2. The CURVIB method

The curvilinear immersed boundary method
(Gilmanov and Sotiropoulos, 2005; Ge and Sotiropoulos, 2007) is em-
ployed to simulate the effect of the hull with appendages on the
surrounding flow, in which the governing equations are discretized and
solved on non-body-fitted grids. For variants of the CURVIB method
developed for different applications, readers can refer to these pa-
pers (Borazjani et al., 2008; Khosronejad et al., 2011; Kang et al., 2011;
Le and Sotiropoulos, 2013; Gilmanov et al., 2015).

In the CURVIB method, the surface of the solid body is discretized
using unstructured triangular meshes superposed on the background
grid. The background grid nodes in general do not coincide with
the surface meshes, that the boundary conditions cannot be applied
directly. According to the location with respect to the position of the
body, the background grid nodes are classified into the fluid nodes and
the solid nodes. The solid nodes that fall inside the body are blanked
out from the simulation. The fluid nodes that are located in the fluid
but with at least one neighbor in the solid are further identified as the
IB nodes, where the boundary conditions are applied.

For direct numerical simulation and wall-resolved LES, the velocity
at the IB nodes can be interpolated from the fluid nodes and the velocity
at the boundary in the wall-normal direction. For wall-modeled LES, the
3

t

linear interpolation is not suitable. In the present study, the simplified
thin boundary layer equation is solved in the wall-normal direction on a
one-dimensional grid to compute the wall shear stress, which is written
as
𝜕
𝜕𝑦

[

(

𝜈 + 𝜈𝑡
) 𝜕𝑢
𝜕𝑦

]

= 0, (5)

where 𝑦 is the coordinate in the wall-normal direction, 𝑢 is the wall-
tangential velocity, and 𝜈𝑡 is the turbulent viscosity modeled using the
mixing-length model with the van Driest damping function. With the
computed wall shear stress, the flux at the control surface next to the
IB node is constructed to serve as the boundary conditions for the outer
flow simulations (Yang et al., 2010).

2.3. Actuator disk model

The actuator disk model is employed to take into account the
effect of propeller on the flow. The force of the propeller 𝐅propeller is
etermined by the instantaneous hydrodynamic drag 𝐅drag of Suboff
nd the acceleration, which can be expressed as follows:

propeller = 𝐅drag +𝑀 𝑑𝐕
𝑑𝑡

, (6)

where 𝑀 and 𝐕 are the mass and the velocity of the Suboff, respec-
tively. The obtained thrust force is then distributed on a disk with an
equivalent radius. In the present work, a relatively simple situation is
considered, that (1) the acceleration of the Suboff is zero; (2) the force
distribution on the actuator disk is assumed to be uniform; (3) only the
hydrodynamic force in the axial direction is considered, i.e., the tangen-
tial force exerted by the propeller rotation is neglected. The obtained
force on the actuator disk is spread to the surrounding background grid
nodes using the smoothed discrete delta function (Yang et al., 2009).

Employing an actuator-disk representation of the propeller was
based on the following reasons: (1) Our previous work of a different
propeller (Liao et al., 2020a) has shown that the tip vortices are only
prevalent in the very near wake, and the rotational motion of the
wake become less significant in the far wake at about 11 diameters
downstream of the propeller; (2) The information of the propeller for
the DARPA suboff is not available, which prohibits the use of advanced
models, e.g., the actuator surface model or the geometry-resolved
method, in this work.

3. Simulation setup

In this section, the setup for the simulated cases is presented. As
seen in Fig. 1, the bare hull of the DARPA Suboff is axis-symmetric
and is consists of a streamlined forebody, a parallel middle body, and
a stern with contraction in the radial direction. The appendages consist
of a sail and four stern fins. The propeller, modeled using the actuator
disk, is placed downstream of the fins. The radius (𝑟 = 0.258𝐷) and the
position (𝑥 = 8.225𝐷) of the actuator disk are set according to Özden
t al. (2016), where 𝐷 denotes the diameter of the middle body.

In order to simulate the far wake in a computationally efficient
ay, two separate simulations, i.e., a simulation with the Suboff model
nd a simulation for the far wake, were carried out. In the simulation
ith the Suboff model, the Reynolds number based on the length of

he Suboff 𝐿 = 8.6𝐷 is equal to 𝑅𝑒 = 𝑈0𝐿∕𝜈 = 1.2 × 107, where
0 denotes the velocity of incoming flow, 𝜈 denotes the kinematic
iscosity of the fluid. At the inlet, a uniform inflow superimposed
ith the velocity fluctuations (the turbulence intensity is approximately
%), which are generated using a synthetic turbulence approach Mann
1998), is imposed. Free-slip boundary condition is imposed on the
omputational boundaries in the spanwise and vertical directions. At
he outlet, the Neumann boundary condition is employed.

The Suboff model is placed at zero angle of attack and zero yaw
ngle with respect to the inflow, as shown in Fig. 2. The origin of

he coordinate system coincides with the nose of the hull. In this
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Fig. 2. (a) Computational domain with the 𝑥𝑂𝑦 plane of the Cartesian background grid (1 in every 5 nodes is shown) and the Suboff model with appendages; (b) the unstructured
surface mesh for the Suboff model with sail; (c) the unstructured surface mesh for the actuator disk and fins.
Table 1
Details of the grid spacing (𝛥ℎ) and number of grid nodes (𝑁) at different locations. For the grid spacing, ‘‘u’’ denotes the
uniform grid, ‘‘r’’ and ‘‘l’’ denote the non-uniform grid defined using the tanh function, with the smallest grid cell on the
right and left side, respectively.
𝑥∕𝐷 ∈ [−2.6, −0.4] [−0.4, 2.0] [2.0, 6.0] [6.0, 16.0] [16.0, 23.2]

𝑁 35 80 90 500 135

𝛥ℎ∕𝐷 0.03 (r) 0.03 (u) 0.03 (l)
0.02 (r)

0.02 (u) 0.02 (l)

𝑦∕𝐷 ∈ [−4.3, −1.2] [−1.2, 1.2] [1.2, 4.3]
𝑁 100 300 100
𝛥ℎ∕𝐷 0.008 (r) 0.008 (u) 0.008 (l)

𝑧∕𝐷 ∈ [−4.3, −1.2] [−1.2, 1.2] [1.2, 4.3]
𝑁 100 300 100
𝛥ℎ∕𝐷 0.008 (r) 0.008 (u) 0.008 (l)
coordinate system, the sail approximately occupies the region [1.82𝐷,
2.54𝐷] × [0.495𝐷, 0.905𝐷] × [−0.066𝐷, 0.066𝐷], in the streamwise
(𝑥), vertical (𝑦) and spanwise (𝑧) directions, respectively. The region
[7.49𝐷, 7.89𝐷] × [0.162𝐷, 0.48𝐷] × [−0.041𝐷, 0.041𝐷] is occupied by
the upper stern fin, and the other three stern fins are located at 90, 180
and 270 degrees in the azimuthal directions, respectively. The extent
of the computational domain in the streamwise, vertical and spanwise
directions is [−2.6𝐷, 23.2𝐷]×[−4.3𝐷, 4.3𝐷]×[−4.3𝐷, 4.3𝐷], with grid
numbers 841 × 501 × 501. The grid is locally refined near the Suboff
model and stretched outwards. Table 1 shows the number of grids and
grid spacings in different regions.

For the far wake simulations, the computational domain is extended
to approximately 6.0𝐿 downstream. The inflow is obtained from the
flow fields at 𝑥∕𝐷 = 16.0 of the simulation with Suboff model. The mesh
for the wake simulation is coarser in the crosswise directions as there is
no need to resolve the boundary layer around the Suboff model. Table 2
shows the details of the computational domain, the grid spacing, and
the number of grids at different locations. The computational cost of
the simulations is shown in Appendix A. To test the grid dependence
of the simulation results, the WMLES results on the grid (medium) in
Table 1 are compared with those from the simulations on a coarse grid
and fine grid in Appendix B.
4

Table 2
Details of the computational domain, grid spacing (𝛥ℎ) and number of
grids (𝑁) at different locations for the continuous wake simulation. The
symbol notations are similar to Table 1.
𝑥∕𝐷 ∈ [16.0, 60.0]
𝑁 1100
𝛥ℎ 0.04 (u)

𝑦∕𝐷 ∈ [−4.3, −0.6] [−0.6, 0.6] [0.6, 4.3]
𝑁 60 60 60
𝛥ℎ 0.02 (r) 0.02 (u) 0.02 (l)

𝑧∕𝐷 ∈ [−4.3, −0.6] [−0.6, 0.6] [0.6, 4.3]
𝑁 60 60 60
𝛥ℎ 0.02 (r) 0.02 (u) 0.02 (l)

4. Results and discussion

4.1. Global flow field

In this section, we compare the flow fields around the Suboff
model with/without the propeller. Fig. 3 compares the pressure and
friction coefficients obtained from the present WMLES with/without
AD propeller. These coefficients are defined as follows:

𝐶𝑝 =
𝑃 − 𝑃ref
1 2

, 𝐶𝑓 =
⟨𝜏𝑤⟩
1 2

, (7)

2𝜌𝑈0 2𝜌𝑈0
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Fig. 3. Comparisons of pressure coefficient 𝐶𝑝 and skin-friction coefficient 𝐶𝑓 obtained from the present WMLES of the Suboff model with and without AD, and experiment
of Huang et al. (1994) at different profiles: (a∼b) 𝑧 = 0, 𝑦 > 0, (c∼d) 𝑧 = 0, 𝑦 < 0 and (e∼f) 𝑧 = 𝑦, 𝑦 < 0.
where 𝑃 is the time-averaged pressure and 𝑃ref = 0 is the refer-
ence pressure in the far field, 𝜏𝑤 denotes the wall shear stress. When
post-processing the results to compute 𝐶𝑓 , we calculate 𝜏𝑤 using the
Werner–Wengle (WW) model (Werner and Wengle, 1993), which pro-
vides an explicit way for computing 𝜏𝑤 and is similar to the wall model
employed in WMLES.

In Figs. 3(a)–(f), both the 𝐶𝑝 and 𝐶𝑓 exhibit good consistency
between the cases with and without the AD propeller at most parts of
the hull surface, indicating that the disk has a minor influence on the
5

upstream flow surrounding the hull. The major differences are located
near the disk (𝑥∕𝐿 ≈ 0.956), with an increased 𝐶𝑝 and 𝐶𝑓 in the region
behind the disk caused by the pressure jump and velocity acceleration
due to the AD propeller. In front of the disk, the 𝐶𝑝 is decreased, while
the 𝐶𝑓 is slightly increased.

When comparing the present simulation with the experimental re-
sults, the 𝐶𝑝 computed from the case without the AD propeller, in
general, agrees with that in the literature (Huang et al., 1994), as
shown in Fig. 3(e). The only difference is observed at the fore part
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Fig. 4. Time-averaged streamwise velocity at the two-dimensional slice of 𝑧 = 0.0 (a∼b) and 𝑦 + 𝑧 = 0.0 (c∼d): (a)(c) Suboff model with AD; (b)(d) Suboff model without AD. In
(a) and (c), the bottom right figures show the planes on side view.
𝑥∕𝐿 = 0.03, where the 𝐶𝑝 computed in this work is smaller than those in
the experiment. As for the 𝐶𝑓 in Fig. 3(f), the agreement is acceptable
considering the relatively coarse grid employed in this work. The major
difference lies near the aft part of the body with an underpredicted
𝐶𝑓 , which is probably due to the effect of the pressure gradient is not
modeled in the wall model. The comparison of the 𝐶𝑝 and 𝐶𝑓 from the
WMLES and the WRLES of Posa and Balaras (2020) was done in our
previous work (Zhou et al., 2021), with a similar case setup.

Figs. 4 and 5 compare the contours of time-averaged streamwise
velocity 𝑈 and pressure 𝑃 at two slices along the centerline of the
hull with different azimuthal angles, one located at the 𝑧 = 0.0 plane
passing through the sail and one fin (a∼b), the other one located at
the 𝑦 + 𝑧 = 0.0 plane with inclined 45◦ to avoid passing through
the appendages (c∼d). The black line behind the fins represents the
actuator disk. As seen in (b) and (d) of Figs. 4 and 5, the effect of the
appendage is apparent, i.e., a low speed wake in its downstream and
a pressure rise in its upstream. The low-speed wake downstream the
sail in Fig. 4(b) is observed extending along the hull surface, making
the wake downstream the Suboff asymmetric. Comparing Fig. 4(a) and
(b), the actuator disk accelerates the downstream flow to generate a
6

long-extended high-speed jet region. As for the comparison shown in
Fig. 5(a) and (b), the actuator disk causes a pressure jump in the wake
region downstream of the fins, while the extent of the high-pressure
region downstream the disk becomes larger, beyond which it recovers
quickly to the ambient pressure.

Then in Fig. 6 we examine the flow field on the two-dimensional
slices located at different streamwise locations. As seen, the flows are
similar for cases with/without the AD propeller, for 𝑥∕𝐷 = 1 to 7
(i.e., the fore and middle part of the hull). At 𝑥∕𝐷 = 8, the flow
experiences significant deceleration while passing through the stern,
and the AD propeller confines slightly the size of the low-speed wake
region in Fig. 6(a) when compared with Fig. 6(b). In the near wake
of the Suboff without the AD propeller at 𝑥∕𝐷 = 9, 10 (Fig. 6 b), the
velocity-deficit has a diamond shape and is distributed asymmetrically
in the upper and lower parts of the wake due to the cross-shape stern
rudders and the sail. The AD propeller introduces a high-speed round
jet along the centerline and accelerates the recovery of the velocity in
the velocity-deficit regions.
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Fig. 5. Time-averaged pressure distribution at the two-dimensional slice of 𝑧 = 0.0 (a∼b) and 𝑦+𝑧 = 0.0 (c∼d): (a)(c) Suboff with AD propeller; (b)(d) Suboff without AD propeller.
4.2. Wake characteristics

After showing the global flow field, in this section we examine the
effect of the AD propeller on the wake characteristics of the Suboff,
especially in the far wake region. Figs. 7 and 8 compare the transverse
profiles of the time-averaged streamwise velocity, the pressure and the
streamwise component of Reynolds stresses on the slices defined by
𝑧 = 0.0 and 𝑦 + 𝑧 = 0.0 (45◦ inclined), respectively.

As seen, the three flow quantities all vary significantly in the near
wake (until 𝑥∕𝐷 = 12, i.e., 3.4𝐷 from the stern) in the transverse
directions. In Fig. 7(a), the transverse profile of the velocity deficit
for the case without the AD propeller is of ‘‘V’’ shape, that the max-
imum velocity deficit is approximately located along the centerline.
The AD propeller changes the velocity distribution in the near wake
(e.g., 𝑥∕𝐷 = 8.7, 9.0, 10), where three local minima and two local
maxima are observed, reflecting the three-layer wake–jet–wake flow
structures. At further downstream locations, the streamwise velocity
distribution from the case with the AD propeller become less complex,
with an inner jet surrounded by a wake. As for the pressure shown
in Fig. 7(b), the peak value located at the centerline is observed in
the near wake, with an abrupt decrease of magnitude from 𝑥∕𝐷 =
7

8.7 to 10. The AD propeller is observed to increase the magnitude of
pressure, especially at 𝑥∕𝐷 = 8.7. For the streamwise component of
Reynolds stress (𝑢′𝑢′) shown in Fig. 7(c), fairly complex variations in
the transverse direction are observed at near wake locations, i.e., 𝑥∕𝐷 ≤
11, as a result of the complex interplay between the wakes from the
hull, fin, sail, and the AD propeller.

For the comparison in the 𝑦 + 𝑧 = 0.0 plane, the plotted profiles of
the flow statistics are similar to those in the 𝑧 = 0.0 plane, but showing
a smaller wake width as it is not located in the direct downstream of
the sail and the stern rudders. In Fig. 8(a), the velocity deficit from the
case without the AD propeller is featured by a bell shape close to the
Gaussian distribution at all streamwise locations, while the case with
the AD propeller has a more complex shape consisting of a jet region
and two velocity-deficit regions. For the pressure distribution shown in
Fig. 8(b), the transverse variations in the 𝑦 + 𝑧 = 0.0 plane are similar
to those in the 𝑧 = 0.0 plane for the considered streamwise locations.
For the streamwise component of Reynolds stresses shown in Fig. 8(c),
a higher magnitude is observed in the upper region (𝑦∕𝐷 > 0), being
similar for both cases with and without the AD propeller. According
to the comparisons on both slices shown in Figs. 7 and 8, the effect of
the AD propeller in the near wake is on the generation of the jet and
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Fig. 6. Time-averaged streamwise velocity 𝑈∕𝑈0 at the two-dimensional slices with 𝑥∕𝐷 = 1.0 ∼ 23.0: (a) Suboff with AD propeller; (b) Suboff without AD propeller.

Fig. 7. Comparison of the transverse profiles of (a) time-averaged streamwise velocity, (b) time-averaged pressure, and (c) the streamwise component of Reynolds stresses in the
𝑧 = 0.0 plane, where the solid and dashed lines denote the results of simulations with and without AD propeller, respectively, overlaid on the corresponding contour from the case
with the AD propeller. The profiles are located at 𝑥∕𝐷 = 8.7, and 𝑥∕𝐷 = 9.0 ∼ 23.0 with increment of 1, respectively.
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Fig. 8. Comparison of transverse profiles of (a) time-averaged streamwise velocity, (b) time-averaged pressure, and (c) the streamwise component of Reynolds stresses in the
𝑦 + 𝑧 = 0.0 plane, where the solid and dashed lines denote the results from simulation with and without AD propeller, respectively, overlaid on the corresponding contour from
he case with the AD propeller. The profiles are located at 𝑥∕𝐷 = 8.7, and 𝑥∕𝐷 = 9.0 ∼ 23.0 with increment of 1, respectively.
he increase of pressure. Its effect in the far wake will be systematically
xamined in the following.

In Fig. 9, we divide the wake into two regions, i.e., 9 ≤ 𝑥∕𝐷 ≤ 23
and 24 ≤ 𝑥∕𝐷 ≤ 60, and compare the transverse profiles of different
quantities from the two cases, focusing on how the AD affects the wake
in a quantitative way. We first examine the time-averaged streamwise
velocity profiles in Figs. 9(a,b). It is seen that the transverse width
affected by the AD propeller (which is defined as the region where
the velocity profile from the case with and without the AD propeller
exhibit significant difference) changes as traveling in the downstream
direction. At 𝑥∕𝐷 = 9, the influence of the AD is concentrated in the
range of −0.3 < 𝑦∕𝐷 < 0.3, slightly larger than the diameter of the
disk, and the velocity profiles from the cases with and without the
AD propeller approximately collapse with each other in the rest of
the region. This AD-influenced region expands as moving downstream,
with its upper boundary from 𝑦∕𝐷 ≈ 0.3 at 𝑥∕𝐷 = 9 and 𝑦∕𝐷 ≈ 0.6 at
𝑥∕𝐷 = 15, to 𝑦∕𝐷 ≈ 1 at 𝑥∕𝐷 = 60, and its lower boundary 𝑦∕𝐷 ≈ −0.3
at 𝑥∕𝐷 = 9 and 𝑦∕𝐷 ≈ −0.5 at 𝑥∕𝐷 = 15, to 𝑦∕𝐷 ≈ −0.8 at 𝑥∕𝐷 = 60,
respectively. It is noticed that the upper boundary of this AD-influenced
region moves outward in a faster way when compared with the lower
boundary, which is consistent with the faster movement of the upper
boundary of wake, because of the higher magnitude of velocity deficit
in the upper region.

While expanding outward when mixing with the surrounding flow,
the velocity-deficit region from the case with the AD propeller also
expands inward and interacts with the jet caused by the AD propeller.
This inward expansion of the velocity-deficit region can be marked by
the intersection point of the velocity profile with the vertical profile
located at 𝑈∕𝑈0 = 1. It is observed that the intersection point gradually
moves outward as traveling downstream, from 𝑦∕𝐷 ≈ 0.25 at 𝑥∕𝐷 = 12
to 𝑦∕𝐷 ≈ 0.5 at 𝑥∕𝐷 = 60 for the upper one, and 𝑦∕𝐷 ≈ −0.25 at 𝑥∕𝐷 =
12 to 𝑦∕𝐷 ≈ −0.7 at 𝑥∕𝐷 = 60 for the lower one, respectively. Although
the momentum mixing is stronger around the upper intersection point,
the AD propeller jet expands at a lower rate in the upper region (as
9

indicated by the position of the upper intersection point) because of
the confinement introduced by the upper velocity-deficit region. This
phenomenon is in contrast with the expansion of a jet (or wake) in
freestream, for which stronger momentum mixing across the boundary
is associated with a higher expansion rate.

In the near wake, other than the interaction of the jet with the
velocity-deficit region surrounding it from the outward, the jet also
interacts with the velocity-deficit region along the centerline. This
interaction is evidenced at 𝑥∕𝐷 = 12 as shown in Figs. 9(a), where
the maximum velocity deficit is observed close to the centerline and
two peaks for the jet appear in the upper and lower regions. It is also
noticed that velocity magnitude at the upper peak is lower, where the
magnitude of velocity deficit is higher due to the effect of the sail. At
further downstream locations, the velocity profile from the case with
the AD propeller is featured by one peak for the maximum velocity,
which moves slowly upwards from the centerline to a location above it
(see Fig. 10(b)).

The effects of the AD propeller on the Reynolds normal stresses are
examined in Figs. 9(c–h). It is seen that the AD propeller affects the
magnitude as well as the distribution of Reynolds stresses. At 𝑥∕𝐷 =
9, the high-magnitude Reynolds stresses from the case with the AD
propeller is mainly distributed in three regions, i.e., the −0.3 < 𝑦∕𝐷 <
−0.1, −0.1 < 𝑦∕𝐷 < 0.1 and 0.1 < 𝑦∕𝐷 < 0.3 regions, respectively, which
correspond to the interaction of the jet with the velocity-deficit regions
from the inner and outer sides. For the case without the AD propeller,
on the other hand, the regions with high-magnitude Reynolds stresses
are located above and below the centerline, respectively, with the
magnitudes of the Reynolds stresses higher in the upper region at
𝑥∕𝐷 = 12.0 and further downstream locations. Compared with the
results from the case without the AD propeller, the maximal magnitudes
of the Reynolds stresses from the case with the AD propeller are higher
at near wake locations (e.g., 𝑥∕𝐷 = 9.0, 12) but are lower at far wake

locations (e.g., 𝑥∕𝐷 = 21 and further).
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Fig. 9. Comparison of profiles of (a)(b) time-averaged streamwise velocity and velocity fluctuations at (c)(d) streamwise, (e)(f) vertical, and (g)(h) spanwise direction in the 𝑧 = 0.0
plane, where the lines and symbols denote the results from the Suboff model with and without AD propeller. The profiles are located at 𝑥∕𝐷 = 9.0, 12.0, 15.0, 21.0, 24.0, 30.0,
40.0 and 60.0, respectively.
After showing the effect of the AD propeller, in the following,
we examine the existence of self-similarity in the wake of the Suboff
model with and without the AD propeller. If the self-similarity exists,
the velocity profiles at different downstream locations can collapse
10
with each other when normalized with proper velocity and length
scales (Pope, 2000). For the jet, the length scale is defined as its width
𝑑jet, the distance between the upper and lower transition points where

𝑈∕𝑈0 = 1, and its velocity scale is defined as the streamwise velocity
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Fig. 10. The variations of parameters for scaling profiles of time-averaged streamwise velocity in the 𝑧 = 0.0 plane: (a) Peak velocity at the region of jet and velocity deficit; (b)
vertical location of the peak velocity; (c) the width of scaling region.
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𝑈peak,1 at the jet center 𝑦1. For the velocity-deficit region above the
jet, the length scale 𝑑deficit,2 is defined as the distance between the
upper transition point (where 𝑈∕𝑈0 = 1) and the top boundary of
the wake (where 𝑈∕𝑈0 ≈ 1), and the velocity scale 𝑈peak,2 is defined
as the magnitude of the minimum velocity at the upper wake center
𝑦2. For the wake of the Suboff model without the AD propeller, the
length scale is defined as the distance between the upper and lower
boundaries (where 𝑈∕𝑈0 ≈ 1), and the velocity scale 𝑈peak,3 is defined
as the magnitude of the minimum velocity at the wake center 𝑦3.

In Fig. 10, the downstream variations of the obtained characteristic
length and velocity scales and wake centers are plotted. It is seen in
Fig. 10(a) that the magnitude of the velocity scale decreases for the
jet, while increases for the velocity-deficit region as one travels down-
stream. As shown in Fig. 10(b), the jet width 𝑑jet increases with 𝑥 in
the near wake, while gradually decreases with 𝑥 at further downstream
locations. The width of the upper velocity-deficit region 𝑑deficit,2 for
the case with the AD propeller, on the other hand, decreases in the
near wake and remains approximately at the same level at further
downstream locations. The wake width 𝑑deficit,3 for the case without the
AD propeller in general increases with 𝑥, but at a very low rate in the
near wake. As for the wake centers shown in Fig. 10(c). the centers
for the velocity-deficit region, i.e., 𝑦2 and 𝑦3 in general move upward
as one travels in the downstream direction. The jet center 𝑦1, on the
other hand, moves upward in the near wake, while gradually moves
downward at further downstream locations.

With the obtained velocity and length scales, the self-similarity of
the wake of the Suboff model is examined in Fig. 11. In Fig. 11(a)
11
for the jet, An acceptable overlap is observed, although the velocity
profiles are in general skewed to the negative 𝑦 side at different
downstream locations, as its upper boundary is confined by the upper
velocity-deficit region. The velocity profiles for the velocity-deficit
region located above the jet (as shown in Fig. 11(b)) are skewed to the
positive 𝑦 side, with not bad overlaps among profiles from different
downstream locations. The self-similarity of the wake of the Suboff
model without the AD propeller is examined in Fig. 11(c). One can
observe that the velocity profiles are skewed to the positive 𝑦 side
in the near wake, while are close to symmetry at further downstream
locations (𝑥∕𝐷 > 24.0), with overlapped profiles in the near wake and
the far wake, respectively.

At last, we examine the spectral characteristics of turbulence in
the far wake for cases with and without the AD propeller. Fig. 12
plots the pre-multiplied power spectral density (PSD) of the streamwise,
vertical and spanwise velocity fluctuations at 𝑦∕𝐷 = 0.0, 0.258, 0.5
or downstream locations at 𝑥∕𝐷 = 20.0, 40.0, and 60.0. The PSD
s defined as 𝛷 = ⟨𝑢̂(𝑓 )𝑢̂∗(𝑓 )⟩ ∕𝛥𝑓 , where 𝑢̂(𝑓 ) denotes a windowed
ourier transform of the fluctuating velocity, and 𝛥𝑓 = 2𝜋∕𝑇 , 𝑇 denotes
he length of temporal signals. In semi-log coordinate, the area enclosed
y the curve ∫ 𝑓𝛷𝑑(ln 𝑓 ) = ∫ 𝛷𝑑𝑓 then represents the corresponding
urbulent kinetic energy. Comparing the pre-multiplied PSD at the three
ownstream locations, it is seen that the maximum value decreases
s traveling downstream due to the decay of turbulence. Along the
enterline, it is seen in Fig. 12(a, b, c) that the AD propeller decreases
he level of the PSD at low frequencies for all the velocity components
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Fig. 11. The scaling profiles of time-averaged streamwise velocity in the 𝑧 = 0.0 plane: (a) the jet region; (b) the deficit region in the positive 𝑦-axis of Suboff with AD propeller;
(c) the deficit region of Suboff without AD propeller.
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at 𝑥∕𝐷 = 20, while increases it at high frequencies. At the far wake
locations, i.e., 𝑥∕𝐷 = 40 and 60, the AD propeller decreases the
evels of the PSD at almost all frequencies. At 𝑦∕𝐷 = 0.258 shown
n Fig. 12(d,e,f), the effect of the AD propeller on the PSD is similar
o that at 𝑦∕𝐷 = 0.0, but the levels of the PSD at low frequencies
ecome higher, which demonstrate that the momentum mixing near
he edge of AD propeller is stronger. As moving upward further at
∕𝐷 = 0.5 shown in Fig. 12 (g,h,i), the levels of the PSD are decreased
t almost all frequencies because of the AD propeller. Detailed space–
ime correlation study (He et al., 2017) can be conducted in further
tudies to reveal the mechanism of such downstream variations of the
urbulence fluctuations.

. Conclusions

In this work, we investigated the wake characteristics of the DARPA
uboff submarine model in both towed and self-propelled conditions
sing large-eddy simulation with the hull and appendages geometri-
ally resolved using the curvilinear immersed boundary method and
he propeller parameterized using the actuator disk (AD) model. Two
ases with/without the AD propeller were simulated.

The simulation results show that the AD propeller has a profound
ffect on both the near wake and the far wake, with its effects on
12

he pressure and friction coefficients on the Suboff constrained in its a
nearby region. Without the AD propeller, the wake of the Suboff model
is featured by a single velocity-deficit region of a diamond-like shape,
due to the combined effects of the sail and the fins. Introducing the AD
propeller adds a round jet along the centerline. In the very near wake,
the inner part of the round jet is occupied by the velocity-deficit region
due to the hull, which fast decays. At further downstream locations,
the dominant interaction occurs between the jet and the surrounding
velocity-deficit region, especially for the upper part in the wake of the
sail.

As for the turbulence statistics, in the near wake (before the disap-
pearance of the inner velocity-deficit region, e.g., 𝑥∕𝐷 = 9.0) the AD
ropeller increases the number of peaks of the Reynolds stresses and
he magnitudes of the peaks. As one moves further downstream, the
umbers of the peaks from the cases with and without the AD propeller
re the same. With the AD propeller, the peak values of the Reynolds
tresses are located closer to the centerline, with their magnitudes being
igher at the near wake locations (e.g., 𝑥∕𝐷 = 9, 12) but lower at the
ar wake locations (e.g. 𝑥∕𝐷 = 21, 24 and further,) when compared with
he case without.

The self-similarity is examined for the transverse profiles of the
treamwise velocity. Different from a single wake, for which its down-
tream evolution is only affected by the momentum mixing with the
mbient flow, the momentum mixing for the wake from the Suboff
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Fig. 12. Pre-multiplied power spectral density of one-dimensional spectra of (a) streamwise, (b) vertical and (c) spanwise velocity fluctuations at streamwise locations 𝑥∕𝐷 = 20.0,
40.0, and 60.0 along the line of 𝑧∕𝐷 = 0.0, 𝑦∕𝐷 = 0.0, 0.258, 0.5 for Suboff with and without AD propeller. The horizontal and vertical axes are normalized with 𝑈0∕𝐷 and 𝑈 2

0 ,
espectively.
Table B.3
Details of the coarse grid and fine grid employed in the grid refinement study, which include the grid spacing (𝛥ℎ) and
the number of grids (𝑁) at different locations. For the grid spacing, ‘‘u’’ denotes the uniform grid, ‘‘r’’ and ‘‘l’’ denote the
non-uniform grid defined using the tanh function, with the smallest grid cell on the right and left side, respectively.
𝑥∕𝐷 ∈ [−2.6, −0.4] [−0.4, 2.0] [2.0, 6.0] [6.0, 16.0] [16.0, 23.2]

𝑁 35 80 90 500 135

𝛥ℎ∕𝐷 0.03 (r) 0.03 (u) 0.03 (l)
0.02 (r)

0.02 (u) 0.02 (l)

𝑦∕𝐷 ∈ [−4.3, −1.2] [−1.2, 1.2] [1.2, 4.3]
𝑁 80/120 200/400 80/120
𝛥ℎ∕𝐷 0.012/0.006 (r) 0.012/0.006 (u) 0.012/0.006 (l)

𝑧∕𝐷 ∈ [−4.3, −1.2] [−1.2, 1.2] [1.2, 4.3]
𝑁 80/120 200/400 80/120
𝛥ℎ∕𝐷 0.012/0.006 (r) 0.012/0.006 (u) 0.012/0.006 (l)
with the AD propeller happens across the boundary between the jet and
the velocity-deficit regions, and the boundary between the whole wake
and the ambient flow. Acceptable overlaps are observed for the jet and
velocity-deficit regions for certain ranges of downstream locations.
13
At last, the power spectra of velocity fluctuations are examined.
The results show that the effects of the AD propeller are different at
different upper locations away from the centerline. At locations near
the centerline (e.g., 𝑦∕𝐷 = 0.0, 0.258, with the latter one for the upper
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Fig. B.13. Comparisons of the pressure coefficient 𝐶𝑝 and skin-friction coefficient 𝐶𝑓 obtained from the simulations on the coarse, medium and fine grids, and the results from
the experiment of Huang et al. (1994) for (a∼b) 𝑧 = 0, 𝑦 > 0, (c∼d) 𝑧 = 0, 𝑦 < 0 and (e∼f) 𝑧 = 𝑦, 𝑦 < 0.
tip of the AD propeller), the AD propeller increases the levels of the PSD
at high frequencies at 𝑥∕𝐷 = 20. At locations away from the centerline
(e.g., 𝑦∕𝐷 = 0.5), on the other hand, the AD propeller decreases
the levels of the PSD at almost all frequencies for the considered
downstream locations.
14
This work has been focused on two cruising conditions. Other
cruising conditions, such as acceleration, deceleration, and turning, will
be considered in the future work. It is still challenging to simulate
flows over Suboff-like bodies using wall-modeled LES. Further work on
developing more accurate LES models for such flows is surely needed.
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Fig. B.14. Comparison of the transverse profiles obtained from the simulations on the coarse (dash-dot lines), medium (dashed lines) and fine (solid lines) grids for (a) time-averaged
streamwise velocity, (b) time-averaged pressure, and (c) the streamwise component of Reynolds stresses in the 𝑧 = 0.0 plane.
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ppendix A. Computational cost

The simulations were performed on the CAS SunRising-1 platform,
NIC, China, of which each node consists of 32 core HYGON CPU at
.0 GHz. The simulations of Suboff with and without AD propeller were
arried out for about 13.5 flow through times (from 𝑥∕𝐷 = −2.6 to
𝑥∕𝐷 = 23.2) using 1800 CPU cores, yielding about 140 h (2.52×105 CPU
hours) and 127 h (2.28 × 105 CPU hours), respectively. The continuous
simulations of far wake both require the other 27 h on 1200 CPU cores
(3.23×104 CPU hours), which covers about 5.5 flow through times (from
𝑥∕𝐷 = 16.0 to 𝑥∕𝐷 = 60.0).
15
Appendix B. Grid refinement study and validation

To examine the grid dependence of the simulation results, sim-
ulations of the case without a AD propeller are conducted on two
additional grids, a coarse grid (841 × 361 × 361) and a fine grid
(841 × 621 × 621). Table B.3 shows the number of grids and grid
spacings in different regions. Compared to the medium grid resolution
(841 × 501 × 501) shown in Table 1, the changes of the grid resolution
re located in the region around the Suboff body in 𝑦 and 𝑧 directions.

Fig. B.13 compares the pressure and friction coefficients obtained
from the WMLES with three grid resolutions. Both the 𝐶𝑝 and 𝐶𝑓 exhibit
good consistency on most parts of the hull surface, especially for the
parallel middle body and the stern. The major differences are located
near the stern, where the value of 𝐶𝑓 and the value of 𝐶𝑝 are smaller
and larger, respectively, on the fine grid.

Figs. B.14 and B.15 compare the transverse profiles of time-averaged
streamwise velocity, pressure and the streamwise component of the
Reynolds normal stresses from the WMLES with three grid resolutions
on the planes of 𝑧 = 0.0 and 𝑦 + 𝑧 = 0.0, respectively. At the very
ear wake locations, e.g., 𝑥∕𝐷 = 8.7 and 9.0, some differences between
ifferent grid resolutions are observed in the wake statistics, includ-
ng their maximal magnitudes and the region with high-magnitude
treamwise component of the Reynolds normal stresses. At further
ownstream locations, the flow statistics from different grid resolutions
re close with each other, especially between the medium and fine
rids.

In the literature, there are not a lot of experimental data available
or evaluating the capability of the simulation in predicting the Suboff
ake. Fig. B.16 compares the time-averaged streamwise and radial
elocity profiles from the present WMLES with the WRLES of Posa
nd Balaras (2020) and the experiment of Huang et al. (1994) at
our streamwise locations near the stern. The profiles employed for
omparison are extracted from the plane of 𝑧 = 𝑦, 𝑦 < 0 to minimize the
nfluence of the appendages, as the experiment of Huang et al. (1994)
as carried out using a bare hull. An overall acceptable agreement

s observed, with the observed discrepancies possibly due to (1) the
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Fig. B.15. Comparison of the transverse profiles obtained from the simulations on the coarse (dash-dot lines), medium (dashed lines) and fine (solid lines) grids for (a) time-averaged
streamwise velocity, (b) time-averaged pressure, and (c) the streamwise component of Reynolds stresses in the 𝑦 + 𝑧 = 0.0 plane.

Fig. B.16. Comparisons of time-averaged streamwise (𝑢𝑥) and radial velocity (𝑢𝑟) profiles from the present WMLES with the WRLES results of Posa and Balaras (2020) and the
experimental results of Huang et al. (1994) at four streamwise locations for (a) 𝑥∕𝐿 = 0.904, (b) 𝑥∕𝐿 = 0.927, (c) 𝑥∕𝐿 = 0.956 and (d) 𝑥∕𝐿 = 0.978. Profiles employed for comparison
are extracted on the plane between the fins and away from the sail (𝑧 = 𝑦, 𝑦 < 0) to minimize the effects of the appendages. The medium grid resolution is employed.
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t
t

Fig. C.17. Profiles of the flow statistics induced by the AD propeller for (a) the time-averaged streamwise velocity, and (b) the streamwise, (c) the vertical and (d) the spanwise
components of the Reynolds normal stresses at different downstream locations in the 𝑧 = 0.0 plane.
relatively coarse grid employed, (2) the incapability of the wall model
in to capturing the effect of pressure gradient, and (3) the absence of
the numerical trip wire for triggering turbulence transition, which was
employed in the work by Posa and Balaras (2020).

Appendix C. Some further analyses of the wake field induced by
the AD propeller

In this appendix, the flow statistics induced by the AD propeller
are examined by a direct subtraction of the results with and without
a propeller, i.e., 𝑓𝑝 = 𝑓with AD − 𝑓no AD, where 𝑓 denotes a quantity of
the flow statistics.

Fig. C.17 shows the transverse profiles of time-averaged streamwise
velocity and the three components of the Reynolds stresses induced by
the AD propeller in the 𝑧 = 0.0 plane. It is seen that the center of
he AD propeller jet moves upward as one travels downstream, and
he maximal increases of Reynolds stresses at 𝑥∕𝐷 = 9.0, 12.0 are

located in the upper region, as a result of the interaction of the propeller
jet with the wake of the sail. One interesting observation is that, the
influence of the AD propeller on the Reynolds stresses at 𝑥∕𝐷 = 12.0
and 15.0 can be divided into two regions, i.e., the enhanced inner
region and the weakened outer region. At further downstream locations
where 𝑥∕𝐷 ≥ 21.0, on the other hand, all the three components of
17
the Reynolds normal stresses are weakened for the whole wake region.
Such wakening effect is caused by the added momentum from the AD
propeller, which enhances the mixing of the low-speed and high-speed
regions in the wake.
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