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ABSTRACT

Flows around an axisymmetric body of revolution at a zero yaw angle were studied using a hybrid Reynolds-averaged Navier–Stokes
(RANS)/large eddy simulation (LES) approach, which employed a full Reynolds stress model (RSM) in the RANS branch with the aim of
accounting for the Reynolds stress anisotropy, streamline curvature, and flow separations in the boundary layer. The SUBOFF model without
appendages was applied to conduct the simulations, and the Reynolds number based on the free-stream velocity and the length of the body is
ReL ¼ 1:2� 106. The results, including time-averaged Cp, Cf, and velocity statistics, were compared with the experimental data and wall-
resolved LES results available in the literature, and the overall agreement of the comparisons was satisfactory. To assess the performance of
the RSM-based hybrid RANS/LES approach, we carried out shear-stress transport-based hybrid RANS/LES approach simulations under
identical free-stream conditions for comparison. The sensitivity of the hybrid RANS/LES approach to the RANS models was observed for
separated flow with surface curvature and adverse pressure gradient-induced separation. The RSM-based hybrid RANS/LES approach was
found to provide a better prediction for the unsteady flows near the stern. That is because the effects of the streamline curvature and the
strong interactions between individual stresses can be captured by the exact production terms in the RSM-based hybrid RANS/LES approach.
These effects are important for predicting the development of turbulent boundary layers along the stern.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0058016

I. INTRODUCTION

Flows around the sterns of ships and other underwater vehicles
are often very complicated, with vortices interacting with the boundary
layer and unsteady separations. This scenario is particularly true for
the boundary flows affected by pressure gradients and the hull curva-
ture, which may subsequently lead to flow separations resulting in a
significant source of noise and a serious distortion of the propeller
inflow.1–5

Numerous experimental and numerical studies have investigated
turbulent flows near sterns.6–13 In particular, Huang et al.14 conducted
an experiment focusing on the complex flow over the stern and
provided detailed measurements in several configurations, including
SUBOFF body with and without appendages (hereafter referred to as

SUBOFF). Their results showed that the boundary layer on the stern is
strongly affected by the adverse pressure gradient. More recent experi-
ments on an axisymmetric body based on the SUBOFF model were
conducted by Jim�enez et al.15,16 to investigate the turbulence in the
wake, where a bimodal distribution of the turbulent stress was found.
Posa and Balaras17 presented a wall-resolved large eddy simulation
(LES) of the SUBOFF body with appendages, and their results con-
firmed the complexity of the stern flow and traced the source of the
bimodal behavior of the turbulent stresses in the wake back to the
thick boundary layer over the stern. Recently, Kumar and Mahesh18

conducted an analysis of near-wall flow structures and the wake evolu-
tion on the bare hull SUBOFF body using wall-resolved LES, in which
good agreement with the experiments was obtained. To reveal the
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effects of Reynolds numbers on the structure of the boundary layer
over the stern, Posa and Balaras19 extended the LES of flows around
SUBOFF with appendages to ReL ¼ 1:2� 107, in which 8.1� 109

nodes were employed to resolve the turbulent flows near the stern.
Their study showed the turbulent boundary layer over the stern was
severely affected by the adverse pressure gradient almost independent
of the Reynolds number. Zhou et al.20 performed an LES of an axisym-
metric body of revolution, and the space-time characteristics of veloc-
ity fluctuations in the tail-cone boundary layer were investigated in
detail. The predicted velocity statistics were in good agreement with
the experimental results and indicated that the development of the
tail-cone turbulent boundary layer was insensitive to the near-wall
structures upstream. Subsequently, emphasis was placed on the evolu-
tion of the turbulent boundary layer over the stern. However, wall-
resolved LES is expensive because of the turbulent boundary layer at
high Reynolds numbers.21,22 Especially for ship hydrodynamics, mas-
sive computing costs are required because they involve high Reynolds
numbers on the order of 106 at the model scale and 109 at the full scale,
and the flow is characterized by a wide spectrum of turbulent
scales.23–26

The hybrid Reynolds-averaged Navier–Stokes/large eddy simula-
tion (RANS/LES) approach is an alternative method with high effi-
ciency and acceptable accuracy for turbulent flows at high Reynolds
numbers.27–35 Mokhtarpoor et al.29 made detailed studies on the flows
over periodic hill using hybrid RANS/LES method, and their studies
proved the advantages of the hybrid method for high Reynolds num-
ber flow simulations. Detached eddy simulation (DES) proposed by
Spalart et al.31 is a hybrid RANS/LES approach that treats the bound-
ary layers using a RANS (Reynolds-averaged Navier–Stokes) model
and applies LES to separated regions. This approach reduces comput-
ing costs in comparison with the wall-resolved LES while retaining
much of the unsteady feature of the flows. Some shortcomings were
reported in hybrid RANS/LES approach, such as erroneous activities
of the near-wall damping terms in the LES branch, incursion of the
LES branch inside the boundary layer, gray area, and log-layer mis-
match. However, these shortcomings have been addressed or alleviated
in later revisions, such as delayed DES (DDES),32 improved DDES
(IDDES),33 and extended DDES.34 Similar to the work of Spalart,
Strelets35 proposed another DES approach, which is based on the two-
equation shear-stress transport (SST) model. Lately, Yin et al.36,37 pro-
posed an adaptive DES approach to study the jet in crossflow, the key
structures of the flows are well reproduced comparing with direct
numerical simulation data. He et al.38,39 developed a dynamic DDES
model based on the k� x SST model, in which the log-layer mis-
match problem is alleviated by dynamically computing the model coef-
ficients. The capability of the DES approach has been demonstrated in
many test cases. Mylonas and Sayer40 studied the forces acting on an
International America’s Cup Class yacht keel model by using LES and
DES. Accurate predictions of the forces were obtained for both meth-
ods, and characteristics of the flow, such as separation, vortices, and
wakes, were well predicted and resolved. Sun et al.41 conducted a DES
study on the wake vortex evolution characteristics of full- and model-
scale propellers. Usta and Korkut42 studied unsteady cavitating flows
around the hydrofoil and propeller by using DES. In addition to the
application in navigation, Wang et al.43 employed the IDDES to study
the pulsed blowing on a pitching airfoil for flow controls; Liu and
Xiao44 used the DDES method to investigate the unsteady flows past a

NACA0015 airfoil near stall at high Reynolds numbers; Liu et al.45 per-
formed a series of DDES simulations around a hammerhead payload
fairing in the transonic regime; Yao and Davidson46 conducted both
compressible and incompressible IDDES simulations to investigate the
cabin window vibration excited by the turbulent wake; the accuracy
and efficiency of DES approaches are investigated and demonstrated
by these studies. Recently, Xiao and Zhang47 proposed a modification
to SST-based IDDES method and evaluated its performance by a free
shear flow. This type of DES approach and its variants, including
DDES, adaptive DES, and IDDES, are potentially capable of producing
separated flows and the evolution of wakes.48–50

Alin et al.51 made a comprehensive investigation on the current
capabilities of DES and LES for the underwater vehicles, in which the
k-x-based DES appears to somewhat overpredict the magnitude of
the velocity fluctuations. We presume that such over-predictions
might be due to the utilized RANS model involving the eddy-viscosity
assumption. A thorough study of DES methods presented by
Mockett30 showed that the sensitivity of DES to the RANS model can-
not be negligible for flow separation from smooth surfaces, and the
model sensitivity would be high for flows with sensitive turbulent sep-
aration from curved surfaces. This finding elucidated the importance
of RANS modeling in DESs. However, most of the previous
approaches are based on a one-equation model or two-equation
model, which invokes the eddy-viscosity assumption for modeling
Reynolds stress. Especially for applications in system rotation and
curved bounded layers, these models are usually utilized but still
require a correction to yield the proper shear stress. Relatively thick
and curved boundary layers could make using complex models neces-
sary.27 Abandoning the isotropic eddy-viscosity hypothesis, the
Reynolds stress model (RSM) closes the RANS equations by solving
the transport equations for Reynolds stresses. Since the RSM accounts
for a more detailed representation of the flow physics, such as the
effects of streamline curvature, swirling, rotation, and rapid changes in
strain rate, this approach has greater potential to give accurate predic-
tions for complex flows.52–54 Thus, the application of RSM in hybrid
RANS/LES approaches might be helpful to improve the performance
of hybrid approaches for predicting the complex flows that are domi-
nated by the surface curvature.

The objects of this work are to investigate the RSM model in the
hybrid RANS/LES approach for high Reynolds numbers flows around
SUBOFF and analyze the capability of RSM-based hybrid approach in
predicting the effects of surface curvature on the turbulent boundary
layers. The reminder of this paper is organized as follows: The RSM-
based hybrid RANS/LES approach and basic numerical methods were
briefly described in Sec. II. This was followed by the computational
results and detailed analysis of the instantaneous and statistical data
(in Sec. III). Especially, the models’ capability in predicting the effects
of surface curvature was investigated in Sec. IIID. Finally, the sum-
mary and conclusions were presented in Sec. IV.

II. NUMERICAL METHOD
A. Governing equations

The filtered Navier–Stokes equations for compressible flows are
given below,55

@�q
@t
þ @

@xk
ð�q~ukÞ ¼ 0; (1a)
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@ð�q~uiÞ
@t

þ @

@xk
ð�q~ui~ukÞ þ

@

@xk
ð�q~RikÞ ¼ �

@�p
@xi
þ @�sik
@xk

; (1b)

@ð�q~EÞ
@t
þ @

@xk
ð�q ~H~ukÞ þ

@

@xk
ð�q~Rik~uiÞ

¼ @ð�sik~uiÞ
@xk

þ �qDð
~kÞ � @~qk

@xk
� @~qðtÞk

@xk
; (1c)

where �u denotes simple average and ~u ¼ qu=�q represents the Favre
filtered variables. �q; �p, and ~ui represent the density, pressure, and
velocity, respectively. The averaged total energy and total enthalpy are
given by ~E ¼ ~e þ 0:5~ui~ui and ~H ¼ ~E þ �p=�q. ni is the Cartesian com-
ponent of the exterior surface unit normal vector on the boundary. By
convention, the notation �s ij represents averaged viscous stress, it is
described by

�sij ¼ �l
@~ui

@xj
þ @

~uj

@xi
� 2
3
@~uk

@xk
dij

 !
: (2)

�l is the dynamic viscosity. The heat flux reads

�qi ¼ �k
@~T
@xi

: (3)

k represents the thermal conductivity coefficient. The Reynolds stress
tensor is indicated by �q~Rij. The corresponding components of the tur-
bulent heat flux vector are indicated by ~qðtÞi ¼ �kt@~T=@xi, where kt
denotes the turbulent thermal conductivity coefficient. The diffusion of
specific kinetic turbulence energy is indicated by Dð

~kÞ, which is related
to the diffusion term of Eq. (4) and given by Dð

~kÞ ¼ 0:5Dkk. Further
details about these terms can be found in the work of C�ecora et al.56

The governing equations are discretized with the cell-centered
finite volume method (FVM) on unstructured hybrid meshes composed
of hexahedrons, prisms, tetrahedrons, and pyramids (further details are
given by Wang and Ye57). An in-house computational fluid dynamics
solver45,57–59 is used to solve Eq. (1). The convective flux terms were
computed with second-order Roe discretization schemes, and the vis-
cous flux terms were obtained by the reconstructed central scheme. For
the Roe scheme, the second-order accuracy was achieved by reconstruct-
ing the solution following Frink’s interpolation method.60 The lower–-
upper symmetric Gauss–Seidel (LU-SGS) relaxation-based implicit
backward-Euler scheme is implemented for steady flow simulation, and
a corresponding second-order full implicit dual time scheme is adopted
for unsteady flow. An adaptive local time-stepping method was devel-
oped to eliminate the adverse influence of some poor-quality grids on
solution stability and convergence. In addition, a form of locally adaptive
flux blending61,62 has been implemented in the Roe scheme, ensuring a
dominance of low dissipation in the LES region andmore stability in the
RANS region. For the purpose of large-scale computation, this solver
has been parallelized by using a domain decomposition strategy with the
MPI (message passing interface) protocol. Nonblocking communica-
tions are used to overlap computation with communication and exploit
possible performance gains. The details of the numerical methods
employed in this work are summarized in Table I.

B. Hybrid RANS/LES method

A RSM is applied in the RANS branch with the aim of account-
ing for the Reynolds stress anisotropy, streamline curvature, and swirl

emerging in the turbulent boundary layer. The IDDES formulation is
based on a modification to the Speziale–Sarkar–Gatski (SSG)/
Launder–Reece–Rodi (LRR)-x RSM such that the model reduces to
its RANS branch near the solid wall and to a subgrid model away
from the wall. The SSG/LRR-x RSM model,56 developed by the DLR
(C�ecora, 2015), is a combination of the Speziale–Sarkar–Gatski model
and the Launder–Reece–Rodi model, and the details are shown as
follows.

1. SSG/LRR-x Reynolds stress model in hybrid context

The SSG/LRR-x RSM model solves directly for the Reynolds
stresses �q~Rij ¼ qu0 0iu0

0
j . Here, the superscript u00i represents the turbu-

lent velocity fluctuations. The Reynolds stress transport equations are
given by

@

@t
�q~Rij

� �
þ @

@xk
�q~uk~Rij

� �
¼ �qPij þ �qPij � �qeij þ �qDij; (4)

where the production tensor �qPij is a closed term, because it involves
the dependent variable ~Rij and given the flow gradients. This term is
given by

�qPij ¼ ��q~Rik
@~uj

@xk
� �q~Rjk

@~ui

@xk
: (5)

All other terms on the right-hand side of Eq. (4) require model-
ing. The pressure-strain correlation term is treated by a model devel-
oped by Speziale et al.63 This model reads

�qPij ¼ � C1�qeþ 1
2
C�1�qPkk

� �
~bij þ C2�qe ~bik~bkj �

1
3

~bkl~bkldij

� �

þ C3 � C�3

ffiffiffiffiffiffiffiffiffiffiffi
~bkl~bkl

q� �
�q~k~S

�
ij

þ C4�q~k ~bik~Sjk þ ~bjk~Sik �
2
3

~bkl~Skldij

� �

þC5�q~k ~bik ~Wjk þ ~bik ~Wik

� �
: (6)

In this equation, ~Sij ¼ 1
2

@~ui
@xj
þ @~uj

@xi

� �
and ~Wij ¼ 1

2
@~ui
@xj
� @~uj

@xi

� �
are the

rate-of-strain tensor and the rate-of-rotation tensor, respectively.
~S
�
ij ¼ ~Sij � 1

3
@~uk
@xk

dij is the mean traceless strain tensor, ~bij ¼
~Rij

~k
� 2

3 dij

is the anisotropy tensor, ~k represents turbulence energy that is related

TABLE I. The details of numerical methods.

Governing equations
Three-dimensional, compressible

Navier–Stokes equation

Spatial discretization Cell-centered FVM
Temporal evolution Lower–upper symmetric

Gauss–Seidel (LU-SGS)
Time marching 2nd order, fully implicit dual time scheme
Reconstruction 2nd Roe scheme for inviscid term

2nd central scheme for viscous term
Turbulence model RSM-based IDDES and SST-based IDDES
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to the Reynolds stresses by ~k ¼ 0:5~Rii, the isotropic dissipation rate e
is provided by e ¼ Cl

~kx with Cl ¼ 0:09. C1 to C5 are model
coefficients.

A generalized gradient diffusion model64 was implemented to
compute the diffusion term �qDij, which reads

�qDij ¼
@

@xk
�lLdkl þ D

�q~k~Rkl

e

� �
@~Rij

@xl

" #
; (7)

whereD is a diffusion coefficient and �lL denotes the molecular viscos-
ity that could be provided by the Sutherland law. More details about
these terms can be found in Ref. 56. The coefficients D and Ci; C�i are
obtained from Eq. (8), where all coefficients are blended between the
SSG and LRR values (listed in Table II) according to the Menter’s
F1-function,

Ci ¼ F1Ĉ
LRR
i þ 1� F1ð ÞĈSSG

i ;

C�i ¼ 1� F1ð ÞĈ�;SSGi ;

D ¼ F1D̂
LRR þ 1� F1ð ÞD̂SSG

:

8>>><
>>>:

(8)

The blending function F1 is defined by

F1¼ tanh C4ð Þ;

C¼min max
500lL

�qxd2
;

ffiffiffî
k

p
Clxd

 !
;

4r eð Þ
x kx

r eð Þ
d max

@k̂
@x̂k

@x̂
@x̂k

;1�10�20

 !
2
6664

3
7775:

8>>>>>><
>>>>>>:

(9)

The dissipation �qeij is modeled by an isotropic tensor as follows:

�qeij ¼
2
3

�qdije: (10)

A hybrid approach involving an interface treatment without syn-
thetic or reconstruction turbulence is employed to switch RANS to
LES. This approach uses a dynamic interface criterion based on a local
variable. Therefore, the turbulent kinetic energy k is considered, the
isotropic dissipation rate is modified as a length-scale dependent term

e ¼ ~k
1:5
=lIDDES, and the IDDES length scale lIDDES is introduced as the

switching condition. This length scale is given by

lIDDES ¼ �f d 1þ feð ÞlRANS þ 1� �f d
� �

lLES; (11)

where lRANS ¼ ~k
1=2
=Clx and lLES ¼ CDESD are the RANS and LES

length scales, respectively. Cl ¼ 0:09 and CDES are blended according
to CDES ¼ F1CDES;LRR þ ð1� F1ÞCDES;SSG. The calibration of CDES;LRR

and CDES;SSG are presented in the Appendix. D represents the subgrid

length scale, which is defined as D ¼ min½maxðCwd;CwDmax;
dwnÞ;Dmax�; Cw ¼ 0:15. Here, d is the distance to the wall, dwn is the
grid step in the wall-normal direction, and Dmax denotes the maxi-
mum local grid spacing. �f d; fe are blending functions, and further
details regarding these functions can be found in Ref. 65.

2. Length-scale equation

To solve the Reynolds stress transport equations, an additional
transport equation is required to provide a measure of the dissipation
length-scale x. The SSG/LRR-x model follows Menter’s approach, the
so-called baseline (BSL) x-equation, which reads

@

@t
�qxð Þ þ

@

@xk
�q~ukxð Þ ¼ ax

x�qPkk
2~k

� bx�qx2

þ @

@xk
�lL þ rx

�q~k
x

� �
@x
@xk

" #

þrd
�q
x
max

@~k
@xk

@x
@xk

; 0

 !
: (12)

In Eq. (12), all coefficients [/ ¼ ðax; bx;rx; rdÞ] are blended
between two bounding values (listed in Table III) according to
/ ¼ F1/

ðxÞ þ ð1� F1Þ/ðeÞ.

III. RESULTS AND DISCUSSION

The basic geometry used in the present work was the SUBOFF
without appendages (AFF1), which was outlined by Groves et al.66 A
layout is presented in Fig. 1, which shows an axisymmetric hull that is
composed of a forebody, a parallel middle body, and an afterbody
stern. The overall length is L¼ 14.291 667 ft, and the maximum diam-
eter is D¼ 1.666 666 7 ft. The freestream conditions are selected
according to the work of Posa17 and Shi,67 the angle of attack set as 0�

and Reynolds number is equal to ReL ¼ 1:2� 106 based on the
length L.

A. Numerical setup

Figure 2 shows a schematic of the computational domain. The
nonreflecting boundary is a hemisphere with a radius of 100D in the
front and extends downstream by 150D from the trailing edge.

TABLE II. Values of closure coefficients for the pressure-strain correlation term and the diffusion term.

Ĉ1 Ĉ
�
1 Ĉ2 Ĉ3 Ĉ

�
3 Ĉ4 Ĉ5 D̂

SSG 1.7 0.9 1.05 0.8 0.65 0.625 0.2 0.22
LRR 1.8 0.0 0.0 0.8 0.0 ½ð9CðLRRÞ2 þ 6Þ=11�a ½ð�7CðLRRÞ2 þ 10Þ=11�a 0:75Cl

aCðLRRÞ2 ¼ 0:52.

TABLE III. Bounding values of x-equation coefficients.

ax bx rx rd

/ðeÞ 0.44 0.0828 0.856 1.712
/ðxÞ 0.5556 0.075 0.5 0.0
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An adiabatic no-slip wall condition is employed on the hull surface.
To determine the mesh convergence, three typical unstructured grids
with different resolutions were generated for comparison. The first
layer spacing of all grids was chosen using the approach of Cummings
et al.,68 such that the average yþ � 0:8 and the growth rate in the
boundary layer is 1.18. The primary grid, which will be referred to
as the medium-density grid (MDG), consisted of 37 � 106 cells.
Figure 2(b) shows the topology of the mesh near the stern. The grid is
locally refined in the boundary layer and the wake areas, in particular,
close to the afterbody cap to properly model the shear layer instability,
since the wake of the hull is sensitive to the properties of the stern
boundary layer. As shown in Fig. 2(b), an O-H topology was set up in
the wake region; NU ¼ 380 points are used in the azimuthal direction,
and Nx ¼ 630 points are employed in the streamwise direction to dis-
cretize the mixing layer developing from the stern. The two additional
grids were generated with the same topology, but the cell spacing was
altered such that the total cell counts were approximately 23 � 106

cells [referred to as the low-density grid (LDG)] and 56 � 106 cells
[referred to as the high-density grid (HDG)]. The main features of
grids in terms of the number of points and grid parameters are sum-
marized in Table IV.

All the generated grids were employed to perform the simula-
tions with the same free-stream conditions. A nondimensional time
step Dt� ¼ 0:0007 (Dt� ¼ Dt � u0=L, where, u0 denotes the free-
stream velocity and Dt is the dimensional time step size) was used.
Data were gathered over three flow-through times after the initial

transient stage. The effects of the grid resolution on the time-averaged
pressure coefficient [(a) Cp] and skin-friction coefficient [(b) Cf] distri-
butions were plotted in Fig. 3, which shows that Cp converges more
quickly than Cf as the grid refinement and Cp distributions are almost
identical for all grids. The definition of the flow quantities investigated
in this work is listed in Table V, where the time-averaged pressure
(Cp) and skin-friction (Cf) coefficients are computed as follows:

Cp ¼
p� p1
0:5q1u

2
0
; and Cf ¼

sw
0:5q1u

2
0
: (13)

p1 is the free-stream pressure, q1 represents the density of fluid at
the far field. sw and p represent the time-averaged wall shear stress
and pressure, respectively. Figure 3(b) shows the distribution of Cf,
and the differences are negligible moving from MDG to HDG, which
confirms that the grid converges at MDG. Thus, the MDG grid was
used as a baseline mesh for all further computations.

B. Overview of the flow

The instantaneous flow structures are visualized by the isosurface
of the Q-criterion69 in Fig. 4. Q is the second invariant velocity gradi-
ent tensor defined asQ ¼ 0:5ðXijXij � SijSijÞ, whereXij and Sij denote
the antisymmetric and symmetric components ofru, respectively. As
shown in Fig. 4, close to the stern, one can identify a sequence of vorti-
cal structures that interact with each other as they are convected
downstream and become complex 3D vortices in the wake. A global
view of the axial velocity, pressure coefficient, and vorticity magnitude
field in the XZ plane is shown in Fig. 5, where the contour of axial
velocity [Fig. 5(a)] shows that the axisymmetric turbulent boundary
layer gradually thickens due to the reverse pressure gradient on the
stern. The axial velocity undergoes a significant deceleration and

FIG. 1. Schematic of SUBOFF model without appendages.

FIG. 2. Computational grid used for the SUBOFF AFF1 hull. (a) The computational domain and the employed boundary conditions. (b) Topology of the grid in the vicinity of aft;
the grid is locally refined in the wake region.

TABLE IV. Details of the grids properties.

Grids LDG MDG HDG

Total number of cells 2:3� 107 3:7� 107 5:6� 107

NU (in the azimuthal direction) 290 380 450
Nx (in the streamwise direction) 500 630 760

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 085115 (2021); doi: 10.1063/5.0058016 33, 085115-5

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


eventually separates to form the wake. In the wake region, the pressure
gradient is negligible away from the stern, while the pressure fluctua-
tions induced by vortical structures from upstream can be observed.
The contour of vorticity magnitude in Fig. 5(c) shows the regions of
intense turbulent activity, which are mainly the hull boundary layer
and the wake. The magnitude of the vorticity decreases due to the tur-
bulence dissipation as it moves downstream in the wake.

C. Distribution of forces and velocity

The predicted hull pressure and skin-friction coefficients were
plotted against measured data and available LES results in Fig. 6. The
experimental data presented by Huang et al.14 and computations pre-
sented by Posa and Balaras17 are induced. Computation results come
from a wall-resolved LES simulation of the flow around the SUBOFF
with appendage model at a Reynolds number of ReL ¼ 1:2� 106. To
assess the performance of the RSM-based IDDES, an SST-based
IDDES simulation under identical free-stream conditions is con-
ducted, and the results referred to as SST-based IDDES are also plotted
in the comparisons. The predicted Cp profiles [in Fig. 6(a)] do not
show differences between SST-based IDDES and RSM-based IDDES.
Both are in good agreement with both the measurements by Huang
et al.14 and the wall-resolved LES results of Posa,17 including the levels
of Cp at the bow and at the middle section, as well as the details of Cp

at the tapered stern region. Figure 6(b) represents the comparison

between the experimental data and computed Cf along the meridian
line of the hull. According to the work of Posa and Balaras17 and
Kumar and Mahesh,18 the skin-friction coefficient Cf of the experi-
ments is scaled to the Re of the simulation using a scaling law
(Cf 	 Re�0:2) based on the measurements of Huang et al.14 Huang
et al. also reported a measurement uncertainty of 60.0002 for Cf,
which is indicated by error bars in Fig. 6(b). Qualitatively, the evolu-
tion of Cf at the middle section and at the stern are well reproduced by
simulations. A gradual increase in Cf is observed toward the stern due
to the flow acceleration caused by the convex surface of the hull. Cf

decreases at the stern due to the presence of flow separation, as shown
in Fig. 5. Overall, the results of both SST-based IDDES and RSM-
based IDDES show good agreement with the experiments.

The time-averaged axial and radial velocity profiles at four
streamwise locations, x/L¼ 0.904, 0.927, 0.956, and 0.978, on the stern
are compared with the experimental data of Huang et al.14 and LES
results presented by Kumar and Mahesh18 in Figs. 7(a) and 7(b),
respectively. Computation results come from a wall-resolved LES of
the flow around the bare hull SUBOFF at a Reynolds number equal to
ReL ¼ 1:1� 106. The development of the boundary layer over the
stern is properly captured, flow separation results in thickening of the
hull boundary layer on the stern, and evidence can be found in those

FIG. 3. Time-averaged pressure coefficient Cp (a) and skin-friction coefficient Cf (b) distributions for various density grids.

TABLE V. The flow quantities investigated in this work.

Symbol Explanation

Cp Time-averaged pressure coefficient
Cf Time-averaged skin-friction coefficient
U Streamwise velocity
u Time-averaged velocity in axial direction
ur Time-averaged velocity in radial direction
urms RMS-velocity in axial direction
ur;rms RMS-velocity in radial direction
TKE Turbulent kinetic energy

FIG. 4. The wake-flow structures are visualized using the isosurface of the instanta-
neous Q-criterion (Qiso ¼ 0:25), and the isosurface is colored by axial velocity. Q
invariant is nondimensionalized by Qref ¼ ðu0=Dref Þ2.
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velocity profiles as we move downstream. The overall agreement of
the predicted results with the available experimental data and the LES
results is satisfactory. A small underprediction can be detected in the
axial velocity of the IDDES results at x/L¼ 0.904, which may be due to
the larger flow separation obtained by IDDES. Compared with SST-
based IDDES, RSM-based IDDES shows better agreement with both
the experimental data and LES results.

Figure 8 compares the profiles of the axial rms-velocity (a) and
radial rms-velocity (b) at x/L¼ 0.904, 0.927, 0.956, and 0.978.
Diamonds denote the measurements taken during the experiment by
Huang et al.14 at ReL ¼ 1:2� 107, and only two of four cross-
sectional data are available. LES results reported by Kumar and
Mahesh18 and k-x-based DES results reported by Fureby et al.70,71

and Alin et al.51 are also shown for comparison. Notably, both the
k-x-based DES and SST-based DES used in the current work overpre-
dict the magnitude of the axial rms-velocity and that of the radial
rms-velocity. This trend is also reported by Bhushan et al.,8 who
employ the k-x-based IDDES to predict the flow around an appended

FIG. 6. Distribution of computed mean pressure Cp (a) and skin-friction Cf (b) coefficients on the hull. Symbols represent measurements taken from the experiment by Huang
et al. (1992) at ReL ¼ 1:2� 107, and Cf measurements are scaled to the Re of current simulations by using a scaling law (Cf 	 Re�0:2). The LES results presented by Posa
et al. (2016) are also shown for comparison.

FIG. 7. Time-averaged axial (a) and radial (b) velocity profiles at x/L¼ 0.904, 0.927, 0.956, and 0.978. Circles show the measurements taken from the experiment by Huang
et al. (1992) at ReL ¼ 1:2� 107. The LES results presented by Mahesh et al. (2018) are also shown for comparison.

FIG. 5. Instantaneous flow field in the XZ cutoff plane. (a) Axial velocity; (b) pres-
sure coefficient; (c) vorticity magnitude.
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SUBOFFmodel and obtain a greater magnitude of rms-velocity fluctua-
tions at the stern. The RSM-based IDDES predictions are much better,
and reasonably good agreement can be observed with the LES results
and experimental data at x/L¼ 0.904 and 0.978, respectively. This find-
ing is especially true in the predictions of radial rms-velocity, which is
considered to be very challenging to capture. Compared with SST-based
IDDES or k-x-based DES, RSM-based IDDES predicts the velocity sta-
tistics around the stern reasonably better, which can be attributed to the
streamwise vortices reproduced by RSM-based IDDES; however, SST-
based IDDES fails. As we will discuss below in detail, the circumferential
vortices originate from the boundary layer of the stern hull and bring
higher momentum fluid toward its wake from the outer layer at azi-
muthal locations away from the hull. Therefore, RSM-based IDDES
predicts a smaller magnitude of fluctuations and shows better agree-
ment with the LES results and experimental data.

D. Effects of surface curvature

The boundary layer over the curved surface dominates the flow
around SUBOFF. The axisymmetric turbulent boundary layer gradu-
ally thickens due to the reverse pressure gradient over the stern, and
flows undergo a significant deceleration and eventually separate to
form the wake. The unsteadiness of separation is controlled by the tur-
bulent boundary layer18,20 and the feedback from the separated region
to the boundary layer.20 The interactions between the boundary layer
and the separated flows need to be modeled accurately. One of the
advantages of the RSM is its greater adherence to fluid dynamical
physics than scalar models;53,54 which could be fully inherited by
RSM-based IDDES. The performance of RSM-based IDDES can be
evaluated by analysis of the flow near the stern.

Figure 9 presents the fields of turbulent kinetic energy (TKE) in
the wake, where the bimodal nature of the turbulence wake can be
clearly observed. The TKE was obtained by solving Reynolds-averaged
NS equations and could be considered equivalent to the time-averaged
flow field. This flow field will be used as the initial solution for the sub-
sequent unsteady IDDES simulations. The dashed lines (a) to (e) show
the locations of the data extraction sections at which the turbulent
boundary layer quantities will be investigated. The intersection points
of the dashed lines (a; b; c; d; e) and the wall are evenly distributed
between x/L¼ 0.745 and x/L ¼ 0.978, and all these dashed lines are
perpendicular to the wall. The turbulent boundary layer on the stern

can be studied from the evolution of TKE. The balanced equation for
TKE consists of mean-flow convection, production, dissipation, and
viscous diffusion. Among these terms, the dissipation term (its magni-
tude is proportional to the amplitude of TKE) and the viscous diffu-
sion term have negative or relatively small contributions to the growth
of TKE, while only the convection term and production term have
positive contributions to the growth of TKE. The comparison of pro-
files of time-averaged TKE production and convections is plotted in
Fig. 10. The magnitude of the production term is greater than that of
the convection term for all sections, which reveals that the production
term is the dominant source of TKE.

Surface curvature can suppress or amplify turbulence, depending
on whether it has a convex or concave curvature. Figure 11 presents
the schematic of curved surfaces and the projection of streamlines.
The turbulent boundary layer develops on a surface with convex cur-
vature followed by a section of concave curvature. Since the develop-
ment of the turbulence boundary layer along the stern is mainly
dominated by the production of TKE, the performance of the RSM
and the eddy-viscosity models for predictions can be understood qual-
itatively by examining the formulation for the production term in

FIG. 8. Profiles of the axial rms-velocity (a) and radial rms-velocity (b) at x/L¼ 0.904, 0.927, 0.956, and 0.978. Diamonds show the measurements taken from the experiment
by Huang et al. (1992) ReL ¼ 1:2� 107. The LES results presented by Mahesh et al. (2018) are also shown for comparison.

FIG. 9. Fields of turbulent kinetic energy (TKE) in the wake. The dashed line shows
the locations of the data extraction sections at which the turbulence production and
convention were extracted. The intersection points of the dashed lines (a; b; c; d; e)
and the wall are evenly distributed between x/D¼ 6.39 and x/D¼ 8.39 (after body
section), and these dashed lines are perpendicular to the wall.
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these equations. On a curved wall, it is more convenient to express the
velocity gradient and stress tensor in polar coordinates ðr; hÞ, as shown
in Fig. 11. Let ~uh; ~ur represent the velocity in the circumferential and
radial directions, respectively. The velocity and Reynolds stress tensor
in polar coordinates are obtained by a conversion from the data in the
rectangular coordinates (y¼ 0 plane), the velocity gradient in the polar
coordinates is calculated by a simple central difference method. For an
isotropic eddy-viscosity model, neglecting second-order small terms,
the production rate of turbulent kinetic energy is given by

Pk;SST ¼ lt
@~uh

@r
� ~uh

r

� �2

þ 4lt
1
r
@~uh

@h

� �2

: (14)

Here, lt denotes the turbulence eddy viscosity. In the RSM, the pro-
duction terms are closed. Neglecting the second-order small terms, the
production rate of turbulent kinetic energy and shear stress is given by
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(15)

The variations in the TKE production rate are monitored at five
extraction sections, whose locations are shown in Fig. 9 and corre-
spond to dashed lines (a) to (c). Figure 12 shows the profiles of TKE
production predicted by SST-based IDDES and RSM-based IDDES at
four uniform spacing steps, and the corresponding velocity profiles are
plotted in Fig. 13. These data are obtained by unsteady simulations
with the same initial solution as that shown in Fig. 9 and with the
same numerical settings except the turbulence model. TKE production
varies spatially and over time, as shown in Fig. 12. At t¼ 0, the maxi-
mum TKE production in the boundary layer decreases along the
streamwise direction [Fig. 12(a)] because the velocity gradient
(@~uh=@r) in the radial direction decreases as the flows move down-
stream. Evidence can be found in Fig. 13(a) that the turbulent bound-
ary layer gradually grows due to the adverse pressure gradient in this
region. Considering Eqs. (14) and (15), @~uh=@r 	 Oðu=dÞ,
~uh=r 	 Oðu=RÞ, d and R are the thickness of the boundary layer and
the radius of curvature, respectively. Therefore, @~uh=@r is greater than
~uh=r. Figure 14 presents the profiles of Reynolds shear stress in the
turbulent boundary layer at t¼ 0. The decrease in @~uh=@r acts to
diminish the production of TKE by mean shear.

Similarly, we can deduce that the ratio of Phh=Prr is roughly
equivalent to R=d in the boundary layer, and the streamwise compo-
nent Reynolds stress qu00hu

00
h is greater than the normal component

qu00r u
00
r at the junction of the mid-body and stern. Considering

Eq. (15), ðqu00hu00h � qu00r u
00
r Þ > 0, an increase in streamwise velocity

means a positive gradient @~uh=@h, which leads to a reduction in the
production of TKE. Figure 15 depicts the directional derivative of
streamwise velocity along the colored line which is defined by a piece-
wise function in XZ-plane. One can observe that the streamwise veloc-
ity increases at the junction of the mid-body and stern then decreases
downstream. A negative gradient of streamwise velocity downstream
will result in an enhancement of the production rate. Therefore, the
production of TKE decreases with time at line (a) and line (b) but
increases with time at line (d) and line (e). A similar trend but smaller
amplitude can be observed for SST-based IDDES at the junction of the
mid-body and stern because the 1st term of Eq. (14) does decrease in
convex curved flows, and then, some effects of curvature should be
captured. However, the second terms in Eq. (14) are always positive,
which will always increase turbulence even in the case of flow accelera-
tion. Evidence can also be found in Fig. 16, which shows that the
instantaneous contours of the TKE overlapped with the projection of
streamlines at t ¼ 0:84Dt�. For clarity, only the lower part (z=D < 0)
of the projection streamlines is shown here. The SST-based IDDES
predicts limited turbulent motions with some fluctuations of annular
TKE distributed around the stern, and this initial transient still
requires more physical time steps to die out. While RSM-based IDDES
is more sensitive to curvature surfaces, the unsteadiness of flow
motions induced by boundary layer separation is observed in the pre-
diction [see Fig. 16(a)]. Thus, the RSM-based IDDES can provide a
better response of the turbulent boundary layer to such flow over
curvature walls in the relatively early stage of the simulation.

Figure 17 presents the instantaneous contours of the TKE over-
lapping with the projection of streamlines at t ¼ 10:02Dt�, when the
flow was relatively fully developed. The large-scale turbulent motions
near the stern are provided by flow visualization, with examples of a
mixing layer and axisymmetric wakes. Additionally, the projection of
the streamlines is shown in the lower part (z=D < 0) to highlight the

FIG. 11. Side view of the stern showing the schematic of the curved surfaces and
the projection of streamlines.

FIG. 10. Profiles of time-averaged TKE production and convections.
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presence of streamwise vortices. On the y¼ 0.0 plane, SST-based
IDDES appears to provide a larger separated region than RSM-based
IDDES, and the vortical structure developing from the upstream bound-
ary layer shows a stronger influence on the flows around the stern and
downstream wake. While RSM-based IDDES predicts a weaker separa-
tion with some streamwise vortices evenly distributed in the circumfer-
ential direction, evidence is shown on the y¼ 0.0 plane and x/D¼ 7.72
cross section in Fig. 16. These vortices have similar sizes and bring high-
momentum fluid toward the wall, creating a “fuller” mean velocity pro-
file near the concave wall (see Fig. 7). The counterrotating vortices send
low-momentum flow away from the boundary layer; hence, flow sepa-
ration is suppressed to some extent, by which the RSM-based IDDES
avoids overpredicting the fluctuation of velocity near the stern and
results in better agreements with wall-resolved LES results and the mea-
surements (see Fig. 8). Therefore, we could deduce that exact production
terms in RSM-based IDDES are capable of capturing the strong interac-
tion between individual stress and the streamline curvature.

IV. SUMMARY AND CONCLUSION

Flows around SUBOFF body without appendages have been
studied using a hybrid RANS/LES approach. This approach is based

on the SSG/LRR-x RSM and a modification to the length scale. The
flows around the SUBOFF body at ReL ¼ 1:2� 106 and a zero yaw
angle is considered. Three typical grids with different resolutions were
generated and tested to determine the mesh convergence. The results,
including the time-averaged Cp, Cf, velocity profile, and rms-velocity
profiles, are in good agreement with experimental data and available
LES results, and the overall agreement of the comparisons was satisfac-
tory. To assess the performance of the RSM-based IDDES, we per-
formed an SST-based IDDES simulation under identical free-stream
conditions and introduced the predictions reported in the literature
using k-x-based DDES for comparisons. The sensitivity of the hybrid
approaches to the RANS models was observed for separated flow with
surface curvature and adverse pressure gradient-induced separation,
which indicates the importance of the RANS model in a DES
approach. The RSM-based IDDES model was found to provide good
agreement on the velocity fluctuations with the experimental data and
LES results.

The features of the flow reported in the experiment and the liter-
ature have been reproduced by RSM-based IDDES well. The flow
topology is characterized by an unsteady separated flow that formed
on the stern due to the 3D boundary layer under the influence of

FIG. 12. Profiles of TKE production predicted by SST-based IDDES and RSM-based IDDES at four uniform spacing steps, t¼ 0 (a), t ¼ 0:28Dt� (b), t ¼ 0:56Dt� (c),
t ¼ 0:84Dt� (d).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 085115 (2021); doi: 10.1063/5.0058016 33, 085115-10

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


FIG. 15. The directional derivative of streamwise velocity (black line) along the col-
ored line shown below; these data are obtained at t¼ 0.

FIG. 14. The profiles of Reynolds stress in the turbulent boundary layer at t¼ 0,
locations are shown in Fig. 9.

FIG. 13. The magnitude of streamwise velocity predicted by SST-based IDDES and RSM-based IDDES at four uniform spacing steps, t¼ 0 (a), t ¼ 0:28Dt� (b), t ¼ 0:56Dt�

(c), t ¼ 0:84Dt� (d). It is noted that the sketch of SUBOFF was used to show the location where the data are extracted.
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pressure gradients and surface curvature. A sequence of vortices inter-
acting with each other in the boundary layer merges together as they are
being convected downstream and form the wake. RSM-based IDDES
provided a good response of the turbulent boundary layers to the con-
cave and convex curvatures. Near the stern cap, a strong turbulent mix-
ing layer is formed and grows in thickness as the flow develops. This
layer mixes the high-momentum fluid in the outer part of the boundary
layer with the low-momentum fluid from the near-wall region and
tends to suppress the flow separations. The exact production terms in
RSM-based IDDES are capable of capturing these processes, which are
dynamically important in the near-wall region and show a strong inter-
action between individual stress and streamline curvature.
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APPENDIX: CALIBRATION OF MODEL
COEFFICIENTS

This calibration process is considered to be an essential prereq-
uisite for DES computation. Decaying isotropic turbulence (DIT)
represents the simplest realization of turbulent flow and is therefore
a fundamental test case for new turbulence modeling. For this pur-
pose, DIT computations are conducted with various values for
CDES. The employed grid consists of 643 rectangular and equidistant
control volumes. The physical domain is a rectangular box with an
edge length of 2p, where the lowest and highest resolved wavenum-
bers are 1 and N=2, respectively.

Simulations of DIT are performed in a cubic computational
domain with periodic boundary conditions in each spatial direction.
A second-order full implicit dual time-stepping scheme is adopted,

FIG. 16. Contours of the TKE overlapping with the projection of streamlines at t ¼ 0:84Dt�, data obtained by RSM-based IDDES (a), data obtained by SST-based IDDES (b).
For clarity, only the lower part (z=D < 0) of the streamlines is shown.
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FIG. 17. Contours of the TKE overlapping with the projection of streamlines at t ¼ 10:02Dt� , data obtained by RSM-based IDDES (a), data obtained by SST-based IDDES
(b). For clarity, only the lower part (z=D < 0) of the streamlines is shown.

FIG. 18. Effect of different CDES constants in RSM-based IDDES on the energy spectrum in the DIT case, U0t=M ¼ 171. (a) SSG branch, (b) LRR branch.
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with time steps of 0.001 nondimensional units for each case. The
velocity field for the solution initialization was obtained from the
inverse Fourier transform of the experimental spectra presented by
Comte-Bellot and Corrsin.72 The RANS model in current DES
methods contains SSG and LRR branches, the final CDES is blended
by the F1-function, and therefore, CDES can be calibrated separately.
Figure 18 shows the resulting normalized energy spectra over the
normalized wavenumber for different CDES values at U0t=M ¼ 171.
In the DIT case, U0 represents the airspeed approaching the mea-
suring section, and M denotes the size of the measuring section.
The results obtained by CDES;SSG ¼ 0:3 and CDES;LRR ¼ 0:5 agree
well with the measured spectra. Since only the LES mode of the
DES is affected, the calibration is independent of the DES, DDES,
and IDDES formulations and therefore applies to both RSM-DES
and RSM-DDES. The coefficients in SST-based IDDES model were
also calibrated in a similar way, and the values of CDES;k�x ¼ 0:56
and CDES;k�� ¼ 0:45 were found to be satisfactory.
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