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ABSTRACT

Wall-modeled large eddy simulation (WMLES) is conducted to
investigate the turbulent flow over an axisymmetric body of revolution
(BOR) at zero angle with the open-source CFD toolkit OpenFOAM.
The BOR is composed of an ellipsoidal nose, a cylindrical mid-body,
and a 20-degree tail cone, and has a length-to-diameter ratio of 3.17.
The Reynolds number is 1.9010° based on the freestream velocity and
the length of BOR. The unstructured computational grid is designed to
capture the near-wall flow structures. The pressure and skin friction
coefficients are compared with available experimental and numerical
results in literature to validate the computational method and settings.
The evolution of the boundary layer on the tail-cone section is mainly
analyzed to discuss the effect of adverse pressure gradient. This
research can provide a useful reference for studying complex flows in
highly decelerated zone.

KEY WORDS: Wall-modeled large eddy simulation;
axisymmetric turbulent boundary layer; flow structures; adverse
pressure gradient.

INTRODUCTION

Turbulent boundary layers growing over axisymmetric bodies, such as
underwater vehicles and aircraft, are of considerable interest in recent
years. Understanding the fundamental flow mechanisms is important
due to the direct relevance with structural vibrations and flow noise.

Abundant experiments have been conducted to investigate the physics
of an axisymmetric boundary layer. Huang et al., (1992), and Jiménez
et al. (2010a, 2010b) conducted experiments to study the flow around
the DARPA SUBOFF model with high Reynold number, which is a
canonical streamlined body of revolution and has been widely used as
the benchmark model in studies on hydrodynamics about underwater
vehicles. The flow information about time-averaged quantities and
turbulent fluctuations in turbulent boundary layer and wake region was
obtained. Balantrapu et al., (2021, 2023) conducted a series of
experiments with a body of revolution (BOR). Flow structures and
wall-pressure fluctuations under the adverse pressure gradient were
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mainly analyzed. All of these experiments provide many valuable data
to dataset for validation of numerical simulations for high Reynolds
number about axisymmetric turbulent boundary layer.

In recent years, numerical simulations have been gradually applied in
studying axisymmetric turbulent boundary layer. The Reynolds-
averaged Navier—Stokes (RANS) method is usually used due to cost
considerations and has shown good performance in capturing time-
averaged statistical quantities.(Boger and Dreyer, 2006; Cao et al.,
2016; Gao et al., 2018; Pan et al., 2012; Yang and Lohner, 2003; Zhang
et al., 2019). As the development of the computational performance and
numerical algorithms, large eddy simulation (LES) has been an useful
engineering tool for predicting and analyzing unsteady and multiscale
turbulent flows. For wall-bounded flows, LES can be divided into two
types, wall-resolved large eddy simulation (WRLES) and wall-modeled
large eddy simulation (WMLES) based on the strategy of dealing with
the flow near the wall. For WRLES, the flows in all regions are directly
resolved with LES. WRLES has been conducted to simulate the flow
around the DARPA SUBOFF model (Fureby et al., 2016; Kumar and
Mahesh, 2018; Liu et al., 2023; Morse and Mahesh, 2021; Posa and
Balaras, 2016, 2020). Satisfactory results about not only time-averaged
quantities but also turbulent fluctuations were obtained comparing with
experimental data. However, due to the requirement of LES to solve
more than 80% the turbulent kinetic energy in flow, WRLES tends to
be computationally expensive when Reynolds number is high.
WMELS resolves the flow in the outer layer of the boundary layer and
applies modeling approaches for the flow within the inner layer of the
boundary layer. This method extends the application of LES in high
Reynolds number flow. Chen et al. (2023) and He et al., (2023) used
WMLES to simulate the flow around the DARPA SUBOFF model and
validate this method in capturing the flow in pressure gradient. Zhou et
al. (2020) conducted the numerical simulation about BOR matched
Reynolds number of Balantrapu et al., (2021, 2023). They used
WRLES on the stern region and WMLES on the nose and mid-body to
reduce the computational cost. They analyzed the space-time
characteristics of velocity and pressure fluctuations within the
boundary layer of the stern cone. In the previous studies, WMLES with
the non-equilibrium wall stress model has not been validated and
applied to study the flow around BOR benchmark. In this paper,
WMLES with the non-equilibrium wall stress model is used in the all



regions of BOR to validated this method. Otherwise, the flow
mechanisms of a highly decelerated axisymmetric turbulent boundary
layer are further discussed at matched Reynolds number of Balantrapu
et al., (2021, 2023). This work can provide a valuable reference to
understand WMLES capabilities in capturing complex flow around
axisymmetric geometries.

The paper is organized as follows: Firstly, numerical approach is
introduced including wall stress modeling method. Second, details of
computational setup are discussed. Then the flow physics about the
axisymmetric boundary layer are analyzed. Finally, conclusions are
given.

NUMERICAL APPROACH
Governing Equations

In WMLES reported here, unsteady filtered Navier-Stokes equations
for incompressible flow are solved as follows:
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where i=1,2,3 denotes different spatial coordinates, 0 and p are
filtered velocity and pressure, p is the fluid density, and v is the
molecular kinematic viscosity of the fluid. The space and time

iJS-GS is the subgrid-scale (SGS)

stress tensor calculated by the SGS model.

coordinates are represented by x and t. 7,

SGS Model

The impact of scales smaller than the filtered size is represented
through the SGS stress tensor rijSGS = ZVSGséij + (1/3)rff‘sé‘ij , where
vsgs IS the SGS eddy viscosity determined by the SGS model. In this

study, the wall-adapting local eddy-viscosity (WALE) SGS model,
proposed by Nicoud and Ducros (1999), is employed to calculate the
SGS eddy viscosity. This SGS model is an eddy viscosity model that
retains the simplicity and computational efficiency inherent in
traditional algebraic SGS models. It is found that this model can predict
accurate asymptotic behaviors near the wall and near the wall, and the
eddy viscosity diminishes in laminar regions (Posa and Balaras, 2016).
The SGS eddy viscosity in WALE model is calculated as

(s§s§)*?

— ®)
(SiSi)™% + (s s)™

vees = (Cyd)?

where A is the mesh filter length scale, C,, is the model constant and

is set to 0.325 in this study, Si‘jj is the traceless symmetric part of the

square of the velocity gradient tensor and Sij is the resolved strain-
rate tensor.

Wall Stress Model

In WMLES, Eqgs. 1 and 2 are solved on a coarse mesh near the wall,
where the stress-carrying eddies in the near-wall region are mostly
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unresolved. Therefore, the mesh alone cannot denote the sharp velocity
gradients and the momentum transport near the wall. This causes the
SGS model to produce insufficient levels of modelled stresses. Wall
stress model is proposed to compensate for such numerical and
modelling errors in the underresolved near-wall region of LES. The
wall-stress model considers the inner layer in a Reynolds-averaged
sense through a thin-layer approach and uses a mixing-length model for
the eddy viscosity. The wall-stress model is applied through the thin
boundary layer equations (TBLE) as

|

where i=13, i.e., wall-parallel directions. v, is the eddy viscosity.

Terms in the right of TBLE are pressure gradient term, transient term
and convective term. TBLE is a partial differential equation. Some
terms are usually neglected to simplify this equation as an ordinary
differential equation, which is beneficial for solving. If all of these
terms are ignored, the wall stress model is called as equilibrium wall
stress model (EQWM). If the pressure gradient term is explicitly taken
into account while temporal term and convective term are neglected,
this model is the so-called non-equilibrium wall stress model
(NEQWM). In this paper, NEQWM is adopted. NEQWM can provide
better results comparing to EQWM for the flow under the pressure
gradient (Chen et al., 2023). It has also been proved that NEQWM can
achieve satisfactory results about both time-averaged field and
turbulent fluctuations around the axisymmetric turbulent boundary
layer (He et al., 2023).
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The mode of operation of the wall-stress model includes three main
steps. Firstly, values of the velocity and pressure and quantities derived
from them such as pressure gradient are sampled a point in the
simulation domain. The position of sampled point is set as the center of
the third wall-normal mesh around the wall following Chen et al.,
(2023) and He et al., (2023). The sampled values serve as input to the
wall stress model. Second, the local value of the wall shear stress is
calculated through the integral of TBLE. Third, the eddy viscosity is
corrected on the boundary based on the wall shear stress computed by
the wall stress model. More details about the process of wall stress
model can also refer to Mukha et al., (2019).

COMPUTATIONAL SETUP
Geometry

The BOR geometry, shown in Fig. 1, consists of an ellipsoidal
nose, a constant-diameter (D) cylindrical mid-body, a 2:1
ellipsoidal nose, and a 20-degree tail cone. The constant
diameter of the mid-body D is 0.432m and the length of the
BOR geometry is L=3.17D. This geometry is a typical
axisymmetric body of revolution with both lateral and
longitudinal curvatures. Compared with the SUBOFF, the BOR
model has a smaller length-to-diameter ratio and a sharp corner
between the mid-body and the tail cone. The freestream velocity
of fluid u,, is 22 m/s and the corresponding Reynolds number

u, L

Re. is 1.90 X 10°. The physical conditions of the present

simulations are identical to those of the experiments conducted
in Balantrapu et al., (2021, 2023), with the difference that a
shaft at the stern was used to support the BOR in experiments.



The boundary layer keeps laminar without tripping. Therefore,
the flow is tripped by applying a steady wall-normal velocity
perturbation at the same position (x/D 0.98) as that in
experiments (Balantrapu et al., 2021, 2023). It is noted that the
experiments conducted in Balantrapu et al., (2021, 2023) used a
square trip ring while the simulation used the steady wall-
normal velocity of 0.06 u,, . This will lift the boundary layer and

mimics the presence of the trip ring in experiments. This method
of tripping has been tested in previous simulations (Kumar and
Mahesh, 2018; Morse and Mahesh, 2021), where a small steady
wall-normal velocity over few cells quickly induced the
transition of an axisymmetric laminar boundary layer into a
turbulent state

Tripping

D I I

Fig. 1 The BOR geometry

1.17D

Computational Domain

The schematic of the computational domain is illustrated in Fig. 2. In
this study, the half domain is used. It is noted that the all of the body
was used in the experiment (Balantrapu et al., 2021). However, the
shape of the computational geometry is an axisymmetric body. The
computational geometry is fixed and the motion of the body is not
considered in this study. Therefore, we used the half domain and
symmetry boundary condition in the xoz plane to reduce the
computation cost. The origin is located at the nose of BOR and the
direction of x-axis is along the streamwise direction. The z-axis is
vertically upward and the y-axis is determined based on a right-handed
coordinate system. The computational domain extends to -12D <y < 0
in the spanwise direction and -12D < z < 12D in the vertical direction.
The inlet is located 12D in front of the nose of BOR and the outlet is
located 31D downstream of the stern.

Symmetry
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Fig. 2 The schematic of the computational domain

Symmetry
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Computational Mesh

The mesh arrangement in x-z plane and y-z plane are shown in Fig. 3(a)
and (b), respectively. The layout of computational mesh refers to the
work of (Chen et al., 2023; He et al., 2023). The unstructured mesh is
applied and generated by snappyHexMesh in OpenFOAM. The near-
wall region is refined to capture the near-wall turbulent structures in the
boundary layer. Otherwise, meshes in stern region are also refined to
capture the unsteady turbulent flow in adverse pressure gradient. 30
layers are set in the boundary layer region and the boundary layer
thickness & is determined at the end of mid-body based on the
experimental results of Balantrapu et al., (2021). The growth ratio of
meshes in the boundary layer is 1.03. The size of the first mesh is
Ax = Az =5Ay,, =1/105 . The mesh in the stern boundary layer is

shown in Fig. 3(c). Finally, the number of meshes is determined as
37.89 million.

(c) Mesh in the stern boundary layer

Fig. 3 Computational Mesh



Numerical Solution and Schemes

The simulation in this paper is conducted in open-source computational
fluid dynamics (CFD) platform OpenFOAM. The simulation is firstly
conducted in steady RANS with the solver simpleFoam in OpenFOAM.
The turbulence model in steady RANS in this paper is k—w@ SST
turbulence model. The Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm (Caretto et al., 1973) is used to solve
mass and momentum equations. Final convergent solutions of velocity
and pressure are obtained as the initial condition of WMLES. WMLES
is conducted with the solver pisoFoam with the open-source library
libwallModelledLES(Mukha et al., 2019). Pressure Implicit with
Splitting of Operators (PISO) algorithm (Issa, 1986) is used to solve
governing equations in the LES simulation.

For LES simulation, second-order implicit backward scheme is used for
the temporal discretization. For the spatial discretization, the advection
term is discretized with the second-order linear-upwind stabilised

transport (LUST) scheme. This scheme blends the linear scheme (75%)

and the linear-upwind scheme (25%), which balances the stability and
accuracy. The gradient term and laplacian term are discretized using the
second-order linear scheme. For the RANS simulation, the advection
term in the momentum equation is discretized with second linear
scheme. Terms in turbulence transport equations are discretized with
upwind scheme. Others are set as same with LES.

Boundary Conditions

In LES simulation, for the inlet boundary, the uniform inflow condition,
(u, 0, 0) is used for the velocity boundary condition. The zero normal
gradient condition in OpenFOAM is used for the pressure boundary
condition. v, is calculated from the turbulence model. For the outlet

boundary, the zero normal gradient condition is used for the velocity.
The fixed value p=0 is used for the pressure boundary condition. v; is
calculated from the turbulence model. For the boundary of BOR, no-
slip boundary condition is used for the velocity and the zero normal
gradient condition is used for pressure. v; is calculated with NEQWM.

For the boundary condition of sides, symmetry boundary condition is
adopted.

In RANS simulation, for the inlet boundary condition, the fixed value
condition is used for the turbulence Kinetic energy and turbulence
specific dissipation rate. The turbulent kinematic viscosity is calculated
by k—w SST turbulence model. For the outlet boundary condition,
inletOutlet boundary condition in OpenFOAM s used for the
turbulence kinetic energy and turbulence specific dissipation rate. The
turbulent kinematic viscosity in the outlet boundary is calculated by
k — @ SST turbulence model. For the boundary of BOR, wall functions
are used for turbulence kinetic energy, turbulent kinematic viscosity
and turbulence specific dissipation rate. Others are consistent with LES.

Time Step and Solution Time

The time step in this paper is set as 1X 10 and corresponding

nondimensional value is At* =u,At/ L =1.6065X 10+, satisfying that

the maximum Courant number is less than 0.8. The solution time is
equal to 24 flow-through times.

RESULTS AND DISCUSSIONS

Overview of the Flow Field
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Contours of instantaneous axial velocity nondimensionalized by u,, ,

pressure coefficient Cp and vorticity magnitude in xoz plane are shown
in Fig. 4, which are plotted using Turbulucid (Mukha, 2018). The black
solid lines represent the surface of the BOR. The pressure coefficient is
defined as

— p B poo
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where p,, is the reference pressure. The near-wall structures around

the BOR, shown in Fig. 5, are identified using the modified normalized
Liutex-Omega method (Liu and Yu, 2022; Pang et al., 2023). This

method uses isosurface of a normalized scalar Qg to identify vortex

structures. The threshold value of isosurface of f)R is set as the
recommended value 0.52 (Zhao et al., 2020).
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Fig. 4 Contours of instantaneous axial velocity nondimensionalized by
u,, , pressure coefficient Cp and vorticity magnitude in xoz plane.
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Fig. 5 Near-wall structures around the BOR colored by the axis
velocity nondimensionalized by u., .

When the fluid flows over the surface of BOR, a stagnation point is
firstly formed in the front of the nose. Then the flow is accelerated in
the favor pressure gradient as shown in Fig. 4(a). The flow is still
laminar until the trip is forced and quickly transition into turbulent. The
flow on the short mid-body is mainly the zero-pressure-gradient
turbulent boundary layer. The boundary layer is developed and only
influenced by lateral curvatures. After that, the flow is influenced by
longitudinal curvature at the stern and highly decelerated under the
adverse pressure gradient. One can see that the turbulent fluctuations
are very strong in the stern region and the vorticity magnitude is high.
The vortex structures begin to shed from the stern and form the wake
vortices.

Time-averaged Pressure and Skin-friction Coefficients

The streamwise variation of mean pressure along the body is shown in
Fig. 6, with the comparison with experimental results (Balantrapu et al.,
2021). The pressure coefficient achieved a satisfactory agreement with
experimental results. At the trip position, the pressure coefficient drops
suddenly due to the wall-normal velocity disturbance. It can be found
that the flow experiences highly adverse pressure gradient over the 20-
degree tail cone shown in Fig. 6

1.0 1 ©  Experiment (Balantrapu et al., 2021)

—— Present method
0.5 1
Tripping

o 00
~0.51
1.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
x/D

Fig. 6 Comparison of the distribution of time-averaged pressure
coefficient with experimental results(Balantrapu et al., 2021).
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Fig. 7 Comparison of the distribution of time-averaged skin-friction
coefficient with previous WRLES results (Zhou et al., 2020).

Distributions of time-averaged skin-friction coefficient on the stern are
shown in in and Fig. 7. Available numerical results conducted by
WRLES (Zhou et al., 2020) are shown together due to the lack of
experimental results. The skin-friction coefficient is defined as

T (6)

C =
f 0.5pu020

where z,, is the magnitude of wall shear stress. Present results agree

well with WRLES results, which further validates the numerical
method in this paper. The skin-friction coefficient gradually reduces
over the stern due to the deceleration of flow.

Evolution of Boundary Layer on the BOR

Fig. 8 shows contours of time-average velocity distribution, which is
normalized by u,, . The traditional definition of the boundary layer

thickness (0.995u,, ) is not adaptive for this flow b ecause the velocity

varies outside of the boundary layer due to longitudinal pressure
gradients. Several general methods of determining the boundary layer
thickness have been suggested such as the method based on vorticity
(Coleman et al., 2018; Spalart and Watmuff, 1993) and total
pressure(Patel et al., 1974; Griffin et al., 2021). In this paper, the
method based on 0.99 Cpyyig oo IS Used to calculate the boundary layer

thickness. The edge of the boundary layer is represented by the black
line as shown in Fig. 8. The boundary layer thickness over the body of
BOR is shown in Fig. 9. The boundary layer thickness gradually
increases as the flow develops. The boundary layer is mildly lifted at
the position of tripping. At the stern, the effect of adverse pressure
gradient due to the longitudinal curvature makes the boundary layer
thicken quickly. We also show the development of time-averaged axis
velocity profiles on the mid-body (Fig. 10) and stern (Fig. 11). The
velocity profiles on the mid-body are flatter than those on the stern due
to the effect of adverse pressure gradient.

. LA

05 0.0 05 1o K 20 25 30 15
zfD
Fig. 8 Contours of time-average velocity distribution and the black line
denotes the edge of the boundary layer.
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Fig. 9 The evolution of boundary layer thickness over the body.
0.05 ;
........... viD=12 i
o0ad T x/D=1.5 i
— xiD=18 ;
0.03 1 |
Q ]
‘\:_ ]
H] |
=002 i
0.01
0.00 e =
0 05 1 0 05 0 05
Ty /oo

Fig. 10 The evolution of time-averaged axis velocity profiles on the

mid-body, normalized by u,, .
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Fig. 11 The evolution of time-averaged axis velocity profiles on the

stern, normalized by u,, .

analyzed. The method base on the total pressure is used to calculate the
boundary layer thickness. It is found that the effect of adverse pressure
gradient due to the longitudinal curvature makes the boundary layer
thicken quickly. Otherwise, the velocity profiles on the mid-body are
found flatter than those on the stern due to the effect of adverse

pressure gradient.

In this paper, we mainly focused on the time-averaged flow quantities
around the body with WMLES. The validation about turbulent
fluctuations and wall-pressure fluctuations are not conducted and
analyzed in detail due to the space limitation of papers. In the future,
more analysis about the turbulent fluctuations and wall-pressure
fluctuations about the flow over BOR will be conducted. The capacities
of WMLES in capturing pressure fluctuations are further discussed.
The space-time characteristic of turbulent flow around the BOR is also

valuable to discuss and explore.
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