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Abstract

Flow past a transversely oscillating circular cylinder located in
the downstream region of a backward-facing step is numeri-
cally studied as foundational work for the simulation of flow
around a helicopter fuselage in its landing and launching opera-
tion on board a ship. In the present study, Detached Eddy Sim-
ulation (DES) with the incompressible flow at high Reynolds
number is conducted using OpenFOAM. The geometry has its
basis on Simplified Frigate Shape (SFS) by the fact that the
backward-facing step resembles the hangar, and vertically os-
cillating cylinder describes the unsteady motion of the aircraft
fuselage in station-keeping flight. Changes in wake field due
to the interaction with downstream of the backward-facing step
and the wall layer have been observed. In addition, two different
approaches to deal with the boundary of a cylinder are studied:
the immersed boundary (IB) method and fully-resolved bound-
ary layer, in the laminar flow over a stationary cylinder case
without the step for the consideration of a future application
to the current research. A quantitative comparison is made be-
tween both approaches of handling boundaries.

Introduction

Flow past a cylinder has been a traditional research subject of
fluid dynamics as the flow field facilitates a variety of com-
plex phenomena such as geometry-dependent vortex flow in the
wake region, flow separation in the boundary layer, and flow
transition from laminar to turbulent, despite its geometrical sim-
plicity [1]. Another famous classic problem is the flow over a
backward-facing step, which has been extensively studied for
several decades. This simple geometry is of particular interest
to investigate separated flows and its reattachment followed by
recirculation and recovery.

In this paper, flow past an oscillating circular cylinder located in
the downstream region of a backward-facing step, which com-
bines the two traditional problems described above, is stud-
ied at Rep = 1.4 x 10° (based on the cylinder diameter D
and freestream velocity Ux). The case setup is designed as
preparatory work for the future study on the coupled flow of
ship airwake and rotor-induced flow, which appears in the ship-
helicopter dynamic interface (DI) operation, around the fuse-
lage. CFD simulation of the DI operation has been explored
for many years as part of an effort to reduce the number of at-
sea trials, accurately define ship-helicopter operating limits, and
consider its results in ship design [2]. The DI operation on or
near the helideck of a ship is known for its extremely challeng-
ing environment mainly due to the turbulent airwake generated
by the superstructure and hangar of a ship. Despite a number of
complex flow aspects in the DI operation, the problem is sim-
plified from understanding that the flow can be regarded simi-
lar to that for a backward-facing step and the fuselage, namely
the cylinder, in recirculation region close to the rear face of the
hangar due to the confined space of the flight deck [3]. It is
hence expected that this simplified three-dimensional simula-
tion of shipboard helicopter operation will provide an important
background for further investigation.

This work also includes a comparative study of two different ap-
proaches to cope with the boundary of cylinder: the IB method
and fully-resolved boundary layer. The IB method was initially
introduced by Peskin [4] to study blood flow in the cardiovascu-
lar system and is now expanded to a number of modifications.
The IB method uses momentum forcing in the Navier-Stokes
equation rather than a real body conforming grid, providing sig-
nificant advantages to memory and CPU savings by allowing
much simpler grids, such as Cartesian mesh, for simulations. It
becomes more potent for moving bodies since the computation
does not need to regenerate grid in every time step [5]. For these
reasons, the IB method is expected to be an excellent remedy for
future application to the ship-helicopter DI simulation by sav-
ing computational cost which appears highly expensive due to
the geometrical complexity of objects and mesh regeneration to
reflect their movements.

The primary challenge in developing IB algorithm is the impo-
sition of the boundary condition (BC) on the IB [6]. In general,
two main approaches in the IB method are utilised to deal with
this challenge. They are called continuous forcing approach and
discrete forcing approach, respectively. The main difference be-
tween them is when to apply the forcing to the momentum equa-
tion, where the former incorporates the forcing into the con-
tinuous governing equation before discretisation, whereas the
latter does after discretisation. The main focus of the present
work is on the discrete forcing approach since the application
of the continuous forcing approach for solid boundaries is lim-
ited only to low Reynolds number flows [6]. The discrete forc-
ing approach is also subdivided into two ways of BC imposi-
tion: indirect and direct. The indirect BC imposition employs
a spreading step using smooth delta function to transform the
forcing field onto the underlying mesh. On the other hand, the
boundary reconstruction is carried out in the direct BC imposi-
tion, by assigning the forcing only to the nearest cells of the IB
which is calculated from their surrounding cell values and the
BC directly applied onto the IB.

At present, both indirect and direct BC impositions of the dis-
crete forcing approach based on the finite volume method are
available within OpenFOAM [7, 8]. Hence, both libraries are
tested with the flow past a fixed cylinder at low Reynolds num-
ber to study a capability of the IB method by comparison against
the wall-resolved approach and existing references.

Numerical Methods

Navier-Stokes Solver

The Navier-Stokes equation and the continuity equation for un-
steady incompressible viscous fluid are written with forcing
term f as:
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where u is velocity, p is pressure, v and p are kinematic viscos-
ity and density, respectively.



Two different simulations are performed at Rep = 100 and
1.4 x 10 in this study. Segregated solver with PISO (Pressure
Implicit with Separation of Operators) algorithm [9] is used to
solve pressure-velocity coupling in both cases. The standard
PISO solver provided in OpenFOAM is modified for use of
each library as instructed in [7, 8], and employed for the low
Reynolds number simulation.

Second-order implicit scheme is used for spatial discretisa-
tion in both cases. For temporal discretisaion, first-order im-
plicit Euler scheme is applied in Rep = 100 case for accu-
rate comparison with the outcomes in [7]. Second-order im-
plicit Crank-Nicolson scheme is employed for time-stepping in
Rep =1.4 x 10° simulation.

For high Reynolds number case, DES with Spalar-Allmaras
(SA) turbulence model [10] is conducted to capture unsteady
flow structure. Thus the kinematic viscosity v in Eq.(1) is re-
placed by an effective viscosity veg = v+ v¢. In SA turbulence
model, the modified turbulent viscosity ¥ is introduced and its
transport equation is solved to determine the turbulent viscosity
v¢. Spalding’s formula [12] is used for near-wall treatment.

Computational Domain

Computational domain used for Rep = 100 case is a rectangu-
lar with [-20D,40D] x [-20D, 20D] in z, y direction, respec-
tively. The number of cells is fixed to be 155,000. Grid spacing
in circumferential area [—1D,1D] x [-1D,1D] of the domain
for IB cases is set to be 0.01.D. The first cell distance of wall-
resolved case is determined as 0.01D, accordingly. The same
set of BCs in [7] is adopted.
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Figure 1: Computational domain for the flow over an oscillating
cylinder located downstream of a backward-facing step. All
dimensions are normalised based on the diameter of cylinder.

For Rep = 1.4 x 10° case, the domain in Figure 1 with
~1.25M cells is used for simulation. Spanwise length is cho-
sen to be 5D and discretised by 100 cells. The step height 2.5D
is selected to secure enough space for the cylinder to oscillate at
the amplitude A = 0.25D with the frequency ratio fo/fv =1,
where f, and f, are the frequency of the simple harmonic
cross-flow oscillation and the vortex shedding frequency in a
fixed cylinder case without the step at Rep = 1.4 x 10°, respec-
tively. The distance 4.5D from the vertical wall to the centre of
the cylinder is arbitrarily chosen to be enough to see the effect
of recirculation on the cylinder, considering the scaled distance
between the rear face of hangar and the middle of helideck in
SES, based on the step height. Since the simulation is to look at
the flow field in an atmospheric environment, free slip condition
is used for the top boundary, unlike usual backward-facing step
simulations. Inlet and outlet conditions are the same as those in
Rep = 100 case. The bottom is considered as a wall, whereas
front and back are chosen to be periodic.

Immersed Boundary Method

The indirect BC imposition of the discrete forcing approach in
OpenFOAM employs the research work in [11]. The unique-
ness of this approach is that a kernel function in a polyno-
mial basis is used to deal with the different types of back-

ground mesh, not limited to the equidistant Cartesian mesh. A
brief workflow is introduced below, and details can be found in
[7, 11]. The library used in this study is distributed on 21/02/18.

The singular force F* on k-th Lagrangian point at n-th time step
is obtained from the velocity value U on its boundary I" and the
velocity field I (u™) interpolated onto the IB:
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where u” is the predicted velocity. The interpolation operator I
is defined as:
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where j-index stands for the discrete value of the velocity field,
and D;, refers to the support cage domain centred on the k-th
Lagrangian point. The support is designed to identify at least
three Eulerian nodes in each direction for calculations, involved
with the localised window function w,4. Aw is the volume of
the cell centred at x;. The singular force field defined over I" is
reflected onto the Eulerian field by a spreading operator C' as:
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where D; refers to the support containing the j-th Eulerian
node. €, is the Lagrangian quadrature [7].

Lastly, the discretised momentum equation in implicit form is
solved with the forcing:
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where H is the discrete advection operator, G and L are the
discrete gradient and Laplacian, respectively.

In the direct BC imposition of the discrete forcing approach, on
the other hand, the BC is involved with the solver directly as-
signing to a band of cells after interpolation, the equations not
being solved with the entire forcing field. Dependent variable
values at each centre of cells nearest to the boundary are up-
dated at every boundary correction stage. The values are calcu-
lated by quadratic interpolation with the weighted least square
method [8]. The library used in the present work is included in
foam-extend-4.0.

For two-dimensional case, Dirichlet BC is given by:
¢p = ¢ip+ Co (zp — zp) + C1 (yp — yiv)
+Ca (zp — i) (yp — Yiv) )
2 2
+C3(xp —mip)" + Ca (yp — yiv)
where p and ¢b, respectively, stand for the cell centre of interest
and the relevant point on the IB. Neumann BC defined in a local

coordinate system z'y’ with z’-axis being normal to a given
point on IB and y'-axis being tangent to the point is written as:

¢p = Co [ - (Vo) zp + Cryp + Cazpy)p
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All the unknown coefficients involved above are evaluated by
the weighted least square method.



Result

Flow over a fixed cylinder at Rep = 100

Simulation results of the stationary cylinder case without the
backward facing step at Rep = 100 are summarised in Table 1.
The computation is carried out for 50 cycles in terms of a vortex
shedding period, and the values of the last 20 cycles are used to
obtain the outcomes. The mean separation angle (6s) is taken
from the average of 20 samples over an entire shedding period.

Cp O} St 0s

Present

Wall-resolved 1.35 033 0.167 1173
Indirect BC 1.38  0.33 0.167 1153
Direct BC 1.34 033 0.167 118.7
Numerical

Kim et al. [5] 1.33 032 0.165 -
Constant et al. [7] 1.37 - 0.165 118.9
Blackburn and Henderson [13]  1.35 - -
Experimental

Williamson [14] - - 0.164 -
Wu et al. [15] - - 0.164 1174

Table 1: Simulation results with data from literature for flow
past a fixed cylinder at Rep = 100.

The results obtained from IB methods in Table 1 are in a good
agreement with both numerical and experimental data, where
Cp is the time-averaged drag coefficient, C; and St are the
amplitude of the lift coefficient and Strouhal number, respec-
tively. Primarily, the original work of indirect BC imposition
[7] is adequately reproduced within a range.

Figure 2: Vorticity contours at Rep = 100 within a range
of —Uso/D ~ UsoD. Wall-resolved case(top), indirect BC
case(middle), and direct BC case(bottom) at the same instant.

One interesting point is the wall-clock time spent for each simu-
lation. Figure 3 shows the error in terms of the mean drag coef-
ficient against the wall-clock time measured using a single core
as the grid is refined. From this comparison, the conventional
wall-resolved method is found to be the most computationally
efficient, whereas the direct BC imposition shows superior per-
formances to the indirect BC imposition in both computational
cost and accuracy. The reason why the indirect BC imposition
is the slowest is that the momentum equation has to be solved
twice, where the first step is to provide a predicted velocity field
for the interpolation of forcing and the second is to obtain an-
other predicted velocity field for the pressure equation with the
BC on the IB considered.
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Figure 3: Grid refinement study of wall-resolved method and
both IB methods with the error in terms of mean drag coeffi-
cient and wall-clock time instead of grid spacing in Rep = 100
simulation.

Flow past an oscillating cylinder at Rep = 1.4 x 10°

For the fair discussion of this simulation, the flow over a fixed
cylinder is additionally studied as well as the flow past an os-
cillating cylinder. Time-dependent results of the lift and drag
coefficients are presented in Figure 4.
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Figure 4: Time-dependent results at Rep = 1.4 X 10°.



Force coefficients for both fixed and moving cylinders show a
similar manner in oscillation at steady-state, while those for
a moving cylinder have relatively larger amplitude. Time-
averaged values of the coefficients in both cases are close to
zero, whereas the flow over a fixed cylinder case without the
step at the same Reynolds number has the mean drag coefficient
within 0.6 ~ 0.8 due to flow separation [1]. The reason why
force coefficients in this case shows such a periodic behaviour is
that the cylinder is in the recirculation zone, the strong vertical
flow dominates the flow around the cylinder and it periodically
circulates along its boundary. Figure 5 well describes the circu-
lating flows and the bluff body wake influenced by the separated
flow from the step in the ascending motion of the cylinder. The
unsteady flow in spanwise direction is another different aspect
incurred by the flow over the step, as presented in Figure 6.

Figure 5: Elevation view of velocity contour coloured by nor-
malised velocity magnitude and velocity vector plots in ascend-
ing motion at Rep = 1.4 X 10°. y=0 (top), y = 1/2 A (middle),
and y = A (bottom), where y = 0 is the vertical location of the
cylinder centre at t =T'.
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Figure 6: Instantaneous plan view of velocity contour coloured
by its magnitude and velocity vector plots at Rep = 1.4 X 10°.

Conclusions

In the present study, two IB methods in OpenFOAM are in-
vestigated using the low Reynolds number flow over a fixed
cylinder simulation. The results from both indirect and direct
BC imposition of the IB method are well agreed with not only
those obtained from the wall-resolved method but referenced
data from the literature. The direct BC imposition is found to
be more computationally efficient and accurate than the other,

so the future application of the IB method based on the direct
BC imposition for the ship-helicopter DI simulation is consid-
ered to be a better choice. Furthermore, high Reynolds number
flow over an oscillating cylinder in the downstream region of a
backward-facing step is studied. From the lift and drag on the
cylinder and the qualitative results, it could be found that the
circulating flow dominates the flow around the cylinder and it
strongly affects the dynamics of the cylinder.
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