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Abstract

We investigate a novel flow control concept, which allows to govern bluff-body
wake dynamics and the laminar-turbulent transition by suppressing vortex shed-
ding and obtaining the mostly detached flow. Large-eddy simulations past a
bluff-body (BB) with and without an active flow control (AFC) system at a
Reynolds number of 50000 and zero angle of attack are presented. The BB is
designed of a semicircular cylinder of the finite span-wise length with two hemi-
spheres attached to its lateral sides. The BB has a negative lift force because
of detached and attached massive recirculation zones, which respectively, origi-
nate from separation of the laminar boundary layers from its upper side and the
leading edge. AFC is based on the two trapped vortex cells implemented at the
upper side of BB to control the behavior of boundary layers. The chosen AFC
demonstrates almost the detached flow and suppresses the vortex street. The
lift-to-drag ratio of BB with integrated AFC is calculated as ~ 1.5 (compared
to &~ —1 obtained for the simple BB) coupled with reasonable energy losses of
10% in terms of the total drag coefficient. Finally, present findings demonstrate
the potential of the concept and provide the basis for its further development.
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1. Introduction

Active flow control (hereafter AFC) of the flow past different types of bluff-
bodies (hereafter BB) is one of the most perspective subjects of discussion in
the modern hydro and aerodynamics. Development of advanced vehicles with
an improved aerodynamic quality (the lift-to-drag ratio) is ongoing every day,
and results provided in this research can be used to form a new technological
platform for the next breakthrough of an innovated blended wing-body aircraft
with active flow control. Small and medium scale unmanned aerial and au-
tonomous underwater vehicles (UAVs and AUVSs) using different passive and
active flow control systems is one of the potential areas of the present inves-
tigations as well. UAVs and AUVs can be used for a wide range of activities
in ocean engineering: transportation, inspection of engineering structures, serv-
ing in marine environmental monitoring, observation of the aquatic life, etc.
An alternative important area of application in hydro and aerodynamics is the
control of bluff-body wakes of structures, and suppression of the related vortex
shedding. There is an unlimited amount of examples in ocean engineering and
marine science, like vortex-induced vibrations of pipes, bridges, offshore plat-
forms and structures, buildings and city landscapes, etc. For all of these cases
the wake control, in principle, can reduce unsteady loads and induced vibra-
tions. It is worth noting that various types of the flow control exist and can be
classified into two main groups, namely active and passive, each with their com-
prehensive overview available in the literature. An outstanding overview of the
state-of-the-art methods for the aviation industry was presented by Greenblatt
and Williams [I]. Rashidi et al. [2] provided a detailed review of technologies
for vortex-shedding suppression and wake-dynamics control. Chen et al. [3]
presented results dedicated to the flow control for the circular cylinder. It is
interesting to note recent reviews on the bluff-body wakes itself [4],[5].

The present paper will focus on development of AFC (referred as ‘active’



according to Rashidi et al. [2]), which is based on the so-called Trapped Vortex
Cells (TVC) distributed on the suction (upper) side of the obstacle. According
to Sedda et al. [6], the trapped vortex cell is a cavity with a suitably designed
shape, which can be mounted on the suction (or/and pressure) side of an airfoil
(vehicle) to improve its aerodynamic performances. In the present study, the
flow over a simple bluff-body from the semi-circular cylinder of the finite span-
wise length, with and without integrated TVCs, is numerically investigated. The
AFC system is based on the two trapped vortex cells, interconnected between
each other, and the axial circular channel with lateral fluid suction slots (see
Figs. (1] and . It is shown that the proposed configuration ensures a nearly
detached flow past the bluff-body (except the attached recirculation zone from
the pressure side and two vortex structures induced from the lateral surfaces of
bluff body) with an aerodynamic quality, defined as the lift-to-drag coefficients
ratio, of 1.5, as compared to —0.9 obtained for the similar BB without AFC.
Reasonable energy losses of 10% in terms of the total drag are achieved, as well.
This is in spite of the fact that this configuration is just a preliminary design
with some level of abstraction, where the full system of fluid suction from the
vehicle engine is replicated by the boundary conditions with the fixed, negative
mass flow rates.

Here, we consider appropriate to give a brief genesis of the active flow control
systems based on the trapped vortex cells. According to Sedda et al. [6], the
idea of trapping vortices was proposed originally by Ringleb [7]. Kasper [§]
patented a glider with a trapped structure to observe a high lift. Savitsky et al.
[9] exploited the same idea and implemented and tested the ‘EKIP’, a blended
wing-body aircraft equipped with several TVCs.

The next significant milestone can be attributed to the 6th framework EU
project called VortexCell2050 (2005-2009). It resulted in a series of experimen-
tal and computational works dedicated to fundamental understanding of the
concept and related flow physics. A good overview of the activities provided
under VortexCell2050 was presented by Sedda et al. [6]. Both experimental and
numerical research for the thick airfoils (40 — 50% of the chord length) carried



out during years 1995-2005, showed a general possibility to achieve the nearly
undetached flow past the thick airfoils with the increased aerodynamic quality
and relatively low energy losses charged by the flow control system [10].

The systematic investigation of the thick (37%), MQ1 CIRA and Géttingen
airfoils with integrated trapped vortex cells was performed under VortexCell2050
and research projects by Russian Science foundation and Russian foundation for
basic research during years 2005-2009. One of the most important result was
related to the discovery of the critical Mach numbers, when rearrangement of
the flow structures in TVC occurred with the significant drag increase and lift
decrease. A good overview and further details of these results can be found in
the monograph by Isaev [I1].

The present work extends the previous efforts. Here, the bluff body, which
is designed as the thick airfoil with thickness of 50% with two integrated TVCs,
is investigated using large-eddy simulations (hereafter LES). Numerical calcu-
lations are performed for a diameter-based Reynolds number of 50000, Mach
number of 0.03 and zero angle of attack. On one hand, this set of parameters
(which might not be typical for large-scale vehicles) was chosen to be consistent
with our previous studies [12], where the flow around a semi-circular cylinder
(hereafter HC) at the Reynolds number Re = 50000 was numerically inves-
tigated and will be used as a basis or as a starting point for the further AFC
development. On the other hand, it is interesting to compare the present results
with experimental and numerical data available for the semi-circular cylinder at
Re = 50000 of different span-wise lengths.

There are seven main sections in the paper. The second section explains
the concept basis and design. Mathematical modeling and numerical aspects
are discussed in the third and forth sections. Subsequently, the computational

results are presented, analyzed and discussed, followed by conclusions.



2. Design of the concept

The semi-circular cylinder has drawn attention of researchers due to its low
negative lift coefficient (C; &~ —1) at zero angle attack, both from an experimen-
tal and a computational point of view [13], [14], [15], [I6], [T7], [I2]. Recently,
it was shown [I5] that the aerodynamic parameters of this profile can be im-
proved by implementing several trapped vortex cells with slot suction and fluid
exhaust into the near-wake flow. However, this problem was computed in two-
dimensional space.

The present work utilizes the basic ideas and results by Isaev et al. [15]
and extends them to three-dimensional space. Additionally, we leverage our
previous results obtained for the flow past a semi-circular cylinder with the
different span lengths [12]. Based on the diameter of the semi-circular cylinder
and the free-stream velocity, the Reynolds number was set as Re = 50000. The
Mach number was set as M = 0.03.

The main design dimensions of BB with and without active flow control
system are shown in Fig. The bluff body consists of the main block of
the half-cylinder with diameter D and a span length of D, and two attached
semi-spherical blocks. The diameter of the half cylinder D = 0.2 m is taken
as a linear length scale. The total width, height and span lengths of the bluff-
body are BB, = D, BB, = 0.5 x D and BB, = 1.5 x D, respectively. BB
with active flow control is based on the system of the two trapped vortex cells
(TVCs with diameters of 0.2 x D and 0.15 x D, respectively) implemented on
the suction (upper) side of BB. The span length of both TVCs is equal to D.
Both vortex cells are connected by the small channel slots and and the axially
directed channel in the half-cylinder body, close to the vortex cells. Left and
right surfaces of the radial channel are used for the fluid suction (Fig. [2)).

It is worth noting a few additional points: First, the discussed concept was
preliminary and used with the purpose to demonstrate the basis of the idea.
This design ensures nearly undetached flow past the profile, which is resulting

in improvement of the lift force from negative to positive, while maintaining
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approximately the same drag force. Second, this concept has some abstraction
of the active flow control system for the fluid suction: the consumed fluid in the
present model withdraws inside the bluff-body, which is not realistic in real-life
applications. However, authors believe that the present design is satisfactory as
a proof-of-concept. Third, as the design starting point, the configurations by
Isaev et al. [I5] were investigated. The interconnection system between vortex

cells and the axially directed channel was obtained after several optimization

iterations.
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Figure 2: Locations of the surfaces for fluid suction in the active flow control system (a). The

flow mechanics over an obstacle with two trapped vortex cells (b)

The physics and topology of the flow over a BB without trapped vortex cells
is qualitatively similar to the flow over a semi-circular cylinder with the span
length of 10 x D, which was discussed in detail in our previous study [12]. Sepa-
ration of the laminar boundary layers in the subcritical flow regime (Re = 50000)
provides complex, nonlinear interactions between near and far wakes character-
ized by the flow instabilities. The Kelvin-Helmholtz instability of the separated
shear layer (KH hereafter), as well as vortex shedding (Bénard/von Kérmén in-
stability, BVK hereafter), dominate the wake. The developed active flow control
system introduces additional recirculation zones and related oscillations in the
vortex cells and the axially directed channel. Fig. 2b displays the schematic
flow over the BB with the integrated vortex cells. One can see that operation
of the pair of vortex cells prevents the growth of the core of a detached reversed

bubble, and rearranges it to relatively small dimensions. The proper superpo-



sition of oscillations for this configuration ensured the nearly undetached flow
past the obstacle. The attached separated zone from the pressure side of the
obstacle remains unaffected. The flow is stabilized and characterized by a dif-
ferent type of oscillations in the vortex cells, the separated zone attached to the
pressure (lower) side and the vortex structures raised from the lateral sides of
BB.

The suction and pressure sides of the semi-circular cylinder are defined sim-
ilarly to airfoils. A detached reversed-bubble recirculation length L, is defined
as the distance between its base and the location for the sign change in the

mean stream-wise velocity along the axial direction at z/D = 0.25 and y = 0.

3. Mathematical modeling

The compressible flow and related numerical setup was considered, even
though the actual Mach number was close to the incompressible limit. This was
in order to keep consistency with our previous results [I8], [19], [20], [21], [12].

The Favre filtered balance equations of mass, momentum and energy were
formulated as

0p  0Opu;

ot 63:]-
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Density, pressure, and velocity, respectively, are represented by p, p, and

u. Furthermore, h = € + p/p represents the enthalpy per unit mass, ¢ the
internal energy per unit mass and T temperature. The marks (%), (%) and (%)
denote the Reynolds-averaging, filtering Favre-averaging and filtering operators,
respectively.

The conductive flux and viscous stresses were expressed as

§ ~ oT
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and
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Gij = 2p(T) (Sij - 35ijSkk> : (5)
where gij is the rate-of-strain tensor
5 1[0y ou;
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As calculated by Sutherland law, p represents viscosity, while x represents con-

ductivity.

For the sake of completeness, a filtered equate of state (EoS) has to be
provided in order to close the system of the governing equations. In principle,
the present numerical method is quite flexible and allows to model a wide range
of fluids using various EoS of the different level of complexity (perfect gas,
perfect fluid, real gases, liquids, etc.) without loss of generality. However, the

present simulations were performed using the filtered ideal gas equation of state
p = pRT. (7)

In this case, the compressible flow is calculated at a Mach number, M =
Uso/Coo = 0.03, where Uy, and ¢y are the velocity and speed of sound in the
free stream, respectively. Due to the low Mach number, the sub-grid scales
(hereafter SGS) were assumed to be incompressible [22]. Consequently, the

SGS stress 7;; and heat flux @); were calculated as follows:
7i; = p(wu; —wu;), (8)
Qj =p (UjT - ﬁjf) . (9)
For the closure problem, the k-equation eddy viscosity sub-grid scale model

[23] was used, based on the SGS kinetic energy, k = % (a-u —u- ). The SGS

turbulence stresses are expressed as
Tij = _2MB§ij = —2ckﬁ\/zA§ij, (10)
with the SGS viscosity computed as

u = eV EA, (1)



where a top-hat filter length is A. A separately modeled transport equation was

used to estimate the sub-grid kinetic energy k of the form,

%(ﬁfc) *ai (Piijk) = By + Fu— P, (12)

where production, F,, diffusion Fy and dissipation F, are expressed from

F,=-B-D, (13)
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Fy=— el 14
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Fe=ce P ];:3/2/A7 (15)
B =~ piT— 2u5Dp, (16)
~ -~ 1, ~
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Here, the unit tensor is denoted as I, B being the density-weighted stress tensor,
Dp represents the filtered deviatoric part of the rate of strain tensor, and model

coefficients are ¢, = 0.07 and ¢, = 1.048 [24].

4. Numerical aspects

4.1. Numerical platform

The numerical platform is based on the finite-volume method of the 2-nd
order approximation in space and time and the large-eddy simulation approach
with the subgrid scaling model by Yoshizawa [23], implemented in the Open-
FOAM toolbox [25]. The platform has proven to be an efficient and accurate
tool for investigating external hydro and aerodynamic problems and turbulent
flows in the last decade [18], [19], [26], [27], [28], [29], [20], [30], [31], [21], [12].

The OpenFoam toolbox is based on a set of libraries to solve systems of
partial differential equations (PDEs) implemented using the C++ language.

By manipulating of the C++ semantics, the code provides a human-readable
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form for most mathematical differential and tensor operators, allowing to com-
pletely encapsulate and isolate several concepts: computational grid (discretiza-
tion method), approximation of the governing PDEs and methods to solve sys-
tems of the linear algebraic equations [25]. Finally, the toolbox is accompanied
by a set of applications, where various mathematical models of the continuum
mechanics are implemented.

The specifications of the platform for high performance computing to solve
the turbulent separated flows were investigated in our previous studies [32], [12].
For up to 1024 cores, a reasonable good strong and week scaling was demon-
strated with an average efficiency of about 70%. As compared to competing
implicit pressure-based solvers implemented in the commercial CFD (computa-
tional fluid dynamics) codes, these results were quite satisfactory for the state-
of-the-art implicit pressure-based solvers.

OpenFOAM v6.0 was used for the simulations. For solving the governing
equations, the PISO (pressure implicit with splitting of operators) method [33]
and the standard pressure—velocity coupling methodology were used, followed by
the PIMPLE algorithm [28]. All dependent variables except pressure were solved
using a smooth solver (with a symmetrical Gauss-Seidel smoother) with a local
accuracy of 1077, A geometric agglomerated algebraic multigrid solver (GAMG)
and a Gauss-Seidel smoother were used to compute the system of linear algebraic
equations. To avoid artificial pressure oscillations, the LUST (Linear-Upwind
Stabilized Transport) divergence scheme [34] was used with 0.25 linear-upwind
and 0.75 linear weights. In addition, the total variation diminishing (TVD)
scheme [35] was used to approximate all other terms. Time integration was
performed by applying the 2-nd order scheme (backward differential formula,
BDF-2 [22]) with a dynamic time stepping technique to maintain a Courant

number below 0.4.

4.2. Boundary and initial conditions

The Reynolds and Mach numbers were set by specifying the free-stream

inflow velocity, temperature, and turbulence properties. Using the ideal gas law,
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the fluid medium was treated as compressible air (with ¢ = 1.4 as the specific
heats ratio). A Prandtl number of 0.72 was used and its assumed constant
values for the dynamic viscosity and thermal conductivity. In order to provide
computational stability for LES calculations, the inlet value for the turbulence
intensity was set to 0.2%. All inflow boundaries were imposed with a zero-
gradient for pressure, while the outlet pressure was set at 101325 Pa. The surface
of the vehicle was treated with a non-slipping condition for velocity under the
hydrodynamically smooth assumption. At the surface of the bluff-body, the
turbulence kinetic energy was zero. At the lateral boundaries, symmetry planes
were imposed. The zero-gradient assumption was used to determine boundary
conditions for temperature at solid walls. A negative mass flow rate (Q,, = 0.016
kg/s) was imposed at each of the fluid suction slots. The initial conditions were

based on the inflow conditions.

4.3. Computational domain and grids

The center of the Cartesian x, y, z, coordinates was located in the center
of the BB base and specified in Fig. Several grids were used for the present
LES.

The computational domain of the first grid had dimensions of 25D x 25D x
25D in z, y and z directions, respectively (Fig. a). Three grids were designed
for the bluff-body without the trapped vortex cells and two grids for the obstacle
with AFC. Hereafter, the following tags are assigned for these grids: BBO1,
BB02 and BB03 (without TVC) and AFC01 and AFC02 (with TVC). Initially,
the computational box consisted of 25 x 25 x 25 nodes. Then, the grids were
sequentially refined up to five levels with a factor of 2 x 2 x 2. Table [l| provides
basic information like the refinement areas with the related cell sizes and the
associated mesh tags. Note that the AFCO02 grid was designed in the similar
way, but with the different cell sizes. Fig. [3|displays some insight to the designed
meshes. The viscous boundary layer of three levels was attached to the obstacle
in all grids. Finally, Table [2] gives the total number of control volumes for the

each grid and computed, averaged non-dimensional distance to the wall, gx, for
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Figure 3: General view of the computational domain (a), bluff-body with the active flow
control system (b), description of the AFCO02 grid in the central = — z plane (d), zoom of this
grid at the vicinity of the bluff-body (e). z, y and z are the domain coordinates in stream-wise,
span-wise and transverse directions. Definition of the recirculation zone length for BB, Ly
(f). s is the circumferential coordinate (c), normalized by the total length of the semi-circular

profile (7D/2 + D)
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the nearest cell.

Table 1: Overview of the designed grids in the matrix form to compare them in terms of the
refinement levels: Level adaptation (L), cell size (Nc), refinement Box (lengths in z, y, z),

and its Center and the associated grid tags. All linear scales are dimensionless by D

L Nec Box C BBOl BB02 BB03 AFC0l AFC02(Nc)
0 10 [25,25,25]  [0.000,0.0,0.000] -+ + + + o+

1 05 [25,25,5]  [0.000,0.0,0.000]  + + + +  +(04)

2 0.25 [25,25,2.5]  [0.000,0.0,0.000]  + + + +  +(02)
3005  [7.5,25 1.5 [2.250,0.0,0.250] -+ + + +  +(0.04)
40025 6,225 1.25] [2.250, 0.0,0.250] + + +  +(0.02)

5 00125 [2,2,1.05] [0.375,0.0, 0.175] + +  +(0.00375)

Table 2: Total grid size (S) in millions and averaged non-dimensional distance to the wall gx

BB0l BB02 BB03 AFC0l AFC02
S 29 79 148 89 23.2
g« 065 0.73 072 747 5.84

It should be noted that the following span resolutions (Az) were utilized in
the present study: Az/D = 0.025 (BB02) and Az/D = 0.0125 (BB03, AFC01,
AFCO02). There are few studies in the literature that allow to assess the span
resolution. Williamson et al. [36] suggested the scaling for the span-wise wave
lengths as \/D ~ 0.1 or \/D ~ 25/v/Re at Re = O(10%). Cao et al. [37]
provided a detailed study of the span resolution requirements for the flow over
a square cylinder at Re = 22000 and recommended Az/D < 0.02 to predict
accurately the shear layer behaviors and the laminar-turbulent transitional pro-
cess. Lysenko et al. [12] investigated the flow over a semi-circular cylinder at
Re = 50000 and found these estimations quite suitable. In the present study, all
the fine-resolved grids (BB03, AFC01, AFC02) satisfied the stringent require-
ment by Cao et al. [37], Az/D < 0.02.

A conventional approach for pragmatic LES [38] to assess the turbulence

length scales and required grid resolution is to estimate the Taylor A2 = 100K /e
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Figure 4: Comparison of axial distributions of the sub-grid filter (A) and instantaneous Taylor
(Ar) and Kolmogorov scales (n) for the AFCO01 grid: a — z/D = 0.625, y/D = 0 and b —
z/D = —0.25, y/D = 0 (marked as the white lines at the top of the each sub-figure)

and Kolmogorov scales = (13 /€)(1/4), where v is the kinematic viscosity, K
is the mean turbulence energy (i.e. entire spectrum), and e its dissipation rate
estimated from Eq. Figure [ displays axial distributions of the sub-grid
filter and the instantaneous Taylor and Kolmogorov scales at the two axial
states calculated for the AFC01 grid. Quite obviously, the Kolmogorov scales
were located more than a decade lower than Taylor scales and the sub-grid
filter scale was the same order as Taylor micro-scales, which demonstrate that
the present LES grids guarantee an adequate resolution of the turbulence length

scales.

4.4. Grid dependence study

Figure[5]shows the most important integral parameters for assessing the grid
convergence: the mean drag coefficient (C;) and mean recirculation zone length
(Lq/D) in the same spirit as [2I]. Here, the recirculation length Ly is defined
as in Sect. [2] for the BB cases (Fig. B|f). When z/D = 0.05 and y = 0, the
recirculation length of the detached bubble Ly, for AFC runs is defined as the
distance between the base of the cylinder and the location of the sign change of
the mean stream-wise velocity.

It was evident that a deviation for the mean drag as a function of the cell
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number was bounded by +2% both for BB and AFC runs. The largest discrep-
ancy of 6% was found for the length of the detached bubble formed during
operation of the trapped vortex cells. However, these length scales are rela-
tively small compared to the primary recirculation zones of the BB cases, and

the observed deviation could be reasonably accepted in the present study.
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Figure 5: Dependence of the mean drag coefficient (a) and mean recirculation zone length (b)

on the grid size

5. Results

5.1. Overview

The solution was initiated from fluid at rest. After one flow-through time, the
solution was considered statistically convergent. In this study, the flow-through
time was defined as the ratio between the axial length of the computational
domain and the bulk velocity. After the flow field was converged, one more
flow-through time was sampled for data analysis.

The time-averaging operator is denoted by (). Simulated cases were BB01,
BB02, AFCO01 and AFCO02 using the meshes according to Tables [I] and 2] All
runs were carried out at the fixed Reynolds and Mach numbers, Re = 50000

and M = 0.03.
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This section is divided into two parts. First, it is interesting to compare
results between the present BB and HC of the finite span length (10 x D),
which was computed using a similar numerical approach [12]. Then, effects
of the trapped vortex cells are discussed comparing results between BB and
BB-AFC. The primary difference between the HC and BB cases were the span
lengths and the shapes of the body ends.

5.2. The obstacle without active flow control system

5.2.1. Mean flow features
A summary of the main integral flow parameters is given in Table[3] including
the lift Cj, drag Cy, pressure base Cp, coefficients and Strouhal number St,,. For

quantitative comparison and analysis, the detached recirculation zone L; was

also added.

Table 3: A set of integral flow parameters derived from experimental (EXP) and numerical
results (NUM; i.e. LES with an SGS turbulence energy equation, Sect. for the flow past
the semi-circular cylinder and bluff-bodies with and without integrated trapped vortex cells

at Re = 40000 — 50000

Contributors Method  Grid size L, /D (Ca) (Cy) —(Cpp) Stp (La)
Sluchanovskaya [13] EXP 16 0.5 -1.1 0.62

Yamagata et al. [14] EXP 12.7 0.37 -0.54 0.37

Isaev et al. [16] EXP 16 0.467 -0.634 0.96 0.41

Isaev et al. [16] EXP 4 0.476  -0.816 0.98 0.44
Lysenko et al. [12] HC1 NUM 11M 10 0.529  -0.986 0.62 0.396 0.86
Lysenko et al. [12] HC2 NUM 25M 10 0.468  -1.055 0.54 0.371 0.86
Present: BB02 NUM 7.9M 3 0.451 -0.434 0.51 0.321 0.51
Present: BB03 NUM 14.8M 3 0.467  -0.427 0.53 0.327 0.52
Present: AFCO1 NUM 8.9M 3 0.511 0.749 0.09
Present: AFC02 NUM 23.2M 3 0.525 0.760 0.102

Distributions of the mean pressure coeflicient, (C}), and normalized vorticity,
(), over the bluff-body, obtained in the central —z plane (y = 0) are plotted in
Fig. @ The mean pressure coefficient is defined as (C) = 2((p) — poo)/ (P UZ),
where peo, poo and U, are free stream pressure, density and velocity, re-
spectively. The computed (C,) satisfactorily replicated experimental data by
Sluchanovskaya [I3] and the previous results (HC1 and HC2 runs [12]) on the
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suction side of the profile. It can be seen that numerical results obtained using
the low and high resolution grids were relatively well collapsed. Furthermore,
there was reasonable agreement of the present results for HC1 and HC2 with es-
timated experimental data by Son and Hanratty [39] for the normalized vorticity
at the suction side.

The further mismatch in (C)) and () observed at the pressure side of the
bluff-body was due to different flow patterns computed in the present and pre-
vious (HC1 and HC2) LES calculations (Fig. @ One can see that the topology
of the flow at the suction side was quite different between the HC and BB cases,
Fig. [fh, and Fig. [7b, respectively. The HC recirculation zone consisted of
the major core and two counter-rotating vortices attached to its suction size,
which propagated approximately from the leading edge to the trailing edge.
The separation zone attached to the pressure side of the BB covered approx-
imately half of the the pressure side and vanished towards the trailing edge
of the HC. A satisfactory agreement was found between the present (Cp) and
Sluchanovskaya’s measurements [I3]. The mean normalized vorticity (2) was
reasonably matched to experimental results by Son and Hanratty [39] for the
circular cylinder (hereafter CC) at Re = 20000 and Re = 50000.

Evidently, the stagnation point (s = 0) for HC and BB was moved up
along the upper side to approximately s = 0.06 (Fig. [6). At this point, (€2) was
vanishing mostly to zero. According to the flow separation angle 6 at the suction
side of HC, the stagnation point can be identified. Here, 6 was defined as the
angular coordinate starting from the leading edge. Previous LES results (HC1,
HC2) for (Q) presented in Fig. [6] collapsed well with experimental results [39] up
to 6 =~ 90°. However, the present LES results (BB02 and BB03) matched HC1,
HC2 and measurements up to 8 =~ 80°, indicating that the separation point of
boundary layers was slightly shifted upstream to the leading edge. According
to the analytical solution from the boundary layer theory and measurements
[39], the separation for CC should occur at § = 78° for this Reynolds number.
Interestingly, our previous LES results for CC [19], where 6 ~ 86° — 88° was

obtained, were consistent with the present calculations.
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Figure 6: Mean pressure coefficient (a) and normalized vorticity (b) along the circumferential

coordinate, s (see Fig. [3]c), for the flow over HC and BB at Re = 50000
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Variations in predictions of the separation angle between the present results
and those reported earlier for the circular [I9] and semi-circular [I2] cylinders
could be explained by the finite length effects in the span-wise direction. In
practice, all currently examined bluff-bodies have the finite span length com-
pared to the obstacles of the infinite span length (in theory) from the previous
works. The finite/infinite span length gap leads to the different flow patterns
over the obstacles, as well as separated zones attached to them (pronounced
in Fig. [7| clearly), which are characterized by a slight dispersion in the lam-
inar/turbulent transition and boundary layer separation. However, numerical
effects should be considered as well.

The value of (Cp) on the obstacle surface at the trailing edge can be defined
as the base suction coefficient (Cpp). The calculated values —(Cpp) = 0.51 —
0.53 correlated well with the results obtained for HC1, HC2 (—(Cp) = 0.54 —
0.62) and with the experimental value by Sluchanovskaya [13], —(Cpy) = 0.62.
According to Isaev et al. [I6], the mean base suction coefficient, —(Cpp) =
0.96 — 0.97, was significantly different (by 36%).

The drag and lift coefficients Cy and C; were integrated using the pressure
at the surface of the semi-circular cylinder. The cross-sectional area of the ve-
hicle was used as the reference area to calculate the coefficients. In agreement
with the HC results ((Cy) = 0.468 — 0.529), and the experimental results by
Sluchanovskaya [I3] and Isaev et al. [I6], the mean drag coefficient was calcu-
lated to be (Cq) = 0.451 — 0.467.

Table [3| summarizes the total drag coefficient including both the viscous and
pressure contributions. One can see that the Strouhal number was quite sensi-
tive to the dimensional effects. It is important to note that surface roughness
effects can introduce some impact to deviations between the physical experi-
ments and numerical results. The present numerical analysis was carried out
using the so called ‘hydrodynamically smooth’ assumption for all BB surfaces.
In practice, any meaningful numbers for the average roughness (Ra) for the
experimental obstacles ([13], [I4], [I6]) were not provided. As a conservative

approach, the surface roughness, Ra ~ 0.5 ym could be considered. The calcu-

20



Figure 7: Time-averaged streamlines for the flow over a semi-circular cylinder, HC2 run from
Lysenko et al. [12](a), present LES for the bluff-body without the trapped vortex cells (b)
and with active flow control (c) at Re = 50000 computed in the & — z plane at the middle of

the span length (y = 0)
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lated minimum viscous length scale (the ratio between the kinematic molecular
viscosity and the frictional velocity) for the flow conditions was, ~ 15 pm, which
was the two order of magnitude larger than the assumed experimental Ra, and
thus no significant impact on the drag force should be expected [40].

For HC1 and HC2, a negative mean lift coefficient of —(C;) = 0.986 — 1.055
was obtained. It was found that these values were in good agreement with
the experimental data by Sluchanovskaya [I3], who measured —(C;) = 1.1.
They were also significantly over-predicted by Isaev et al. [16], who measured
—(C;) = 0.634—0.816. The present LES predicted the lift coefficient as —(Cj) =
0.434 — 0.427. This was approximately two times above HC and experimental
results by Sluchanovskaya [I3], and can be explained by effects introduced by
the BB shape with the two semi-spheres integrated from the left and right sides
of BB.

The computed recirculation lengths of the detached separated zones at the
suction side of the obstacle were (Lg) = 0.51 —0.52, approximately 40% shorter
than the computed vales for HC1 and HC2 ((L;) = 0.86). The difference in
the detached separation zones between the present results and HC1, HC2 are
shown in Fig. [fla,b. These deviations can be explained the superposition and
interaction between the prime detached bubble and two horseshoe-type vortical

structures, generated by the BB semi-spheres.

5.2.2. First and second order statistics

The mean stream-wise velocity (U)/Us along the center line is presented
in Fig. Bla. For qualitative assessment, we analyzed our previous LES results
(HC1, HC2) [12]. Furthermore, experimental and numerical results were accu-
mulated for circular ([41], [42], CC hereafter) and square ([43],[44], [45], [46],
[47], SC hereafter) cylinders.

The main difference between the present LES results and data plotted in Fig.
[lis in recovering of both (U) and (U'U’) to its free stream values. The minimum
values of the mean stream-wise velocity, (U)/Us, were found to be similar to

those of HC1, HC2 (—0.18 to —0.2). This was close to the experimental data
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Figure 8: Profiles of the mean stream-wise velocity, (U)/Us (a), and normal stresses,
(U'U'YJUZ, (b), in the wake centerline in the middle of the span (y = 0) for the flow over BB
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by Durao et al. [43], McKillop and Durst [41], Lyn et al. [44] and Trias et al.
[47]. In practice, Durao et al. [43] and McKillop and Durst [4I] obtained similar
experimental trends in their measurements. Figure[8b shows the profiles of the
mean normal stress, (U'U’)/UZ2,, along the centerline. It is noteworthy that CC
and SC have large gaps in mean normal stresses. Data from CC and SC showed
more than twice different peak values of the normal stresses, which corresponded
to the primary separation bubble. The present LES curves trended to be less
than the results by HC1, HC2, but were close to data by Durao et al. [43] and
Sanquer et al. [45] for SC.

5.2.8. Spectral analysis

As shown in Figs. [la,b, vortex streets were formed downstream of HC and
BB, as well as the coherent flow structures, demonstrated by the Q-criterion,
Q = 5% — O? = 104, where S is the strain rate and € is the vorticity. The visu-
alization of the turbulent wake showed the capability of the present simulations
to resolve a wide range of the vortex structures. The vortex cores were clearly
identified on the pressure and suction sides of the obstacle surfaces during the
separation of the laminar boundary layers (the ’sub-critical flow regime’). As
the vortex cores formed, the mean flow convected them further downstream.

In the post-shear-layer transition, the vortex shedding instability had a char-
acteristic frequency of f,s = St,Uso/D, where St,, is the Strouhal number. Fig-
ure [10| illustrates the resulting characteristic frequencies of the vortex shedding
instability computed from the velocity signals sampled at several probe loca-
tions near the bluff-body at /D =1,z/D =0 and /D = 1,z/D = 0.25. For
increased statistical power, spectra were averaged in the span-wise direction (11
uniformly distributed probe locations were used). The Welch periodograms [48]
and fast Fourier transforms (FFT) were used to compute the one-dimensional
spectra. The frequency was nondimensionalized by the Strouhal shedding fre-
quency (fys). The experimental results of Ong and Wallace [49] and Parnaudeau
et al. [B0], and a —5/3 slope are depicted, as well. By reproducing the inertial

sub-range clearly over a wide spectral range, the present LES provided the not
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Figure 9: Visualization of flow structures obtained for the flow past a semi-circular cylinder
(HC2, a), bluff-body without trapped vortex cells (BB02, b) and with integrated active control
system (AFC02, c). TIso-surfaces of the Q-criterion (Q = S? — Q2 = 104, where S is the strain
rate and € is the vorticity)
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over-dissipative SGS modeling. The physical sense of the results portrayed in
Fig. [10[ suggests an ability of the present simulations to resolve a wide range of
the coherent, energetic flow structures (supported by the visualization in Fig.
E[). Also, one can see clearly that the spectral distribution of these energy scales

obeys to the fundamental -5/3 law, intrinsic to the turbulent flows.
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Figure 10: One-dimensional spectra of the transverse velocity in the vicinity of the bluff-body
without trapped vortex cells and with integrated AFC obtained at the downstream location

z/D=1,z2/D=0 (a) and /D =1, z/D = 0.25 (b)

The Strouhal numbers of the vortex shedding frequency computed for BB
were St, ~ 0.32, based on the FFT analysis. It was interesting that the dom-
inant frequency was pronounced well for all velocity components, as shown in

Fig. [L1]a, where results of the continued wavelet transform (CWT) are plotted.
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The CWT analysis was performed using the same mathematical apparatus de-
scribed by Lysenko et al. [19]. The computed Strouhal numbers were slightly
less compared to the values obtained for HC1, HC2 (St, = 0.371 — 0.396).
These results could be explained by effects of superposition of oscillations from
the primary detached separated bubble and the pair of vortex structures gen-
erated from the semi-spheres of the bluff-body. From the experimental point
of view, Yamagata et al. [I4] obtained St, = 0.37. This significantly under-
estimated measurements by Isaev et al. [I6], who predicted St, = 0.41 — 0.44.
It was noted that the pressure coefficient signals were used by Isaev et al. [16]
to obtain experimental values. As a result, it was somewhat unusual, since
most experimental St have been obtained from the lift coefficient or velocity
time series. The chamfered edges of HC may be another possible explanation
of the results discussed in Sect. According to Carassale et al. [51], some
decrease was likely in this case as well, due to the close relationship between

the Strouhal number and the lift force.

5.3. Effect of the active flow control based on the trapped vortex cells

The integral flow parameters are provided in Table [3] and Fig. Fig-
ure [7jc shows that the massive, detached recirculation zone over the obstacle
with AFC had mostly vanished, resulting in the positive mean lift coefficient
(Cy) = 0.75—0.76. Axial distributions of the mean stream-wise velocity and its
fluctuations shown in Fig. [§]supported these findings. The small separated bub-
ble still existed near the trailing edge and was characterized by the recirculation
length (L4/D) = 0.09 — 0.102. The total, mean drag coefficient was calculated
as (Cy) = 0.51 — 0.52, indicating that the implemented AFC contributed addi-
tional energy losses of about 10% in terms of the drag coefficient. Finally, in
spite of existence of the recirculation zone attached to the pressure side of the
obstacle and two lateral vortex structures originated from the lateral surfaces
of the obstacle, its aerodynamic performance was improved significantly. The
calculated aerodynamic quality, defined as the lift-to-drag coefficients ratio, of

the obstacle with AFC was K = C;/Cy = 1.47, compared to BB without AFC
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of K =—-0.9.

It is interesting to compare the instantaneous flow visualization obtained for
the vehicle with and without AFC, as well. Figures[9b,c and[I2)a,b compare the
instantaneous flow visualization in terms of iso-surfaces of the Q-criterion ob-
tained for the vehicle with and without AFC displayed from the frontal and top
views. It was noted that the direction of the downstream wake convection was
different for the bluff-body with and without AFC, due to the positive and nega-
tive lift force. Spectral results are provided in Figs. [[0]and[II] One-dimensional
spectra calculated for AFCO01 and AFCO02 collapsed well to the similar data ob-
tained for BBO1 and BB02, indicating that a large part of the inertial sub-range
was resolved reasonably well in the present LES. This finding is confirmed in
Figs. @lb,c and[I2}a,b, where the coherent energetic structures of different scales
are displayed. Finally, Fig. [[I}b presents results of continued wavelet transform
(CWT) calculated for the velocity signals sampled at the downstream wake lo-
cation (z/D =1, z/D = 0). It is worth mentioning that the presented CWT
in Fig. [[I]b contains superposition of the energy patterns, which related to
the two trapped vortex cells and remained attached and detached recirculation

zones.

6. Discussion

It is important to note that the numerical platform used in the present sim-
ulations was tested intensively during the last decade and highly recommended
itself as sufficiently accurate and efficient tool to simulate the turbulent sepa-
rated flows [18], [19], [27], [28], [29], [20], [30], [21], [12]. Thus, with some level
of confidence, we think that the present numerical results can be used to prove
the initial concept in the lack of experimental data.

The location of the two vortex cells at the suction side of the BB at the
zero angle of attack led to a radical transformation of the quasi-steady flow
over the obstacle, where the separation zone was mostly vanished, and the

wake dynamics was completely suppressed. At the same time, the drag and
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Figure 12: Visualization of the flow structures obtained for the flow past the bluff-body with
the integrated active control system (a) and without trapped vortex cells (b). Iso-surfaces
of the Q-criterion (Q = S? — Q2 = 10%, where S is the strain rate and Q is the vorticity).

Time-averaged streamlines for the flow over the vehicle with AFC (c)
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lift forces changed drastically. The BB, based on the semi-circular profile, is
characterized by the low negative lift coefficient (C}) ~ —0.5. When the AFC
system was placed, the lift force became positive (C;) ~ 0.75, coupled with the
small increase (= 10%) of the total drag coefficient caused by the energy losses
of the flow control system.

Analyzing the present results with calculations reported by Isaev [II] for
the two-dimensional semi-circular cylinder with one integrated trapped vortex
cell was interesting from a numerical point of view. Isaev [I1] used the classical
Reynolds-averaged Navier-Stokes approach at a similar Reynolds number and
zero angle of attack. Figure[I3]a presents profiles of the mean pressure coefficient
over the suction and pressure sides of HC with and without TVC. Distribution of
the pressure coefficient computed for BB and AFC with two TVCs is displayed
in Fig. [I3|b. Qualitative similarity between configurations with one and two
TVCs can be observed: implementation of the vortex cells on the suction side
of the airfoil led to a significant restructuring of the distribution of the local
pressure along its cord. At the upper side of the vehicle, the static pressure
decreased several times up to location of the first vortex cell, whereas behind
TVC, the pressure became higher than for the base profile. The static pressure
increased on the pressure side of the airfoils, as well, when TVC was placed.
As a result, the negative lift changed its sign to positive. Quantitatively, Isaev
[11] predicted the aerodynamic quality as, K = 2.22 for HC with TVC and
K = —2.04 for the smooth HC without the vortex cell. The present results
revealed K = 1.5 for the vehicle with two TVCs and K = —0.9 for the case

without vortex cells.

7. Concluding remarks

The novel bluff-body design with the active flow control system based on
the trapped vortex cells was presented and accompanied by the pioneering nu-
merical investigation using the large-eddy simulations. The present concept

allows significant suppression of vortex shedding in bluff-body flows, which can
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be used in various ocean engineering and marine science applications. Here,
we see the two main classes for potential usage. The first group is dedicated
to novel autonomous aerial and underwater vehicles for transportation, inspec-
tion, monitoring and observation purposes. In the second group are various
scenarios, where the bluff-body wake control is needed, seem as alternative for
practical implementations (vortex-induced vibrations problems, heat transfer
technologies, construction of buildings and city landscapes, etc.).

The LES technique was used to compute the flow past the bluff-body with-
out and with active flow control at zero angle of attack and Re = 50000 as the
consistent continuation of the previous study for the semi-circular cylinder [12].
The active flow control system with the slot fluid suction was based on the two
trapped vortex cells distributed on the suction side of the obstacle. The imple-
mented active flow control system (with some level of abstraction) successfully
demonstrated the nearly undetached flow past the bluff-body. The aerodynamic
performance (the lift-to-drag ratio) of the obstacle with active flow control was
improved significantly to K = 1.5. This compares to the original bluff-body
without AFC, which has a negative lift force and K = —0.9. The energy losses
of the AFC system was estimated of approximately 10% in terms of the total
drag force.

The next steps of the research will be in the further system advancing to
minimize the remaining parasitic separated zone and vortex structures from the
lower and lateral sides of the obstacle and decrease the system energy losses.
Optimization of amount of the trapped vortex cells and their location also seems
necessary. Additionally, it will be interesting to apply the stability theory to
investigate the sensitivity of AFC on the inlet turbulence intensity and the angle
of attack. The compressible and viscous effects (increasing Mach and Reynolds

numbers) are of interest as well.
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