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Abstract: Turbulent flows around bluff bodies are present in a large number of aeronautical, civil,
mechanical, naval and oceanic engineering problems and still need comprehension. This paper
provides a detailed investigation of turbulent boundary layer flows past a bluff body. The flows
are disturbed by superficial roughness effect, one of the most influencing parameters present in
engineering applications. A roughness model, recently developed by the authors, is here employed in
order to capture the main features of these complex flows. Starting from subcritical Reynolds number
simulations (Re = 1.0 X 10°), typical phenomena found on critical and supercritical flow regimes are
successfully captured, like non-zero lift force and its direction change, drag crisis followed by a gradual
increase on this force, and separation and stagnation points displacement. The main contribution of
this paper is to present a wide discussion related with the temporal history of aerodynamic loads of a
single rough circular cylinder capturing the occurrence of asymmetric separation bubbles generation.
The formation of asymmetric separation bubbles is an intrinsic phenomenon of the physical problem,
which is successfully reported by our work. Unfortunately, there is a lack of numerical results available
in the literature discussing the problem, which has also motivated the present paper. Previous study
of our research group has only discussed the drag crisis, without to investigate its gradual increase
and the change on lift force direction. Our results again confirm that the Lagrangian vortex method
in association with Large-Eddy Simulation (LES) theory enables the development of two-dimensional
roughness models.

Keywords: bluff body aerodynamics; roughness model; boundary layer separation; vortex shedding;
Lagrangian vortex method

1. Introduction

The technologic and science enhancement in many fields of knowledge is because of deep analysis
and consequent comprehension of flow fundamentals around bodies of arbitrary shape. Many of
the advances observed in ocean, civil and wind engineering have been possible because of studies
conducted over time in the field of aerodynamics. The importance of knowing and mastering this
subject can be easily recognized when it is observed that, most of bodies present in situations of
practical interest for engineering, are exposed to air or water flows. These flows are typical examples
of fluid-structure interaction problems, where the transition to turbulence is undeniably a complex
phenomenon of nonlinear hydrodynamics. Such phenomenon arouses great scientific interest, has a
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great impact on engineering applications (aeronautical, civil, mechanical, naval and oceanic), and has
still its origin linked to the development of instabilities associated with the interaction of two shear
layers of opposite signals; the latter are caused by separation points originated from the bluff body
surface [1], like a circular cylinder, which is commonly studied because of its rich collection of
flow phenomena. On the other hand, the transition to turbulence originates in the viscous wake
region and, as the Reynolds number, Re, increases, it occurs more and more close to the body surface,
passing through the two shear layers formed from the separation points (commonly defined by an
angle Ogep), until reaching the boundary layer region of the body.

In the literature, there are traditional works discussing transition to turbulence e.g., [2-10],
where the surface roughness influence has also been included. The current scope of the research
theme about “surface roughness effect” indicates few experimental and numerical studies e.g., [11-18].
The importance of the more relevant works will be discussed throughout the paper. The occurrence
of the transition to turbulence into the boundary layer region is particularly important for practical
applications, since the flow has a greater amount of momentum supporting the adverse pressure
gradient; furthermore, the separation points move downstream of the body surface, causing the
so-called drag crisis, which consists of a reduction in the drag force, that is opposed to body motion.
The physics involved in this whole process is so complex, and under certain Reynolds number,
the separation of the boundary layer is followed by a reattachment and a new separation again;
the closed thin separated region was termed in the classical literature as a separation bubble.

According to Tani [2], the formation of separation bubbles causes low drag force values.
Although the circular cylinder is a symmetrical body, the formation of separation bubbles does
not occur simultaneously on the upper and lower surfaces of the body, which causes the appearance of
an asymmetric pressure distribution and, as consequence, a non-zero lift force, contrary to what is
expected to be obtained in any flow around a symmetrical bluff body.

The physical phenomenon above mentioned manifests at high Reynolds numbers, so that the
presence of small disturbances in the flow will be amplified changing the bluff body aerodynamics.
One of the types of disturbance most encountered in practical engineering problems refers to the surface
roughness effect of a body, which affects heat exchangers efficiency, ship propellers performance,
aerodynamic of sport materials, flow around offshore structures and wind turbines performance.
The use of surface roughness effect on fluid flow requires to change the body geometry, being, therefore,
classified as a passive method of vortex shedding control.

In Achenbach [3], the surface roughness effect is experimentally studied on the flow past a circular
cylinder. He used a high-pressure wind tunnel, where high Reynolds number flows up to Re = 3 x 10°
could be obtained. It was presented the classical Cp X Re curve (Cp is the drag coefficient) for the
flow past a circular cylinder dividing it into four flow regimes: subcritical (Re < 2.0 X 10° — 5.0 x 10°),
critical (Re = 2.0 x 10° — 5.0 x 10°), supercritical (2.0 x 10° — 5.0 X 10° < Re < 3.5 x 10°) and transcritical
(Re > 3.5 x 10°); the latter is nowadays called pos-critical, as will be illustrated latter. According to
him, the surface roughness effect does not affect the subcritical flow regime. On the other hand, as the
Reynolds number increases, the drag force suddenly drops until reach a minimum value; this range of
Reynolds number is within the critical flow regime. Further, when the Reynolds number exceeds the
minimum value of the drag force, the drag force grows up again (supercritical flow regime) reaching a
nearly constant value (transcritical flow regime). It was also observed that the drag force, within the
transcritical flow regime, becomes bigger with increasing roughness. In regarding of the percentage
of the skin friction (or viscous) component of the drag force, it was about 1% in the subcritical flow
regime and 3% for the other three flow regimes.

Bearman [5] examined the flow past a smooth circular cylinder for the Reynolds number ranging
from Re = 1.0 x 10° to 7.5 x 10° aiming to investigate the base pressure coefficient behavior depending
on the Reynolds number. An interesting feature identified by him is that drag coefficient has
almost the same value of the base absolute pressure value. Besides, according to the experimental
data, the separation bubble formed on one side of the body provoked a discontinuity recorded at
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Re = 3.4 x 10° of the base pressure coefficient; during this phase, the lift coefficient, Cy, calculated from
the pressure distribution, was about 1.3. The separation bubble on the other side formed at Reynolds
number flow of Re = 3.8 x 10°, and the lift coefficient was C; =0.0, being measured as soon as this
happens and remains in this way, as the Reynolds number increases.

Guven et al. [7] presented in one same diagram the results obtained in their experimental tests
with other results available in the literature [3,8,9] for circular cylinders with different roughness
heights. It was showed scatter results with up to 60%, even for the same roughness and Reynolds
numbers. This happens because, although the Reynolds number governs this kind of flow, it is so
difficulty to guarantee that two experimental tests have exactly the same roughness surface; besides that,
there are some influencing parameters which can cause a premature initiation of a flow regime or even
its modification.

According to Zdravkovich [10], the above referred influencing parameters are: (a) free stream
turbulence, described by its intensity and scale; (b) surface roughness effect, described by its mean
relative surface roughness, £*/D*, and its texture; (c) wall confinement (blockage effect); (d) aspect
ratio; (e) presence of other boundary near the body; (f) end condition of the body; (g) body
oscillation effect. The free stream turbulence and surface roughness influence are the most common
disturbances in all engineering applications. The wall confinement and the aspect ratio are important
influencing parameters that interfere in the comparison between experimental and numerical results,
especially when the surface roughness effect is an influencing parameter too [17,18]. These features
help us to understand the scatter in the experimental data presented by Guven et al. [7].

In a recent paper, Bimbato et al. [14] developed a Lagrangian vortex method using two-dimensional
roughness model, which was based on the physics involved in turbulent boundary layer flows.
The roughness surface effect was simulated without make changes on geometry of the body, what means
that the investigated circular cylinder surface remains smooth. The key idea is that a point set
strategically located close to the body surface injects momentum in its boundary layer aiming to
represent surface roughness effect. Their strategy successfully shows that the separation of boundary
layer is delayed. They studied the incompressible flow around both smooth and rough circular
cylinders at Re = 1.0 X 10°, and it was only reported the drag crisis. Based on aerodynamic loads
computations, it was concluded that their methodology, starting from a typical subcritical Reynolds
number flow, was able to capture supercritical flow patterns. Overall, the drag coefficient computed
just fall and it did not present the gradual increase, which is a typical feature of supercritical flows.
Also, it was not presented results about the lift force, which would be interesting since a change on the
lift force direction is expected [2].

The present paper, therefore, contributes to the literature using the same roughness model
developed by Bimbato et al. [14] in order to capture physical details concerning the complex flow
around a single rough circular cylinder. Put in other words, the main contribution here states on physical
discussions involving the drag and lift forces connected with the occurrence of asymmetric separation
bubbles generation. The generation of asymmetric separation bubbles is an intrinsic phenomenon to
the physics of the problem [2]. In Section 4, it will be reported that our numerical results have captured
that phenomenon, which has rarely been discussed by other numerical investigations. The results also
confirm that two-dimensional Lagrangian vortex method with both LES and roughness models is able
to capture not only the drag crisis, but also the non-zero lift force, which is typical of critical Reynolds
number flows, and the gradual increase on drag coefficient, which is a typical feature of supercritical
flows. Furthermore, our results show a delay in the boundary layer separation and also a stagnation
point displacement.

Finally, it can be said that numerical simulations using Lagrangian vortex method have been
employed to study problems in several areas of engineering. It is possible to mention a large number
of studies, from the classics e.g., [19-22] to the most current ones e.g., [23,24]. Despite the high
Reynolds numbers involved in practical engineering problems, the use of two-dimensional numerical
simulations is necessary not only to develop and validate computational codes, but also to help
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understand the complex physical phenomena involved in such flows, and also to help conservative
designs for engineering applications. A wide range of two-dimensional studies can be found in
literature e.g., [14,17,18,25-31] which includes relevant contributions of our research group.

2. Mathematical Formulation

Figure 1 illustrates the two-dimensional fluid domain, (), to be studied, and defined by surface
S=51US; (S; refers to the circular cylinder boundary and S; is the boundary far from the body).
In the same figure, U* is the incompressible inlet flow, D* defines the outer cylinder diameter,
0 denotes upper angular position, x* and y* are the global coordinate system, and the symbol * means
dimensional quantities.

[HLTTTTE

Figure 1. Definition of the fluid domain for the investigated problem, Q).

The flow to be studied is assumed turbulent and, thus, a LES modeling is employed to disconnect
the large eddies from the smaller ones. As practical result, the continuity and the momentum equations
can be filtered resulting in Equations (1) and (2), such as, respectively:

L—p 1)

o,  J ., 1dp° 0
o + 8X;( ) -
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In Equations (1) and (2), the i-th filtered velocity component of the flow field is identified by
u; (being u} = U + u’j with u’{ representing the velocity fluctuation), p defines the density of fluid,
P’ represents the pressure filtered field (p* = p  + p’"; p’" is related to the pressure fluctuation),
v defines the fluid kinematic viscosity, vt defines the local eddy viscosity coefficient, and §; characterizes
the deformation tensor of the filtered field [32].

The present methodology generates vortex blobs around the body surface during each time
stepping aiming, thus, to solve the large eddy phenomena through the Equations (1) and (2). On the
other hand, the small eddy phenomena are simulated using the concept of eddy viscosity coefficient
(a typical LES approach). According to Lesieur and Métais [33], the local eddy viscosity coefficient at a
point x* in the flow field, and at an instant t*, can be calculated via the local kinetic energy spectrum:

vi(x', AT, 1) = 0105C 22T \Fy (x, AT, 1) 3)

being Cy = 1.4 the constant of Kolmogorov and }_7; (x*, A**, t) the local second-order velocity structure
function of the filtered field; the latter is defined as follows [33]:

2

B(x, A™, £) = Hﬁ*(x*, ) w1, ) )

[r|=at

In Equation (4), and for the three dimensional space, u' (x*, t*) —u’ (x* + ¥, t*) represents the
average speed differences between the center of a sphere of radius |r*| = A™*, located at x*, and points
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placed on the sphere surface (A™* separates the scales that are computed by the numerical method of
the ones that should be modeled). In this approach the small scales are assumed to be homogeneous
and isotropic, and the point of the flow field where one wants to quantify the turbulent activity is
assumed as the center of the sphere [33].

The impermeability boundary condition on the cylinder surface (at S; in Figure 1) is established
such as:

*

u,—vj=00nS; (5)

being Uy, the fluid normal velocity and v;, the normal velocity of the body surface.
The no-slip boundary condition on the cylinder surface (at S; in Figure 1) is imposed through the
following equation:
u,-vi=00nS; (6)

being U, the fluid tangential velocity and v’ the tangential velocity of the body surface.
The far away boundary condition is given by:

|ﬁ) — U" on S, (Figure 1) (7)

It is very practical to make dimensionless all the quantities previously presented, aiming to obtain
generality gain from the numerical simulations. Thus, in the above equations, D* and U* are assumed
as length and velocity scales, respectively. As consequence, the non-dimensional time is defined by
t = t'U*/D".

3. The Lagrangian Vortex Method

In order to solve numerically the mathematical problem presented on Section 2, the first step is to
discretize the circular cylinder surface shown in Figure 1. This is done through the so-called panel
method [34], which consists on discretizing any solid boundary in panels, over which singularities
are distributed in order to guarantee one of the boundary conditions presented in Section 2 at the
“pivotal point” (center point) of each panel (Figure 2). In the present approach, the cylinder surface is
discretized and represented by NP flat panels with source distribution of constant density. The sources
generation is necessary to ensure the impermeability boundary condition Equation (5) in association
with the mass conservation of the problem.

12
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Figure 2. Circular cylinder surface discretized by NP flat panels (in this example, NP = 6).
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The Lagrangian vortex method is nothing more than a boundary layer model, which consists
on discretizing a flow property (in this case, the vorticity filtered field) using vortex blobs (or vortex
particle elements), such that [35]:

v T x>
w(x, t) = Z —kz exp(—T] (8)
k=1 T O-Ok Gok

In Equation (8), @ (w = V X u) represents the vorticity filtered field; NV is the total number of
Lamb discrete vortices necessary to simulate the viscous wake; and I'y defines the strength of the
k-th vortex blob placed at a pivotal point of a flat panel. The discrete vortices generation is necessary
to ensure the no-slip boundary condition Equation (6) in association with the global circulation
conservation of the problem. In addition, o defines the Lamb vortex core, which is measured such

as [36,37] (see also Figure 3):
oo = 1.41421 4/ At 9
Re

FZ
P
Y = —
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Figure 3. The boundary layer model for a smooth surface.

In Equation (9), the time stepping, At, is computed from an estimate of the velocity and advective
length of the flow.

As previously described, the potential problem is solved using the panel method through
constant-density source distributions [34]. On the other hand, the vorticity effect is included into the
problem by taking the curl of Equation (2), which, in association with Equation (1), results in the
well-known vorticity transport equation [38]. In two dimensions, the mentioned equation is scalar and
the pressure term is eliminated, such as:

%—‘f +([@-V)w = Riecv% (10)
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being Re. a local Reynolds number including the local eddy viscosity coefficient, and defined as [25]:

uD*
Reg (t) = —rY (11)

Equation (10) simulates the vorticity filtered field dynamic, being solved to each vortex blob
during each time stepping. Figure 3 sketches the typical generation process of vortex blobs used for a
smooth surface. Each vortex blob is positioned tangent to the pivotal point of the panel to ensure the
no slip boundary condition of the problem Equation (6), as already commented.

The present roughness model modifies the generation process of vortex particle elements without
change the body surface. It is known that the roughness effect on flows is to stimulate the turbulence
development. Thus, the mentioned generation process is altered, in order to add an instantaneous
inertial effect to each nascent vortex blob. This additional inertial effect works as an injection of
momentum into the boundary layer and, as consequence, the flow can support the unfavorable pressure
gradient present in the boundary layer for longer, in agreement with the physics involved in this kind
of complex flows. Since roughness and turbulence are intimately related, the momentum injection
imposed by the present roughness model is obtained from turbulence modeling developed by Lesieur
and Meétais [33], which was originally implemented in a two-dimensional Lagrangian manner by
Alcantara Pereira et al. [25], and with improvements made by Bimbato et al. [37].

Thus, the generation process of vortex blobs is modified considering the turbulent activity around
“panel’s shedding point” (Figure 2), what is not taken into account for smooth surfaces (Figure 3).
The turbulent activity in the vicinity of the shedding point of the i-th panel is computed adopting a
semicircle, with radius |[b|| = 2¢ — o0, and centered on i-th shedding point (¢ = £*/D" is the mean relative
surface roughness). According to Bimbato et al. [14], a set of NR points is placed on the semicircle and
the average speed differences, required to compute the second-order velocity structure function of
the filtered field Equation (4), are calculated between the center of the semicircle (the shedding point)
and the points on it (Figure 4). The second-order velocity function is obtained through the following
adapted expression [14]:

NR
= 1 _ _ 2
Fa(t) = g Z [, (xi, ) = Te,, (x5 + b, ][ (1 +¢) (12)
w=1
3
2 - <
A\ ‘l
16 - ) - 8Nk
xlc" 2
‘o= R - o 1_-o
§¢ — 2 N\ X \\»
| bh 7 oQ/ \ =
® é
B \;‘/ %/l 3*./0'\‘//
/ \z NR
/ \
‘\ /b
. \ ’/

‘e, OO /
./A\.’/'xNP 4 ,’\ 5
—_— \ —_—
1“%‘ \ /O‘Q\‘ b J
Q_hl \ / NR‘\-.’

2 *~—— K —— ¢
cOI
NR@ -'-X - -o1
\ b 7/
L .,

Figure 4. Turbulent activity computation in the vicinity of each shedding point.
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In Equation (12), uy, (x;, t) is the total velocity on shedding point of the i—th panel (which is
located at x;) at time t, g, (x; + b, t) is the total velocity at each one of the NR points, defined around
the i—th shedding point (that is, on the semicircle of radius ||b|| = 2¢ — op) at time t, and (1 + ¢) is
idealized to simulate the kinetic energy gain because of the roughness interference. Figure 4 gives
us an idea of the turbulent activity computation around the shedding points, which is the velocity
fluctuation in the boundary layer.

It is noted from Equation (12) that, at each time stepping, there is a different velocity fluctuation
around the shedding point of the i—th panel. Therefore, there is also different local eddy viscosity
coefficients associated with these velocity fluctuations, Equations (3) and (4). Thus, the eddy viscosity
coefficient at i—th shedding point, at time t, is computed such as:

v, (t) = 0.105 C; /2 o, +[Fa, (1) (13)

In Equation (13), oo, is the vortex core of the k—th vortex blob placed at i—th shedding point
Equation (9).

Since the eddy viscosity is associated with each time and with each panel shedding point, a local
Reynolds number must be computed at each time stepping, as defined in Equation (11). Therefore,
Re, (t) represents the Reynolds number modified locally (at i—th shedding point) at time t, and this
modification only is computed if the surface roughness effect cannot be neglected, that is, for v, (t) # 0.

Equation (9) shows how the Reynolds number of the flow and the Lamb vortex core are related.
Thus, if the surface roughness effect is present in the boundary layer flow (if vy, (t) # 0), the Reynolds
number is modified locally Equation (11). The numerical effect is to change the core radius, oy, of each
nascent vortex blob by satisfying Equation (14) instead of Equation (9). Therefore, the generation
process of discrete vortex elements, illustrated in Figure 3, is now modified to include an additional
inertial effect to each nascent vortex blob (it can also be interpreted by an increase of strength AI' in
Figure 5).

I, +Al,
~
P E——
e
I, +Al, /.‘Q\:‘/’———x———Q
/' ’ 2 \ \1"1+AF‘
B \ ; ;
% X
A 3N N
/ vy
/ ey
4 »
2\ /
LN /
‘\ \ /
\ *NP 4y
% \ A
FM,+_\1"NPK \ il J[‘ + Al
\ /:}5 4 4
*~ - —— 9
OOrJ
-——-
\ g
I +AI

Figure 5. The boundary layer model to simulate a rough surface.

The new Lamb vortex core assumes the following form [14]:

At

v (t
oo, () = 1.41421 R_e(1+ ﬁ)

v

(14)
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In Equation (14), ogc, (t) is the vortex core of k—th vortex blob, placed at i—th shedding point at
time t, and modified by surface roughness effect (compare Figure 3 with Figure 5). The roughness
model is based only on physics of turbulent flows.

The procedure above described to represent the body surface (sources generation) and the vorticity
field (creation of nascent vortex blobs) is mathematically defined by two different kinds of linear
algebraic equation systems; their solution is iterative and they are solved using the method of least
squares, and can be easily linked with the roughness model, when activated.

The set of discrete vortex elements, positioned at shedding points, is necessary to simulate the
vorticity filtered field dynamics according to vorticity Equation (10). With this purpose, Chorin [19]
idealized an algorithm that splits the advective-diffusive operator of Equation (10) such as, respectively:

Dw Jdw _ _ .
R
E = Recv w (].6)

Equation (15) implies that the vortex cloud is advected as a set of material particles of the flow in
a typical Lagrangian manner.

The solution of the advection problem Equation (15) is given by integrating each vortex blob path
equation, and using an explicit Euler scheme, in the following form:

% = Ty (xt), k=1, NV 17)

In Equation (17), Uy, (X, t) represents the velocity filtered field computed at position occupied by
k—th vortex blob. Thus, the velocity field of the problem is composed by three contributions, i.e., (i) the
incident flow (or the uniform flow) velocity, ui(x, t); the cylinder surface (using the source panels
distribution), E(x, t); the viscous wake (using the vortex cloud), uv(x, t).

For the incident flow, shown in Figure 1, its components take the form:

ui; =1 (18)

uip =0 (19)

The velocity induced by NP flat panels with constant-density source distribution at position
occupied by k—th vortex blob is computed in the following form [34]:

NP
uby (x, t) = Z oicy; Xk (t) = x|, n =1, 2, k=1, NV (20)
i=1

In Equation (20), o; is the source strength per panel length and c}!, [xi (t) — x;] represents the n—th
component of the velocity induced at the k—th vortex blob by the i-th source flat panel.

The third contribution for the velocity filtered field computation is because of the vortex
cloud (i.e., the vortex-vortex interaction, obtained through the Biot-Savart law [35]), which takes the
following form:

NV
avf (g t) = Y Tie[a(t) =X (0], n =1, 2 k=1, NV 1)
ji=1

In Equation (20), Tj is the strength of the j—th vortex blob and ci‘j [xk(t) - Xj (t)] represents the n—th
component of the velocity induced at the k—th vortex blob by other vortex blob placed at x;.

Therefore, the velocity filtered field, u; (x, t), is obtained by the summation of Equations (18)-(20)
and its computation is used:
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(a) to obtain the position of vortex blobs at the next time stepping, x (t + At), by using the material
derivative concept (Dw/Dt);

(b) by roughness model to compute the average speed differences between shedding points and the
points on the semicircles (Equation (12) and Figure 4);

(c) by turbulence LES modeling (as will be described below).

Once advective equation Equation (15) has been solved, to properly simulate the vorticity field
dynamics, it is necessary to solve, within the same time stepping, the diffusion equation (Equation (16))
to include molecular viscous effect. In the present numerical method, Equation (16) is solved through
the random walk method [21], which was originally developed by Chorin [19]. The integral solution
of the random walk method is [19]:

@) = [ (G v, 9 - Glx=y, Olf(y)dy 22)
being:
2
G(x, y, t) = . eXp(_(X; y) ] (23)
ETHRA G -

Therefore, the diffusive displacement of the k—th vortex blob is computed, such as:

a(t) = 4 ;ﬁ: ln(%)[cos(z nQ), +sin(2n Q)y] (24)

In Equation (24), P and Q are random numbers, which may assume values in the range: 0 < P < 1
and 0 < Q< 1.

The presence of the local Reynolds number (Re.) in Equation (23) indicates that turbulence
manifestations must be computed into the diffusion process [25]. The essence of turbulence modeling
used in this work consists on calculating the turbulent activity in points of the flow through the average

speed differences existing around such points (Equation (4)). Instead of compute these differences
between a center of a sphere and points on its surface, as established by Lesieur and Métais [33]
for three-dimensional flows, Alcantara Pereira et al. [25] proposed to compute the average speed
differences between a center of an annulus and points located between its internal and external radius.
Both the center of the annulus and the points between its inner and outer radius are defined for each
vortex blob presents in the computational domain simulating the vorticity field dynamics.

The adaptations proposed by Alcantara Pereira et al. [25] let to compute the second-order velocity
structure function of the filtered field in the following form:

. 2/3
By = I%IZ ”ﬁtk(xk) _ﬁfj(xk + r])“JZ(Ur_(;k) .
i=1

In Equation (25), u; is the total velocity induced on points of interest (ut = ui + ub+ uv), N is
the number of discrete vortices inside the annulus and r; defines the distance between the center of
annulus (vortex blob under analysis, i.e., the k—th particle) and the points located between the internal
and the external radius of annulus (the j—th particle placed inside it).

A statistical analysis performed by Bimbato et al. [37] concluded that proper internal and external
radius of annulus is, respectively: riy; = 0.1, and rext = 4.00¢, (for smooth surfaces) or rin = 0.10¢c,
and rext = 4.00¢c, (for rough surfaces).

The use of Lagrangian vortex method is justified by the ease of work with high Reynolds
number simulations (there is no numerical instabilities, which are associated with Eulerian techniques).
Furthermore, there is no mesh in the Lagrangian technique and it is kind simple to implement the
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turbulence LES modeling using velocity differences instead of derivatives Equation (24), which must
be closely related to the roughness model Equation (12).

It remains to calculate the aerodynamic coefficients (drag and lift forces). With this purpose, it is
used the stagnation pressure definition, such as:

— —
bl p u 2 e ﬁ*

<
I
4
c
Il

(26)

In Equation (26), p* defines the static pressure and u” represents the velocity at any point into the
fluid domain Q) (Figure 1). Then, the methodology to compute aerodynamic loads starts from a Poisson
equation for the pressure, which is solved through the following integral formulation presented by
Shintani and Akamatsu [39]:

= (oo (o —— 1 o
HYi—fYVHi-endS— !)jvui-(uxw)dQ—R—ef(Vuixw)-endS (27)
S] Sl

In Equation (27), the static pressure can be computed at i—th calculation point, being H = 1.0
valid for the fluid domain and H = 1/2 valid for solid boundary, Z represents a fundamental solution
of Laplace equation, and e, defines the unit vector normal to each flat panel used to discretize the
cylinder surface.

Using the static pressure obtained from Equation (27), the drag and lift coefficients are evaluated,
such as, respectively:

NP NP
Cp = Z 2 (ﬁl - pm) AS; sinp; = Z Cp; AS; sin 34 (28)
i=1 i=1
NP NP
CL = - Z 2(]5i - pm) AS; cosB; = — Z Cp, AS; cos B34 (29)
i=1 i=1

In Equations (28) and (29), p., is the reference pressure far from the solid boundary, AS; is the
length of the i—th panel, and $; is the angle of the i—th panel.

Finally, the algorithm implemented essentially consists of eight steps in the following sequence:
(i) simultaneous generation of source panels and nascent vortex blobs (the roughness model is used,
when activated); (ii) velocity field computation at each vortex blob; (iii) static pressure computation
at each pivotal point followed by integrated aerodynamic loads computation; (iv) advection of the
vortex cloud; (v) vorticity diffusion (the LES modeling is used); (vi) reflection of vortex blobs, which
eventually migrate into the cylinder; (vii) velocity field computation at each pivotal point to restore the
boundary conditions of the problem for new generation of source panels and nascent vortex blobs;
(viii) advance by time At. In the last years, the authors of this paper have made an effort to develop the
in-house code by using FORTRAN programming language.

4. Results and Discussion

This Section presents the numerical results obtained for the problem of the two-dimensional,
incompressible and unsteady flow past a circular cylinder. The body surface was represented by
NP = 300 source flat panels. That chosen number for the panels ensures the convergence for the
potential solution of the problem and, as consequence, a refined discretization for the vorticity field,
which is reflected on the aerodynamic loads computation. In the case of flow around smooth or rough
cylinders for the Reynolds number value studied here (Re = 1.0 x 10°), the drag coefficient is computed
only by form (pressure) drag contribution. According to Achenbach [3] measurements, the friction
drag contribution does not exceed 2-3% to the total drag. Thus, the friction drag computation has been
omitted in this work.
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In the present approach, it has been used NR = 21 points on each semicircle defined around each
panel shedding point in order to compute the turbulent activity around it (Figure 4); this number is
enough to obtain a reasonable value for the average speed differences Equation (12) in consonance
with past study reported by Bimbato et al. [14].

In order to obtain good results, the time increment used is At = 0.05 and an explicit Euler
time-marching scheme is used Equation (17). All numerical simulations run until dimensionless
time of t = 75, which is enough to reach a statistical equilibrium; the mean coefficient values
(pressure distribution, drag and lift) are computed between 37.5 < t < 75.0. As previously presented
by Oliveira et al. [18], the adopted criterion to compute aerodynamic loads has sufficiently been
refined attaining the saturation state of the numerical simulations; this behavior is typical of a
Lagrangian technique.

Table 1 presents a summary of some typical experimental results published in the literature
and the numerical ones obtained using the present methodology. There is a remarkable scatter
among the experimental results, even those referring to the smooth circular cylinder. The scatter
among experimental results is because of influencing parameters, especially by the low aspect ratio
and high blockage. The cylinder tested by Achenbach [3] presented an aspect ratio of L/D* = 3.3
(L* is the cylinder length) and the wind tunnel blockage was D*/B* = 0.17 (B* is the distance between
tunnel walls). The cylinder tested by Achenbach and Heinecke [4] presented an aspect ratio of
L*/D* = 6.75 and the wind tunnel blockage was D*/B* = 0.17, while Zhou et al. [12] used a configuration
of cylinder with aspect ratio of L*/D* = 10. Thus, the comparison among experimental results and the
present numerical results is not so fair, as previously discussed in Section 1. Unfortunately, there is a
lack of numerical data of aerodynamic forces for the flow past a rough cylinder at upper subcritical
Reynolds number of Re = 1.0 x 10°.

Table 1. Summary for the drag coefficient at Re = 1.0 x 10°.

e=¢'/D* Achenbach [3]  Achenbach and Heinecke [4]  Zhou et al. [12] Present Simulation

Smooth 1.30 1.48 1.14 1.223
0.075% - 1.44 - -
0.10% - - - 1.188
0.11% 1.10 - - -
0.20% - - - 1.133
0.30% - 1.25 - -
0.45% 0.82 - - 1.025
0.70% - - - 1.071
0.90% 1.10 1.18 - -
2.00% - - 0.92 -

Despite this, it is undeniable that the present numerical results have the same tendency as the
experimental results of Achenbach [3] (Table 1). The roughness model used here is able to predict
supercritical flow features from a subcritical Reynolds number flow simulation. This conclusion comes
from the comparison between Figure 6a,b.

The present numerical results show that, for small superficial roughness (0.00 < ¢ < 0.10 %), the

drag coefficient suffers a very small reduction (about 2.9%), which occurs in the subcritical regime
(Figure 6a). With the progressive increase in surface roughness (0.20% < ¢ < 0.45%), the roughness
model injects momentum on the boundary layer in a manner that flows with higher Reynolds numbers
are simulated; it is remarkable the drag coefficient sudden drops until reach a minimum value
(Figure 6b), that is a typical feature of critical flows. The mean drag reduction is about 16.2%. For even
greater roughness (¢ > 0.45 %), the drag coefficient grows up gradually (about 4.5%), which is the

main feature of the supercritical flow regime (Figure 6a).
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Figure 6. Flow regimes described by drag coefficient: (a) Classical representation of Cp = Cp (Re)

curve for a cylinder (reproduced from [40] with permission; copyright © 2006 by World Scientific

Publishing Co. Pte. Ltd.); (b) Form of Cp = Cp (&) curve obtained by roughness model for a fixed
= 1.0x10%).

Reynolds number (Re

Although the percentage drop in the drag coefficient measured by Achenbach [3] is slightly
more than double that calculated in the present work, most of the features of transitional flows are
qualitatively captured by present methodology. Table 2 shows that boundary layer separation point
agree well with the drag coefficient behavior pointed out in Table 1 and Figure 6b, what means the
separation point moves downstream with drag reduction (critical flow regime) and upstream with
drag gradual increase (supercritical flow regime).

Table 2. Upper side angular position of boundary layer separation, sep (Re = 1.0 X 10°).

e=¢*/D* Achenbach [3] Present Simulation
Smooth 77° 81.0°

0.10% - 84.0°

0.20% - 84.0°

0.45% 102° 93.0°

0.70% - 89.4°

0.90% 99° -
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Furthermore, Figure 7 indicates that the lift coefficient,Cy, oscillates regularly because of the
periodic vortex shedding mechanism [41], and the lift force variation of the smooth cylinder is greater
than that of the rough cylinder, which agrees with experimental tests conducted by Zhou et al. [12];
the dash-dot lines in Figure 7 indicates the mean amplitude of lift force. In the present work, no analysis

regarding the vortex shedding frequency is presented, however, a detailed discussion can be easily
recuperated [14,17,18].
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Figure 7. Temporal history for drag and lift coefficients (Re = 1.0 X 10%): (a) Smooth; (b) £ = 0.10%;
(c) ¢ = 0.45%.

Figure 8 presents the pressure distributions around the cylinder surface at time instants represented
by points A, B, C, D and E; these points are also shown in Figure 7. It can be noticed that the surface
roughness effect causes irregular disturbances on instantaneous pressure distribution curves, which is
reflected on time history of drag and lift forces.

Figure 8. Pressure distributions for particular time instants of the flow past a circular cylinder
(Re = 1.0x10°): (a) Smooth; (b) € = 0.10%; (c) £ = 0.45%.
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The mentioned disturbances occur because of inertial effect manifesting on the flow, which is
provoked by roughness model. Thus, the boundary layer presents more momentum supporting
the unfavorable pressure gradient, as expected, and, as consequence, the flow separation is delayed.
This was shown in the joint analysis of Figure 6b and Table 2; now it can also be verified with the
analysis of Figure 9.
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() (b)

Figure 9. Separation bubble identification (Re = 1.0 X 10%): (a) Mean lift coefficient; (b) Stagnation point.

In Figure 9a, the non-zero lift force for the smooth cylinder (Cp. = 0.021) and for the less roughened
cylinders (CL = 0.035 for ¢ = 0.10% and C;. = 0.005 for ¢ = 0.20%) can be attributed to numerical
rounding errors (panels method and vortex cloud contributions). It can be noted that the stagnation
point of these three tests is located at Ostag = 0.6°; this happens because the discretization of the
cylinder using the panel method starts with 8 = 0° (Figure 1) and the panel pivotal point is placed at
0 = 0.6°. It is important to emphasize that all the computations are done on pivotal points (Figure 2).
So, this is the reason why Ostag # 0 for the three cases mentioned.

On the other hand, it is notorious not only the non-zero lift force for the rougher cylinders but its
direction change (EL = +0.100 and Bstag = —1.8° for € = 0.45%; EL = —0.132 and Ogtag = +1.8° for
¢ = 0.70%), see Figure 9a,b. The boundary layer transition is the only explanation of this occurrence
on a symmetrical bluff body, like the circular cylinder. The involved physics indicates that first an
asymmetric flow is caused because the boundary layer becomes turbulent at one side of the cylinder;
furthermore, a separation bubble and a non-zero lift force can be identified. On the other side of
the cylinder is generated another separation bubble, when the boundary layer becomes turbulent on
that side. According to Kamiya et al. [6], a fully symmetric flow is not reach as soon as the second
separation bubble is formed. They measured C; = 0.2 and Ostag = +2° when the first separation
bubble was formed, followed by GL = 0.0and Ostag = 0° at higher Reynolds number (Re > 7.0 X 10°).
The critical flow regime is so unstable, and the lift force changing direction was also captured by
Kamiya et al. [6] by using a smooth cylinder.

One more feature of the complex transitional flow is captured by the present methodology.
According to Bearman [5], the drag coefficient is approximately equal to the measured base pressure
coefficient for three representative Reynolds numbers, i.e., Re = 2.0 X 10° (no separation bubble),
Re = 3.7 x 10° (one separation bubble) and Re = 4.0 x 10° (two separation bubbles). Figure 10 shows the
comparison between drag and base pressure coefficients, calculated by the present Lagrangian approach.
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Figure 10. Comparison between computed results of base pressure and mean drag coefficients
(Re = 1.0x10%).

It is remarkable that the present methodology agrees with the observations given by Bearman [5]
(using the L*/D* = 12 and D*/B* = 0.06 configuration) for the critical flow regime. As expected, there is a
disagreement between the computed values of base pressure and drag coefficients for the supercritical
flow regime, because of increasing in drag coefficient.

In addition, Figure 11 presents the time-averaged pressure distribution for the flow around a
cylinder with different surface roughness influences, where the experimental result was reported by
Blevins [42] for smooth cylinder. It can be observed only small differences in the base pressure between
the less rough cylinder and the smooth cylinder. As can be identified, the numerical result for the
rough cylinder (¢ = 0.45%) clearly shows a higher increase in the base pressure, which physically
agrees with the higher drag reduction (Figure 6b).

Experimental (Blevins [42]) _
Numerical (Smooth)

Numerical (s = £*/D* =0.10%) |
Numerical (g = ¢¥/D* = 0.45%) |
Numerical (g = e*/D* =0.70%) —|

> B ¢ + X

0 30 60 90 120 150 180

Figure 11. Time-averaged pressure distribution around the circular cylinder surface (Re = 1.0 x 10%).

Finally, Figure 12 illustrates the viscous wake developed downstream the cylinder in the end of
numerical simulations (at t = 75). The blue points in the same figure represent instantaneous vortex
blob distributions; they indicate that the vortical structures for ¢ = 0.45% are narrower than the
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other ones, which is in accordance to what is expected from critical flow regimes. That conclusion is
supported by upper and lower separation points behavior for ¢ = 0.45%, which are 93° (Table 2) and
85.8°, respectively.

(d)

Figure 12. Final position of the viscous wake at t =75 (Re = 1.0x 10%): (a) Smooth; (b) € = 0.10%; (c)
e = 0.20%; (d) ¢ = 0.45%; (e) ¢ = 0.70%.

5. Conclusions

This paper describes a two-dimensional Lagrangian vortex method blended with both LES and
roughness models to capture changes in a bluff body aerodynamics. It can be observed that the
roughness model employed in the present work is classified as a passive method of vortex shedding
control. The passive control method implies to modify the body surface, which is reflected on its
aerodynamic loads behaviour. In fact, the roughness model presented here acts as a passive method
modifying the boundary layer flow by an injection of momentum into it (which occurs on rough
surfaces), but without changing the discretization of the body surface.

In the present approach, the vorticity field is discretized and represented by a cluster of vortex
blobs, which are generated during each time stepping from the body surface. The potential theory
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is adapted to compute the circular cylinder surface, which is discretized using flat panels with
constant-density source distribution over them. The aerodynamic loads are calculated through an
integral formulation derived from a Poisson equation for the pressure, where the instantaneous vorticity
field contributes to the computation. The chosen number of flat panels ensures the convergence of
the solution for the potential velocity field and, as consequence, establishes the number of nascent
vortex blobs. As the non-dimensional time runs, the number of vortex blobs increases and thus
satisfies the vorticity transport equation forming the von-Karman vortex street. In an upper subcritical
Reynolds flow, the drag coefficient amplitudes are significantly lesser then the lift ones (Figure 7a).
This behaviour indicates that the numerical simulations have captured the vortex shedding mechanism
properly; it is important to observe that the saturation state of the present numerical simulations was
attained and it is supported by previous discussions given by Oliveira et al. [18], since the numerical
approach is the same.

In regarding of the rough circular cylinder, the numerical results show that the present methodology
is able to capture, even using two-dimensional simulations, many attributes of this complex flow
such as: (i) the drag crisis followed by a gradual increase on the drag force; (ii) the non-zero lift
force, since according to Zdravkovich [10] the low and high pressure on two sides of the cylinder
interchange in different runs, because the side at which the separation is turbulent switches from one
side to another occasionally; and (iii) the occurrence of asymmetric separation bubbles generation.
The asymmetries are part of the physics involved in critical Reynolds number flows around a circular
cylinder; that behavior was previously described by Zdravkovich [10], whom dedicated all his research
to investigate different aspects of flows around cylinders.

In order to obtain the results showed here, the present work ran simulations with roughness
heights of ¢ = 0.00% (smooth case), ¢ = 0.10%, ¢ = 0.20%, ¢ = 0.45% and ¢ = 0.70%. The roughness
heights of ¢ = 0.10% and ¢ = 0.20% were performed to show that their effect does not change the
flow patterns. Further, the tests jumped for ¢ = 0.45% (+0.25%) and then for ¢ = 0.70% (+0.25%).
The critical (¢ = 0.45%) and upper transition (¢ = 0.70%) Reynolds number flows are so unstable,
that it could be difficult to physically explain the results on a higher resolution area around ¢ = 0.45%.

Although the lift force behavior is an important feature of the critical/supercritical flow regimes,
studies that focus on this force are scarce, which valorizes the present numerical results. The results
for both predictions of boundary layer separation and stagnation point displacement also help us
to report the sensitivity of the roughness model. Furthermore, each experimental study available in
the literature uses a different technique to represent the surface roughness effect (wires, spheres,
small holes, among others), and each technique is subject to different influencing parameters
(free stream turbulence, aspect ratio, blockage and surface texture), which produces a great scatter
in the measurements. As consequence, in most of situations it is not appropriate to compare two
different experimental results or even an experimental and a numerical one.

Finally, the authors also intend to adapt the present vortex code to study other practical engineering
situations, such as problems involving wake interference [43], ground effect mechanisms [17,18,27,28],
vortex-induced vibrations [13,26] and thermal effect [44,45]. The present paper also aims to lay
the theoretical foundation of the present numerical method for further algorithmic extensions to
simulations of such fluid flows in three dimensions.
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