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Abstract. The aim of this paper is to present a numericabcedure that accelerates the second-order velocity
structure function model calculation incorporatedd the Lagrangian Vortex Method with turbulencededng. In the
present study, the local turbulence effects aresiolmmed during the vorticity diffusion process; esnsequence a
connection between the larger scales and the smatles is made by eddy viscosity. The eddy vigcosihputation is
necessary for each Lamb vortex element that coctstthe Karman vortex street; it is also the keyate into account
the roughness effects. A boxes structure is usédktdify clusters of vortex elements confinediffecent regions of
the fluid domain. The boxes structure establishésraction lists between vortex elements in a loe@mmputational
cost. The CPU time, necessary to compute the addysity is considerably reduced.

Keywords: two-dimensional roughness model; panel methoddyation of the computational cost; aerodynamics of
bluff body.

1. INTRODUCTION

Unsteady vorticity-dominated flows are of greatnest in many fluid mechanics problems. In thistern the
Lagrangian Vortex Methods can be used to approxiniate-dependent incompressible flows. In this lohflow most
of the vorticity is confined to a relatively smalbrtion of the flow, and then a purely Lagrangiaoriéx Method based
on following the vorticity by using vortex elememises not depend on the construction of a goodtguaksh on the
domain of computation (the Eulerian and grid-dependnethods suffer inevitably from numerical difeug. The main
advantages of a Lagrangian Vortex Method are thatx elements are placed only where vorticityas4aero and the
boundary conditions in the far field are automalycsatisfied. Lagrangian vortex methods are espgcuseful to solve
flows which are dominated by localized vorticitgtlibutions, e.g., shear flows, wakes, and jetsr{&moto, 2004).

The present paper attempts to control the flow ralca circular cylinder of diameter d through thelementation
of surface roughness model around the exterioheftiody. The mechanism of vortex shedding of rosigtionary
cylinder in the subcritical flow regime (Re=?)0s simulated using a two-dimensional Lagrangiamt¥x Method. The
local turbulence effects are taking into accounvuigh a second order velocity structure functiordeladapted to a
Lagrangian Vortex Method (Alcantara Pereira et 2002). The intensity of newly generated Lamb vogé&ments
(Kundu, 1990) from the body surface is in a phyissesmse affected for the local effects of sizemifarmly distributed
roughness elements/d. Therefore, the mass and the global circulatice simultaneously conserved using a source
panel method and generation of vortex elementggaios body surface. The aerodynamic loads are leddcliusing an
integral formulation derived from the pressure Boisequation (Shintani & Akamatsu, 1994). The dbation of this
paper is to accelerate the eddy viscosity compmntatiirough a new algorithm for the boxes structtwastruction
aiming to divide the vortex elements into the gi®apross the fluid domain.

According to Bimbato (2012) a two-dimensional saefaoughness model is more effective than a sihgte
dimensional turbulence model. His research inditéte potentialities of a two-dimensional Lagranmgi@rtex method
with physical roughness model to predict the aemadyics of bluff bodies with rough surface providiagyood data
base for further research using different Reynoldismbers associated with roughness size and distnitsu Previous
results from Guven et al. (1980) showed in a d@gfficientversusReynolds diagram comparisons of different results,
and they presented differences up to 60% for angReynolds number. These differences were attribtdesome
influencing factors, such as: aspect ratio, bloekagtio, turbulence level and the surface textlrkee greater
differences were observed in the supercritical flegime which indicated the importance of the rowggs models
developing. The flow regimes cannot be charactdrardy by the Reynolds number based on the sitleeofoughness.

2. PROBLEM FORMULATION

Figure 1 illustrates the incompressible and twostisional flow around a circular cylinder, being tfeid
Newtonian with constant kinematic viscosity,The uniform flow is represented by U and assufmaah left to right.
The fluid domaim is identified by the boundary S#3S,, being $the body surface and e far away boundary.
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Figure 1. Unsteady viscous flow around a statiomégular cylinder.

The flow depicted above is governed by the contynand the Navier-Stokes equations, which can bpeetively
written in the following forms:

ou, _

X =0, W
o, 0 (hz)=_10P , 0 g

ot +axj (quj) p OX% +26Xj [(Mvt)sﬁ]’ @

where U, is the velocity filtered field,p is the pressure filtered fieldy is the density,v is the molecular viscosity
coefficient, v, is the eddy viscosity coefficient anﬁj is the deformation tensor of the filtered fieldr(&jorinsky,
1963).

The present methodology calculates the local spectatK: with a second-order velocity structure functigxg, of
the filtered field ( velocities difference), such @Icantara Pereira et al., 2002):

R (x,4" 1) = [alx -1 +r,t]|‘2r‘:[ . @3)

From the Kolmogorov spectrum, the eddy viscosity lsa written as a function gfz:

o, (x, 4% 1)=0.105G%24" JF, [x,4" ), @)

where C, =1.4 is the Kolmogorov constant. In Eq. (3) is impottéam note that in three-dimensions the “average
operator” is applied in the velocitieu(x +r ,t) calculated under the surface of a sphere withecentx and radiu$r| .

The present formulation analyses the vorticity dgits in two-dimensions by taking the curl of thevida-Stokes and,
therefore, simulates numerically the phenomenadbaitir in the macro-scales by using a LagrangiarieXaviethod.
Therefore, the phenomena that occur in the micatescshould be taken into account through the edsiyosity

coefficient computation, see Eq. (4); the coeffitie, is modeled with the second-order velocity strm;mmnction,l?z,

of the filtered field, see Eq. (3), and must be patad to each vortex element during all steps tfpecal numerical
simulation. In two-dimensions is the distance between each vortex element wanysis and other vortex elements
strategically placed inside a circular crown. Tlater of each circular crown always coincides \ligh center of each
vortex element, which is used to compute Eq. (43&Atara Pereira et al. (2002) and Bimbato e2&l18)).

3. NUMERICAL METHOD

The essence of the Lagrangian Vortex Method isidoretize the vorticity field using Lamb vortex elents in a
manner that (Kundu, 1990):

|2

o(x,t)= %LZGXF{JX—ZJ' (5)

ka1 O, g,
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wherew (@ =0xu) is the vorticity filtered field,NV is the total number of vortex elements in thedfldomain, I,
is the strength of thé " vortex element necessary to satisfy the no-sliglitmn on body surface and, is the Lamb
vortex core given by (Bimbato, 2012):

0, = 4.4836 é—i z (6)

beingy a factor obtained through numerical experiencebk @ncial to determine the appropriate value of lthenb

vortex core. This approach considers the influesfcgource flat panels used to simulate the bodfaserthrough the
impermeability condition (Katz and Plotkin, 1991f).is important to observe that each flat panel &gsivotal point
necessary to simultaneously impose the no-sliptie@édmpermeability conditions.

Presently, each nascent vortex element must beigusd at a shedding point near its respective tplvpoint.
Figure 2(a) shows one of the source flat paneld tseepresent the body surface; it is illustratedy the vorticity is
generated on a smooth surface (note tiatis the pivotal point,psheal’ is the shedding pointe is the distance

between the pivotal point and the center of theexoelement and, is the Lamb vortex core).
In order to determine the turbulent activity aroutthd shedding point of a™ panel are defined in the Fig. 2(b)
the pshel’ point and the semicircle with radit"b" =2-epF (& =gD/dD) centered on shedding pointA point set,

called rough points, are distributed on the semlieirThe average speed differences necessarydotaé the second-
order velocity structure function of the filterei@lfl (see Eqg. (3)) are computed between the caritdre semicircle
( pshel’ point) and the rough points according to:

7 0= g 2 5.0) -5, (x + b o). Q

being u, is the velocity on the points (due to uniform floseurce panels and vortex cloudyR the number of rough
points and(1+g) the kinetic energy gain due to the roughness &sff&®imbato (2012) used 21 rough points on each
semicircle defined around each shedding point; thimber is enough to obtain a reasonable valugh®rspeeds
difference. Equation (6) indicates the relationametn the Lamb vortex core and the Reynolds nunibtre roughness
effects are important( (t) #0), the k' Lamb vortex core must be modified for:

o4, (t) = 4.4836 ;'—te [1+D“T(t)j e ®)

where g, is the core of theék "vortex element positioned at" shedding point and modified by the roughness model

According the importance of the local roughneseaff, each nascent vortex element can be placdidfetent
positions (from the same pivotal point referenagity each time step of a numerical simulation. phgsical sense is
that an additional inertial effect is imposed orteamascent vortex element due to the roughness Imbkis effect
changes the strength of tike" vortex element necessary to ensure the no-sligigon.

NR =21 Qg
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Figure 2. Vorticity generation process on the Lagian Vortex Method (retired of Bimbato et al., 3D1
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The present Lagrangian Vortex Method represemtstiticity field by Lamb vortex elements. As wasadissed
in the final of Section 2 the eddy viscosity is qarted to each vortex element during all steps typacal numerical
simulation. In this context, the numerical procedisrconducted over a series of small discrete sirmpsit for each of
which a vortex element”) is shed from the smooth or rough body surface. Wiélecity field is calculated at the
location of each vortex element (due to the unifdlonv, the source panels and the vortex-vortexradgon) in a
typical Lagrangian description using an algorithmattsplits the advective-diffusive operator of thoaticity transport
equation (Chorin, 1973). The vortex-vortex intei@ttis obtained from the vorticity field by meanfstbe Biot-Savart
law. The advective motion of each vortex elememtegated from the body surface is determined bygratéon of each
vortex path equation using a first order Euler soeThe viscous diffusion is simulated for e&hvortex element by
using a fractional random walk method introducedLiwis (1999) and modified by Alcantara Pereiraaket(2002)
such as:

alt)= /;—étln(%j[cos(hQ)x +sin(2nQ)y], being Re, =#‘z(t) , (11)

and P e Q random numbers between 0.0 and 1.0. éer chetails see Bimbato (2012).
The vorticity diffusion takes into account the tuldnce modeling. As consequence, the second-orelecity
structure function of the filtered field is evaladtfor each vortex element through:

_ 1S _ 2( og. 23
Fo =WKZ=;HUH (Xj)_utk (Xj +rk1‘k(_l] ) (10)

Ik

where U, represents the total velocity at each the vortement, N indicates the number of vortex elements inside the
circular crown andr, is the distance between the vortex element undelysis {" Lamb vortex) and the vortex

elements inside the circular crown (eactki®df.amb vortex).
The idea of compute the eddy viscosity no usingvalitex elements is to divide the domain in manthet
neighborhood of one vortex under analysis is diygeken into account in the Eq. (10). Figure (&)ematically shows

the basic idea where, during each time step of Isiton, 4" boxes are constructed to delimit the fluid domain
containing vorticity. In this approactdefines the box levels. For instance, whér 1the two-dimensional fluid

domain is divided ir2! boxes in the x direction an&' boxes in the y direction.

2,1 2,2 41| 4.2 4,3 44
11 31| 32| 33| 34
11 1,2 21| 22 23| 24
11112 | 13| 14

level O level 1 level 2

Figure 3. Examples of boxes structure construaiging three levels to compute the eddy viscosity.

The length of each box is given dy = LX/2z anddy = Ly/2€ , whereL,and Ly are the lengths of each side

corresponding to the level 0, see Fig. (3). Not& thhhen the level is zert(i =landj =1) is adopted all vortex

elements present in the vortex cloud must be censitito compute the eddy viscosity associateddaetith vortex
element. The level 0 implies a higher computatiaost. The localization of ea& vortex element in the fluid domain
associated to the corresponding box can be catclitat (beindp@ ,y0)= (OO)):

i=[—yk—y°j+1, 12
dy

j:(—xk_xoj+1. I13
AX
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The present computational strategy only considegdriteraction between neighboring boxes, becawese would
be influencing vortex elements within a distancenparable to that inside the circular crown. Suppase wishes to
calculate the viscosity eddy for all vortex elenseloicated at box 2,3 when level 2 is used (plesese,in the Fig. (3)).
For this purpose, the eddy viscosity computatiorns sdrongly accelerated because only the influesfcall vortex
elements in the dark grey boxes is computed.

4. RESULTS AND CONCLUSIONS

The first providence was to validate the vortexedy simulating the flow around a stationary ciacutylinder
without turbulence modeling (case | from Tab. 1heTfollowing numerical parameters used here weoeessfully
investigated by Bimbato (2012): number of soure¢ fflanels used to represent the cylinder surf&de< 300), time
increment ¢t = 005) and the Lamb vortex coreogf = 0001d ). All the aerodynamic loads computations were
evaluated betwee®5 <t <45. As can be seen in the Table 1, the numericalteefar smooth cylinder (case | and case
II) agree very well with the experimental ones aled by Blevins (1984), which have an uncertaintyloout +10%.
All numerical results presented in the Tab. (1)duseel 0.

Table 1. Time-averaged values of drag and lift iciehts and Strouhal number for circular cylindé&e=10")

Authors Turbulence Modeling ¢/d C, | CL St | 6.,
Blevins (1984) - 0.0000 1.2D - 0.19 82°
Present result (case | No 0.00p0 1{25 000 0j20@° |8

Present result (case I Yes 0.0000 1}19 0,02 0Q.2A43°

Present result (case 1)) Yes 0.0010 1{20 -0.05 1Q.286°

It can be seen from Table 1 that the time-averdiffecbefficient, although very small, is not zewhich is due to
numerical approximations, and also for a small hmags €/d = 0001) there is just a small perturbation in the

boundary layer formed on body surface. Therefdrere is no significant change on aerodynamic foledsavior as
reported by Bimbato (2012).

The time-averaged pressure coefficient calculagedHe smooth cylinder without turbulence model{ogse ) is
shown in the Fig. 4(a). This one is compared whid potential flow pressure distribution and theesipental value
presented by Blevins (1984). In the Fig. 4(b) dodted the aerodynamic forces time history for $aene case. One can
be observed that the vortex shedding period casebe in oscillations of the lift and drag coeffitig and also the drag
coefficient oscillates two times more than the difiefficient, which is a characteristic of an igethcircular cylinder.
This mechanism of vortex shedding is in agreemerthé one proposed by Gerrard (1966); it is repkptiodically
causing the oscillating von Karman street. The deagy of this detachment of vortices is measuredhkbyStrouhal

number defined aSt = fd/U , beingf the detachment frequency of vortical structuree (Bab. 1).

The separation point obtained by the present sioulavith turbulence modeling (case 1) is abaguil83° while
Blevins (1984) experimentally measurkd 82° . Another experimental investigation made by Sath ldanratty (1969)
determined a value of = 78° for the separation angle, which agree with expeniral results presented by Achenbach

(1968). Just before transition into the criticajiom atRe= 2.6x10°, the boundary layer is still laminar and separates
an angle) =94°. Hence, separation takes place in the laminar nasdexperimentally expected for a subcritical
Reynolds number forming free shear layers.

Figure 5 presents the computed values for the dnablift coefficients of smooth cylinder (case &i)d of rough
cylinder (case Ill) with turbulence modeling.

The goal of this work is to show that the algoritbreated to compute the eddy viscosity uses lesgpuatational
effort. For this purpose it was measured the timeampute the coefficient, (Eq. 4) for different levels of 25 in 25

time steps using the vortex structures of the taSgure 6 shows the comparison of the time spmtdeen each level
above referred and the level 0. It is importanémaphasize that the mentioned time was computedeartsi each time
step (such as 1, 26, 51, 76, 101,... 976). Accgrttirthe Fig. 6(a), the time spend with level nisre onerous (for time
steps higher than 301), but for the other leve]s4(3 and 6) one can observe larger decreaseneftth compute the
coefficienty, . This happen because for higher levels the cortipnt domain with vorticity is divided in more box

therefore, to calculate the eddy viscosity a smalteportion of this one is verified in order toteleninate the influent
vortex clusters in the local eddy viscosity compiata Figure 7 shows the position of the vortex evakructure of an
isolated circular cylinder at t=48.8 (case | frombT 1), when the box structure for level 5 was stigated.

The results from Fig. 6 are summarized in the PRalit is shown the percent of time spend of eagklln relation
to the level 0.
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Figure 5. Aerodynamic loads acting on a circuldincier withRe=10°.

Table 2. CPU times summary necessary to ctempwsing the other levels for comparison with levétase I)

Computed time only for | Computed accumulated timeComparison of column 2 with
step=976 (t=48.8) of 25 in 25 time steps time of the level 0 (%)
level O 8.04 min. 1 hour and 48.71 min. 100.00
level 2 15.21 min. 3 hours and 4.36 min. 169.60
level 3 5.37 min. 1 hour and 5.87 min. 60.59
level 4 1.79 min. 25.33 min. 23.30
level 5 0.73 min. 10.81 min. 9.94
level 6 0.55 min. 7.51 min. 6.91
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Figure 6. CPU times spend to compute the eddy siscm different levels (computed of 25 in 25 tirskeps; case |).

The present results show that the vortexeabel/eloped using a Lagrangian Vortex Method wi#sLmodeling is
able to solve an unsteady separated flow arountufa mody in a good sense. The time optimizationpmse to
compute the eddy viscosity is justified since timet spend to simulate the typical flow around aslated circular
cylinder between t=0 and t=48.8 represented 31.4##ne spend in the total simulation (case llreference).
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The first hard computational calculate thpénds more CPU time is the Biot-Savart law (eyea@i% of the total
time of simulation). Future work will use paralEmputation (FORTRAN/LINUX compiler using OpenMRijning to
reduce the CPU time necessary for this one. linjgortant to point out that the turbulence compatgthow it was
calculated initially (level=0), spend over than 30%ihe time of all run time. The simulation of edl spent 136 hours
in a computer with the follow configuration: INTECORE 17 - 2.8GHZ (BOX) 8MB CACHE (i7-860), MB INTEL
DH55TC, 8GB RAM DDR3 1333 MHZ. Therefore, the puspf this paper was succesly achieved.

. , i

I KW e

L]

0 10 20 30 40
Figure 7. Position of the discrete vortices at48.00 for an isolated circular cylinder by using levelBe=10°).
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