Procedings of COBEM 2005 18th International Congress of Mechanical Engineering
Copyright © 2005 by ABCM November 6-11, 2005, Ouro Preto, MG

FLOW BEHIND A TWO-DIMENSIONAL BLUNT-TRAILING-EDGED
BODY; PART I: OVERALL ANALYSIS

MarcosA. Ortega
ITA - Technological Institute of Aeronautics
ortega@ita.br

Roberto M. Girardi
ITA - Technological Institute of Aeronautics
girardi@ita.br

Jorge H. Silvestrini
PUCI/RS - Pontifical Catholic University
jorgehs@pucrs.br

Abstract. Some initial results of a numerical investigation of the fidvout a two-dimensional blunt-trailing-edged body
are presented. The ultimate objective of this research igsndertake a systematic study of the geometry in question,
considering attached and detached splitter plates aligwétl the undisturbed flow, detached splitter plates norroal t
the direction of the undisturbed flow, base bleed, among datiieences. We shall try to investigate and compare many
aspects that are, in a way, scattered in the literature. A ONBect Numerical Simulation) code, a modern computing
tool that incorporates most of the state-of-the-art stygéts, is applied in the calculations. A series of experirmavdre
performed in order to assess the many interesting fluid-em@ichl phenomena that happen to be present in this kind of
physical situation. The Reynolds numhkRe, based on the body base height, ranges from subcriticalegalyp to about
1000, but most of the data here presented corresponds to a val2@0ofA large assortment of parameter distributions
is obtained and compared with classical experiments. Thedithis paper is to present an overall analysis of the data,
and, therefore, mean values of parameters are used. Ths fo¢his article is on the formation region, and distribut®

of pressure and velocity fluctuation will be used in its as&yand definition.

Keywords. Blunt body, Formation region, DNS
1. Introduction

The study of the flow in the wake of a blunt body is one of the mtapics of research in fluid mechanics. And the
reason is directly connected to the attempt of undestaratidgontrolling the lift and drag mechanisms. The peridgici
of the normal force might shorten the structure’s life, ama\tortex shedding increases the mixing action behind tdg.bo
Many authors have dedicated their efforts in the undestandi this topic. A classical work is that of Roshko (1954,
1955) who measured, among other characteristics, thexvsiedding frequency behind bluff bodies. After that much
has been done in the area, with some discrepancies appgsrttiggneasurements. Some of these were due to differences
in experiments conditions, but there were also a difficudtgted to the three-dimensional character of the wake dehin
two-dimensional circular cylinders. This was clarifiedeafthe studies of Williamson (1989) about the existence of a
discontinuity neaiRe = 70 in the Strouhal versus Reynolds curve. Spanwise paralt@iz of the wake flow, by means
of end plates, for example, was sufficient to resolve theaaiBouity. These experiments have also triggered a renewed
interest on flows at low Reynolds numbers.

Recently, particular emphasis are being placed on mattéosmoinstability phenomena (Huerre and Monkevitz, 1990)
as well as on the control of vortex shedding (Schumm et a@41.95chumm et al. divide the several techniques into two
classes. The open loop techniques that correspond to soyseeghmodification in the obstacle, such as, for example,
the use of splitter plates, periodic rotation of the cylind¢c. and the closed loop techniques that consist of actiog
the flow itself by way of base suction, base bleed, wake hgatinname a few. The splitter plate, also classified in the
literature as one of a kind of passive control, has been wiaiedl successfully used as a controlling mechanism of vortex
shedding behind a bluff body. Roshko (1954) has experindentth splitter plates attached to and detached from the
cylinder. In the former case shedding disappeared conipleteen the splitter length reached five times the diameter
(Re = 1.45 x 10%). Gerrard (1966) also studied experimentally the wakerzktiie cylinder fitted with attached splitter
plates and showed the dependence of Strouhal number uptamtita of the plate. Many other works could be cited and
some can be found in the paper of Kwon and Choi (1996).

There are also numerous numerical simulations of the flovinlded circular cylinder (example, Braza et al., 1986),
but not many considering splitter plates, and especialthéntransient rangd (0 < Re < 300). Kwon and Choi (1996)
investigated the laminar vortex shedding behind a ciraejfinder and its control by means of splitter plates mouratied
the rear of the cylinder. The Reynolds number was variedémahge30 < Re < 160, and the numerical code integrates
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Figure 1. Geometry of flow with main dimensions of the caltoladomain.

the two-dimensional unsteady Navier-Stokes equationeriiservation law form and generalized coordinates.

The aim of the present study is the numerical investigatidh@ flow behind a two-dimensional model with a blunt
trailing edge. The numerical tool is a DNS code, whose maamatteristics shall be presented in the sequel. The majorit
of the cases to be encountered in the literature corresgoritie flow about a circular cylinder. Few of these focus on a
blunt-trailing-edged body. Among these stem the works ahizn (1965, 1967) who studied extensively the shedding
mechanism considering as control devices splitter platddase bleed. The same case will be considered here anresul
relative to the body fitted with splitter plates will be prased in this paper. The ultimate objective of this reseasdio i
undertake a systematic study of the geometry in questianK&g 1), considering attached and detached splitter plate
aligned with the undisturbed flow, detached splitter platesmal to the direction of the undisturbed flow, base bleed,
among other influences. We shall try to investigate and coenpany aspects that are, in a way, scattered in the literatur
For example, Bearman (1965) has attempted to correlateotitexes formation region to the longitudinal distributiafn
velocity fluctuation, while Roshko (1954) did the same butsidered the longitudinal pressure distribution. We stingall
to consolidate studies like these, and others, in only doatin corresponding to a uniqgue geometry. On the othedt,han
numerical studies have the advantage of providing the relseawith a complete set of data along all the flow domain,
what guarantees the possibility of a complete analysiss iBhiot always possible in experimental studies that aré mos
of the time limited by the size of models and probes, influesfade probes or measurement techniques upon the flow
topology, and so on.

This paper is organized as follows. Initially the body anafigeometry are presented, followed by the main character-
istics of the numerical code. Results are then presentediandssed for the case of the body fitted with attached splitt
plates. In this particular paper we shall concentrate mianl mean distributions of parameters, such as pressure and
velocity fluctuations. The idea is to keep a grossly ovenaedt a more general analysis of the situation. In a companion
paper (Ortega et al., 2005) we will dedicate attention taditails of the physical mechanisms at the wake.

2. Numerical method

Details of the model and computational domain are showngdn Ei The model cross-section consists of an ellliptic
nose section, with semi-major and minor axes & and1/12 respectivelly, followed by a parallel-sided section ofgén
1/6. The base height, is equal tal /6. All of these are dimensionless figures and the referenggheasa the chord of the
body. Observe thdtindicates the splitter length. The body is fixed to the Caatesystem of coordinates, withdenoting
the streamwise anglthe crosswise directions, respectively. Most of the casaewun considering the following main
dimensionsa = 36d, b = 14.4d, ¢ = 12d, ande = 7.2d, wherec ande mark the position of the chord central point. In
general, each grid unit was divided180 equal intervals.

The direct numerical simulation of the flow in figure 1 was penfed by a multi-purpose code named Incompact3d.
This code has been already verified and validated, and sesoitesponding to complex flows simulations and forces
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calculations have been extensively published (LambadliaisSilvestrini, 2002, Lardau and Lamballais, 2002, Sthieis
and Lamballais, 2004, Ortega and Silvestrini, 2004). Tharoharacteristics of Incompact3d are as follows. (i) Sslve
the two- and three-dimensional incompressible Naviek&e@quations, and uses a “pressure-based type" strategty, w
means that a Poisson equation is associated to the cabeyléi) Advancement in time. Realized by means of an hybrid
Adams-Bashforth/Runge-Kutta strategy; (iii) Space dization. Spatial derivatives are approximated by corripaite-
difference schemes (Lele, 1992); (iv) Poisson equatiothdflongitudinal flow direction — the main direction of flow
— is periodic the equation is completely resolved in spécipace, otherwise, a mixed method is applied where part
of the equation is discretized in physical space and pampéttsal space (Lamballais, 1996); (v) Strategies of sofuti
DNS and LES; (vi) Boundary conditions at solid surfaces. Bated by means of the so called “virtual wall" (sometimes
also called “immersed boundary") technique (Goldstein.e1893). Enforcing no-slip boundary conditions in suchywa
permits the discretization on an uniform Cartesian gridpatstanding advantage.

3. Resultsand discussion
3.1 Basepressure

Pressure is one of the main physical factors affecting thve éibthe body base region. Roshko in his basic work of
1954 had already pointed out that the mechanisms of the wakaastly affected by the events happening at the region
close to the body base, in contrast to the momentum diffusgvass the shear layers that emanate from the separation
points. If this is the case the installation of splitter pashould interfere strongly on the vortexes dynamics. Wbz
illustrating this effect through figures 2 and 3. Fig. 2 shdligdributions of mean pressure accross the base, for tles cas
of the body without splitter plate and for an attatched sliplate of lengtti/d = 3. Fig. 3 displays values of the mean
pressure along a line that borns at the center of the bodydrasstretches downstream parallel to the x-axis. In both
cases we observe an increase of the base pressure due tesbaqa of the plate.

Further, on Fig. 4, a plot of-C, at the base against splitter plate length is presented. By, "at the base" we
mean the value of the coefficient at the base height mid-pdify, the pressure coefficient, is defined standardly as
(P — Poo)/(PVso? /2), where symbols have their usual meaning and the subsexipitrefers to the undisturbed flow
condition. At first there is a sharp increase in base presaunrktherefore a reduction in drag, for splitter-plate f@sagip
tol/d = 2. After that, there is a mild increase with a maximum corresjiog tol/d = 3, and afterwards, for lengths
beyond /d = 4.0, the value of the pressure coefficient falls to a basic comstdue of about-0.56. This same qualitative
result had been already obtained experimentally by Bea(i@65), who worked with Reynolds numbersiod x 10°
and2.45 x 10%. We have also calculated the mean drag as a function of titeespilate length and its distribution is
given in Fig. 5; these information in a way complement theadatFig. 4. It is very interesting to note that the drag has
a minimum forl/d about3. The time-averaged drag agrees qualitatively very welhfie results of Kwon and Choi
(1996) who investigated the flow about the circular cylingdéh and without splitter plates for a Reynolds number in the
range80 — 160.

3.2 The Formation Region

The “formation region" is referred to as the region betwédenliase of the body and the start of the fully developed
vortex street. The start of the fully developed street isstgred as coincident with the position of maximum velocity
fluctuation (Schaeffer and Eskinazi, 1959). This regiomstrumental for the development of the wake, and we shall try
to illustrate and discuss some important points. It is pertt to observe that the discussion about shedding freguenc
and related matters is being presented in a companion p@ptgg et al., 2005). Anyway, we inform that shedding is
completely inhibited for a splitter plate length somewhigetéweenl.5 and2, for a Reynolds number equal to 200, and
that the critical Reynolds number for the present geomstapout90. Pressure and velocity fluctuations seem to be the
most important influences on the definition of the formatiegion. Initially, by observing Fig. 3, and for the case of the
plain body (the body without splitter plate), we see thatétie a region of low pressure whose distance to the base of the
body is aboutl.15d. How does this region relates to the formation region? Beforing to answer this question let us
examine the distributions of root mean square velocity fiation.

The “measurement” of the velocity fluctuations is made atstadce of a quarter of the base height from the base
centerline. These kind of information are plotted in Fig. iese graphs have many interesting features. First of all
there is really a peak of fluctuation in front of the base. Titeoduction of the splitter plate, as expected, moves the
peak forward and decreases the peak value. It is importamtéothat our solution reproduces very well the experimenta
curves (see Bearman, 1965). There are some discrepaneiesdrahat are certainly due to the difference in the values
of the Reynolds numbers. The principal is the fact that oakpere shifted farther relative to the base. For example, in
the case of the body without splitter plate, we found the malf{d = 2, while the experimental value of Bearman, for
Re = 1.4 x 10%, is equal tal. The formation region tends to be larger for smaller valfeBe

Besides these “measurements” of velocity fluctuationsgalmes parallel to the centerline we have also calculated
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Figure 2. Mean-pressure distribution accross the b&se= 200, and the splitter plate length is equal3id.
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Figure 3. Mean pressure distribution along wake center kee= 200, and the splitter plate length is equal3id.
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Figure 4. Distribution of base-pressure coefficient as atfon of splitter plate lengthRe = 200.
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Figure 5. Drag as a function of splitter plate lengie = 200.
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Figure 6. Root mean square of the horizontal velocity fluibdmeas function of the distance from the body base.
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Figure 7. Velocity-fluctuation traverses accross the wakétfe plain bodyRe = 200.
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Figure 8. Distribution of the horizontal velocity fluctuati at the base region.

the root mean square values throughout the whole field of flvis permits the obtention of other kind of distributions
like the ones appearing in Fig. 7. In this figure, distancesnaeasured in terms dfand are referred to the mid-height
base point. Here we represent traverses accross the wdieyrdirection. Near the base these traverses reproduge sha
peaks produced by passing through the free shear layersatingfrom the corners of the model. The maximum of the
peaks forms at a distance ab@dtfrom the base of the body (Fig. 6). But, by observing Fig. Gthar very interesting
feature gets apparent. Initially, that is, closer to theyhdlte peak to peak distance is larger, then it gets smallehe— t
peaks move in towards the center of the wake —, and then teygdi. In other words, there is a necking effect, which
had already been pointed out by Schaefer and Eskinazi (1888)lso Bearman, 1965).

Moreover, many authors (Kovasznay, 1949, Schaefer anch&aki1959, Berman, 1965) after examination of the
wakes of circular cylinders at low Reynolds numbers, haaéesdtthat vortexes centers are practically coincident with
positions of maximum velocity fluctuations. That is, thetalie between the related peaks constitute a very good-aprox
imation of the lateral spacing of the vortices. The extenthef formation region can then be established according to
Bearman (1965), as the region between the body producingatiees and the point of minimum spread of vortices.
Therefore, forRe = 200, and from Fig. 7 we conclude that, for the geometry of Figh#,dxtent of the formation region
in this case is aboWtd. How does this relate to the pressure distribution? From¥ige see that the region of lowest
pressure is located abold from the body base. But this lowest pressure is associatifting low-pressure region at the
center of the vortex that is being formed. Therefore, oneargne that the formation region is mostly associated wigh th
velocity fluctuation by means of its peaks path, than to tlesgure distribution. The region of lowest pressure is ih fac
immersed in the formation region. Fig. 8 shows the field oft nean square velocity fluctuation for the wake region.
From the figure, the reader can clearly observe the neckfegtekferred above. The scale that is shown in this figure
indicates x-distances in terms of the plain body chord, aedé¢ader should remember that the body chord is eqal to

4, Conclusion

The present authors have started a systematic study of thelflout a blunt trailing-edged body, using a DNS code
as the numerical predictive tool. The first results werewdised above, and had the main purpose of confronting some
established literature concepts and data (see Bearmah).l96yeneral, predictions of the main aspects of the flow are
in excellent agreement with the data, in spite of the difieeein the value of the Reynolds numbers. It is interesting
to observe that the body drag presents a minimum value folittesplate length abous. Besides, a very important
assertion about the necking effect at the formation regias verified and confirmed. The formation region extent seems
to be consistently related to the velocity fluctuation antdmach related to the mean pressure low in front of the body
base.
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