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Abstract. This work presents an application of the virtual boundarythod for simulations with ultra-low Reynolds
number over an profile NACA0012 airfoil type. The incompldsslow is solved through numerical solution of the
Navier-Stokes equations (direct simulation - DNS), usingadel of immersed boundaries to model the airfoil. This
methodology allows the modeling of complex geometries iseden the flow through two independent grids: one Eu-
lerian to represent the fluid and a Lagrangian to model thedfsfructure interface. The analysis of the boundary layer
is widely studied phenomena in turbulence, by definitioa,adoserved in three-dimensional flows. This work treat of an
approximation of laminar boundary layer in the case of twaehsional flow. Results for modeling the laminar boundary
layer are presented for the airfoil profile ,subject to aktangles 2, 8 and 30 degrees, and the phenomena of thickening
of the boundary layer and the bubble separation are disalisse

Keywords. Virtual Boundary Method, DNS, laminar boundary layer, atow Reynolds
1. INTRODUCTION

The dfects of the boundary layer and the phenomenon of turbulerec@wely three-dimensional characteristics.
As Ferziger (2000), the Direct Numerical Simulation (DirBlimerical Simulation - DNS) is the most accurate method
to simulate turbulent flows. In a DNS, simply solve the Nax8¢okes equations and to treat exactly all the conditions
imposed on the flow. To resolve all scales of turbulence i®s&ary a number of degrees of freedom, related to the
number of points of the computational mesh, excessivelly fogReynolds numbers of practical interest in aeronaltica
Thus its application is restricted to flows until Idcdenumbers. However, the Micro Aerial Vehicle (MAV) designdte
with ultra-low Reynolds number and DNS simulations beconteresting. Still, the computational cost is high and, to
a first approximation of the behavior of the boundary layecause this it uses 2-D simulation. Although the transition
and turbulent flow around a two-dimensional airfoil is indratty three- dimensional, the two-dimensional simulagtt
helps us gain a better understanding of the developmentedfidatv separation, instability, and vortex shedding, Alam
et al. (2010).

However not the most appropriate model to address the asalfyboundary layer and present significant errors for
large attack angles, the approximate results serve to dwagplicability of the method and provide parameters fer th
study of the flow with ultra-low Reynolds the number over geoRACA0012 airfoil, keeping in view the scarcity of data
for this type of problem. The work of Mittal and Balachand2®95) shows a comparison of results from simulations
of 2-D and 3-D flow over a cylinder with elliptical base. As fdrag, there is a variation of 1% to 39%, respectively
attacck angles of0and 4%, showing that, quantitatively, the drag ¢beient in the 2-D simulation is greater than in 3-D
simulation. Characteristics of the non-separated boyntlaere are virtually no diierences between the simulated 2-D
and 3-D. The variation in drag cfiesient occurs because of the Reynolds shear stress in 2-Dagiomuis significantly
larger than in 3-D simulation. This is given by the Reynoldsar stress decrease with increasing three-dimensipiralit
the wake of circular cylinder (26Q@Re <1500).

This paper presents a computational study of steady stedenjpressible viscous fluid flow over a NACA 0012 air-
foil with accurate and fécient code to perform simulations of complex geometry flowaoregular grid . Schemati-
cally,SILVESTRINI and LAMBALLAIS (2002), the main diiculty is to obtain an accurate description of the turbulent
structure dynamics with a realistic shape of the body gegmét engineering flow simulations, the description of the
external geometry is traditionally favored by the use ofyséitted curvilinear or unstructured grids. The major draweks
of such approach are the considerable increase of the catignl cost and the significant degradation of the accuracy

The strategy is to employ the methodology of immersed botesléo model the airfoil, more specifically the method
to study ribbled surfaces in turbulent flows, called VirtBalundary Method (VBM). In recent years, many authors have
implemented new cases and new variations of these tectmi§aéi and Biringen (1996), Silva et al. (2003), Marques
et al. (2006), etc. In immersed boundary method, the donsagoimposed of an Eulerian mesh, used to represent the
field of flow and a Lagrangian mesh, used to represent the iseddyoundary. The interaction between the immersed
boundary and the fluid is obtained via a smoothed Dirac detiatfon. The principle of the Virtual Boudary Method is in
the application of a force field to the fluid so that it takesghee shape of the boundary immersed and speed of the flow.
This is the classic model of the Virtual Boundary Method fonrslip boundary condition. The Virtual Boundary Method
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Saiki and Biringen (1996), designates a class of boundathads where the calculations are performed on a Cartesian
mesh that does not fit the shape of the “virtual body” thategrs a barrier to the flow. The boundary conditions on the
surface of the body are not enforced directly. Instead, araeégrm, called the forcing term is added to the governing
equations. The behavior of incompressible flows can be estby the Navier-Stokes equations, which undergo a
process of coupling of the fields of pressure and speed irr ¢odsolve them properly. The fluid-structure interaction
is modeled by Navier-Stokes equations and the Virtual Banndlethod via a Runge-Kutta for time integration and
VONOS scheme for the discretization of spatial variableae ©Of the goals is to verify thefiéciency of the numerical
method by mapping the velocity profile in the vicinity of thifail of the airfoil for various attack angles. Through

a preliminary study of boundary layer, the computationautes are compared with results from literature and other
simulator - Xfoil. The results for ultra-low Reynolds nunntaealise the behavior of sepparation bubble and the transit
of laminar to turbulent flow.

2. FLOW CONFIGURATION AND PARAMETERS

The flight regime of micro-aircraft posesfiiiculties for the aerodynamic analysis and design, but kxjgerimental
or computation work exists for aerodynamic surfaces opeyatt ultra low Reynolds numbers. The reduced scale and
low flight speeds of these vehicles result in Reynolds nusberthe order of 10 Aerodynamics at these Reynolds
numbers are considerablyfidirent from those of more conventional aircraft. The flowsitzar and viscously dominated.
Boundary layers are quite thick, often reaching a signifié@ction of the chord length. Flow separation is an issuene
at low angles of attack.

The analyses make use of three assumptions about the flow Tieklflow is incompressible by the formulation of
the flow solver, the flow is fully laminar, and the flow field igatly. The assumption of incompressibility is well justified
for this application. The justification of the fully laminfiow assumption seems reasonable for the Reynolds number and
geometry of interest (profile NACA0012 airfoil, Fig. 1). Ihd absence of separation, the flow will be entirely laminar.
Even slight separation will likely result in laminar reattenent in a smooth airfoil.

Figure 1. llustration of profile NACA0012 airfoil (Alam et,&2010)

We used a rectangular Cartesian mesh with non-regular ¢6ck 250 with AXmin = 0,01, Aymin = 0,01, AXmax = 0,35
andAymax = 0, 35 over a domain 83 dimensionless units, Marques et al. (2008). The geoneriter of the NACA0012
airfoil was positioned at the coordinate poinbin directionxand 15 in directiony, Fig. 2, with Reynolds numberd00.
The free-stream velocity.., the free-stream pressupg and the chord length of the airfai] are selected as the reference
parameters for nondimensionalization. The upstream kemyrid one chord lengths away from the leading edge of the
airfoil. The upper and lower boundaries are about one chendths from the airfoil surface. The outflow boundary is
located at four chord lengths downstream of the trailingeeddne no-slip condition is used on the surface of the airfoll
The assumptions of the laminar boundary layer are: the tieisk of the boundary layer is small enough rope to
the profile € >> §); the component of the longitudinal velocity is greaterrthibe transverse component &> v);
the transversal pressure gradient is neglect€pd{) = 0); the forces of weight are neglected; and the gradientef th
longitudinal velocity in the transverse direction is muagher than the gradient speed transve&gy) >> (5vdy).

3. NUMERICAL METHODOLOGY

In this study an inviscid incompressible flow was consideared two-dimensional rectangular domanwith an
immersed boundary in the form of a simple closed curverhe configuration of this curve will be represented in the
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Figure 2. llustration of mesh and NACA0012 airfoll

parametric formX(s,t), 0 < s < Ly, X(0,t) = X(Lp, t), wheres is the surface point in the immersed boundary. Capital
letters are used to represent the vector variables in theahggn mesh. The governing equations in conservative form
are given by:

p(??—:l+u-Vu)+Vp:uAu+f, (2)

V-u=0, 2
Lb

0 = [ F(s 0o~ X(s 0)ds. ®
0

O~ axé? ) =u(X(st),t) = Lu(x, t)o(x — X(s t))dx , 4

u(x,t)=u, com |x]—co (5)

In Eq.(1) to Eq.(5) = (X, Y) is the position vectow(x, t) = (u(x, t), v(x, t)) is the velocity field of fluid ang(x, t) is the
pressure field. The force actuating in the fluid (with respeax = dxdy) is f(x,t) = (f1(x,t), f2(x,t)). Equations (1)
and (2) are the two-dimensional incompressible Naviek&t@®quations. Equations (3) and (4) represent the inienact
between fluid and the immersed boundary. The Delta Diractimmin both equations is a functional composed by two
others delta functiong?(x) = §(x)é(y). In Eq.(3) the force is applied to the fluid by the immersedrimtary.

3.1 Virtual Boundary Approach

The Virtual Boundary Method uses the finitefdrences in Eulerian-Lagrangian meshes for interactiowdesi the
fluid and the structure. Two distinct discretized meshesiaoessary: a two-dimensional mesh to represent the fluid and
a point mesh to represent the immersed boundary. The fluidblas are defined in an Eulerian mesh and a sé{l of
Lagrangian pointX = (X, Yx) with k = 0,1,..., M — 1 to discretize the immersed boundary, with initial grid &pg
between the pointas = ﬁ whereLy, is the curvd length. The force exerted in the boundary is defined on theseg
It is important to observe that the points in the Eulerianmegich represent the fluid, are fixed while the points in the
Lagrangian mesh, which represents the Virtual Boundagynaovable. The Virtual Boundary Method was used in an
explicit scheme and the numerical solution is processedIEs\s:

1. The force field is calculated on the Lagrangian points ithinitial conditions. The force"(s) is imposed in the
Immersed Boundary and next the fof€s) is used in the force field of fluid to determiff§x) (Eq.(3)), using the
following equation:

F(X(s).1) = a fo (UX(8), 1) = V(X(s), )dt + BU(X(S), 1) = V(X(9). 1)), (6)

what guarantee that the fluid velocity is zero on the pointsictv define the no-slip boundary condition. The
negative constantsandg will be chosen large enough in magnitude to bring the fluide®y close to the interface
velocity and are adjusted to obtain the expected physida\ber of the flow.

"0 = > FAS)5(x - X"(9)As, (7)

S

where a discretized delta function is given by:
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a0 = 6n(X)6n(Y) , ®)
with
2

h[a_% 1+4L” a r<h,
on(r) =4 1 2 42 9
n(r) _[5_ﬂ_ r) h<Ir < 2h, ©

h
0, 2h<ir].

This function was chosen because it presented bettersa@suibnvergence order than others presented in the paper
by Griffith and Peskin (2005).

2. The Navier-Stokes equations, defined by Eq.(1) and Ewit)the force ternf"(x) to update the velocity field
u™1(x), is solved by the fourth order Runge-Kutta method:

A
V" = v g CAtE
1 2%t
s 1 9v,™?
V™3 = VN 4 CAt ,
z 27 ot w0)
1
V n+1 Vn+AtaV2n+2 ;
1 [avr V"B GV, ) gVt
VML= v ZAt 2
6[5t+[6t+6t+8t’

whereV is a generic vector.

The spatial variables are solved using the projection nikttescribed in Harlow and Welch (1965). The convective
derivatives are solved using the high order upwind methodN®S, described in Varonos and Bergeles (1998). The
Navier-Stokes equations for viscous and incompressible ifica Cartesian square domdiyy containing an immersed
boundary, can be modeled by equations (1), (2), (6) and (i7hi$ case- is the external force imposed on the discrete
surface points defined b¥(s), U is the fluid velocity at these surface points, and the vejaifithe body itself is controlled

by specifyingV = (Vxy, Vyy,) at the boundary points (see Saiki and Biringen (1996))hégresent work the body does
not move, i.eV = 0. The pressure and velocity coupling was solved using thegtion method (see Harlow and Welch
(1965)). The algorithm resolution is given by:

1. Calculate the force fiel&#(X(s),t), over the Lagrangian points(s), using Eq.(6) and the initial conditions with
constan;

. Distribute the forcé&(X(s), t) to the Eulerian grid using Eq.(7);

. Calculate the fluid velocity field under the influence of filvee fieldf(x, t) using the projection method;

2
3
4. Verify if ||E||l < 107 whereEs = ||U(9)|l.. If true go to step 5 else go to step 1.
5. Verify the continuity using Eq.(2).

6

. Advance one time interval and go back to step 1.
4. RESULTS

The studies of external flows around bodies are of great itapoe, especially in cases of separation predicting. It
occurs when the main stream separates from the surface bbthe and causes a large drag. A laminar boundary layer
over a solid surface will separate as a result of curvatuemgés or adverse pressure gradient. With separated flows,
the separation zone is complex and the characteristics eparation structure may depend on whether the boundary
layer is laminar or turbulent upstream of separation. Toeustéind the basic characteristics of boundary layer stpara
many investigators (as Lin and Pauley (1996)) have stuaieedimensional, steady, laminar separation. The separati
phenomenon may be ilustraded by Fig. (3)b.

The two-dimensional simulation starts from a uniform flowdjevhich is not the solution of the governing equations
and may bring the initial perturbation resulting from theideial of the numerical solution. If this perturbation does$
dissipate in the simulation, it may increase instabilityted results of the two-dimensional simulation even thoubtha
specified boundary conditions are steady and no exterrtalrbdénces are enforced. Experimental values of NACA0012
airfoil behavior subject to incompressible flow for ult@a Reynolds numbers are treated by HUANG et al. (2001) and
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Purtell et al. (1981). In these works, there is variationha attack angle up to 9Gnd an analysis of the separation
bubble phenomenon. Considering the behavior of the vgldigld, the figures (4) to (6) presents the contours of the
mean streamwise velocityfor differenta (Re= 1000). The region enclosed lby= 0 is characterized by negativeor

a reversed flow. There seems to be an asymmetry in the reflensathe recirculating flow region near the leading edge
appears larger than that near the trailing edge. The highast obtained by HUANG et al. (2001), for Reynolds number
Re= 1200, for— was”f"'n 1.489 t0-0.34. Purtell et al. (1981) obtained, for Reynolds nunRee 1340, “m'" = 0.382.
Computatlonally for MFV and Reynolds numbee = 1000, we obtameé[;"—'” = 0.5051. The maximum Ve|OCItIG$naX

in the leading and trailing-edge shear layers and the mimimealocity un,, in the recirculation are connected to drag;
an increase in the magnitude wf.x andor unin corresponds to an increased drag, as table (1). Table (§¢muethe
dependence df, on a atack angle and in Fig. (3)a the results are disposed with values preddat Alam et al. (2010)
for Re= 5.3 x 10°.

Table 1. Computational results tivag cogficientandlift coefficient

atack angler 0 2 4 8 10 16 20 30
CL 0 0.1221| 0.2639| 0.4254 | 0.4650| 0.6644 | 1.0284| 1.4444
Co 0.1232| 0.1239| 0.1286| 0.1590| 0.2801| 0.3006| 0.5414 | 1.0537

1.6 T
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The evolution of the flow structure with increasing at ulva Rehas not been documented in the literature. HUANG
et al. (2001) observed five fiierent flows, depending am (0° < @ < 9C°) for Re = 1.2 x 10°t02.3 x 10°. The flow at
a < 3° corresponded to an attached flow, where the flow was completelched on the entire length of the airfoil without
the formation of vortices, as figure Fig. (4)a. The trailimge vortex was observed dt & o < 8°, where the flow on
the suction surface separated from the trailing edge, fogmortices, as figures Fig. (4)b and Fig. (5)a. AtBa < 17°,
the boundary layer on the suction surface separated betthedaading and trailing edges, forming vortices rolling on
the surface, and eventually an alternate vortex street stableshed in the wake, as Fig. (5)b. At°1Z « < 6(°, the
boundary layer separating from the leading edge formedcest which grew in size as advected downstream, as Fig.
(6)a. The contour of the instantaneous spanwise vortioiyfthe two-dimensional simulation, far= 34° is shown in
Fig. (6)b, where the presence of the vortex shedding isleisib the upper surface of the airfoil. The laminar boundary
layer starts near the leading edge of the airfoil and formspaated shear layer, which becomes unstable due of large
scale vortical structures. The vortices are generatedigiiratreamwise growth of the disturbance in the separateat sh
layer and the vortices are carried downstream by the meandilomg the airfoil surface. The present simulation do not
show evidence of small scale vortical structures or flowdition. It is also interesting to note that the flow in the near
wake contains shear layer as a result of the two flows with sippaorticity sweeping @ the upper and lower surface of
the airfoil and the streamwise growth due the separated thgtirbance results and the shedding of vortices.

To check this phenomenon were analised 3 cases: attacksangle?®, @ = 8° ea = 34°, ie, the case where there
is not separation - only laminar boundary layer; the cash thi¢ inicial instability formation, but no separation orssu
and the case where the separation occurs. Figures 7, 8 e Gishtinckness boundary layef'§, produced by VBM and
software Xfoil, andu velocity component. The Xfoil model for calculating the Inolary layer uses the integral method
with Runge-Kutta scheme of2rder. Usually this procedure works well for 50° < Re< 2- 10, but was adapted by
Drela (1988) for low Reynolds numbers with the following @rgal criterion of transition:

R%Z > R%Zcrit ’ (11)
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a b)
Id: ayy = 2°; b) a = 4°.
a b)
Figure 5.u velocity field:
a b) :
Figure 6.a = 34°: a)u velocity field fora = 34°; b) vorticity .
of 0.0345
=0028 (Hp-1) - —————, 12
e (Hie-1)- = (12)
14 .1
log10(Rs;,,,,) = 0.7 - tanh( —9.24)+ 2492 ———)".43+ 0.62 (13)
< Hip—1 Hip-1

whereRe is the Reynolds number for the thickness of momentum, A iskp®nent of maxin Tollmien-Schlichting
wave amplitudeH;, is the form factor‘;—; with §; displacement thickness of boundary lay®grthickness of momentum

boundary layer. For the laminar case, the separation isresswhenH,; < 1.51509, whereH,3 form factorg—z with 63

thickness loss energy.
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As expected, for the attack angle= 2 there is no separation, only a small instability in thelingiedge due to the
discontinuity of the airfoil geometry. For the attack angle= 8 ocurr the initial formation of separation, but there the
changing of the boundary layer - just thickening the thidedn the case of the attack angle- 34 ocurr the formation

of the separation and votices downstream of the trailingeeafghe airfoil. In neither case was possible to observe the
formation of the bubble separation, possibly because tlespmenon requires further mesh refinement.

5. CONCLUSIONS

Two-dimensional direct numerical simulation (DNS) hasrbearried out to study flow separation around a NACA
0012 airfoil with an attack angle oP24, 8, 1@, 34° and a Reynolds number of 10The incompressible Navier-Stokes
equations whith force field are solved by Virtual Boundarythel together with the centralféérence scheme, VONOS
scheme and Neumann boundary conditions. The first sign oingtability appears in the near wake region and the
disturbances in the near wake may propagate upstream aonduoe a disturbance to the separated shear layer over
the upper surface of the airfoil. The comparison betweemthaerical results shows that numerically computed ones
agree with others authors to obtain the behavior of vorticglse and boundary layer. But, two-dimensional simulation
do not appear to represent adequately the characteristibe short separation bubbles. The Virtual Boudary Method
presents itself as arfficient simulation for analysis of laminar boundary layer flover NACA0012 airfoil with ultra low
Reynolds number.
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