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Large-Eddy Simulation of a Wing Tip Vortex on Overset Grids
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A multiblock large-eddy simulation (LES) code with overset grid capability is reported on that has been de-
veloped primarily to study the tip vortex noise problem arising on rotating wind-turbine blades. The LES code
can also be used to simulate the tip vortices around nonrotating wing geometries typically found in aeronautical
applications. It employs state-of-the-art compact finite differencing, implicit spatial filtering, and nonreflecting
boundary conditions on free boundaries, as well as characteristic-type boundary conditions on solid walls. High-
order-accurate interpolation is used for the transfer of information among the individual component grids that
make up the overset grid topology. The multiblock nature and the overset grid capability of the code allow high-
order accurate numerical solutions in complex domains. Results for the tip vortex around a nonrotating wing with
a rounded tip are presented to demonstrate the capability of the code. Comparisons of the numerical results with

experimental data are also carried out.

Nomenclature
b = wing span
CPDgaiic = static pressure coefficient
CPoa = total pressure coefficient
c = wing chord length
D = spatial derivative
e = total energy, p(u® +v*+w?)/2+p/(y — 1)
F,.G H = inviscid flux vectors in Navier—Stokes equations
F, G, H, = viscous flux vectors in Navier—Stokes equations
f = arbitrary variable
i,j, k = grid point indices
i,j,k = unit vectors in Cartesian coordinates
J = metric Jacobian
K = turbulent kinetic energy
N = number of grid points along given spatial
direction
)4 = static pressure
Drotal = total pressure, p + p(u® +v* +w?)/2
(@) = vector of conservative flow variables
0 = Q/J
Re, = wing chord Reynolds number, poottooC/ [hoo
t = time
U, v, w = Cartesian velocity components in x, y, and
z directions
U, = friction velocity, v/(Tyan/p)
X, ¥, 2 = Cartesian coordinates in streamwise, vertical, and
spanwise directions
af = filtering parameter
y = ratio of specific heats of air, 1.4
At = time increment
AW = wall normal grid spacing
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A& = uniform grid spacing along & direction in
computational domain

€ = artificial dissipation parameter in implicit time
stepping

n = molecular viscosity

v = kinematic viscosity, ;/p

& n¢ = generalized curvilinear coordinates

0 = fluid density

Oijk = spectral radius of inviscid flux Jacobian at grid
point, i, j, k

Tyall = wall shear stress

() time averaging operator

Subscripts

i = value at grid point i

oo = freestream value

Superscripts

B = backward operator in prefactored optimized
compact scheme

F = forward operator in prefactored optimized
compact scheme

n = time level

p = subiteration level

+ = value given in wall units

’ = perturbation from mean value

spatially filtered quantity
Favre-filtered quantity

L

IP vortex noise is a problem that is commonly encountered

with the airflow around rotating blades (such as wind-turbine
or helicopter blades), as well as nonrotating wing geometries and
flap side edges of high-lift systems found in aeronautical applica-
tions. Because of the pressure differences between the suction and
pressure sides of the blade tip (or the wing tip), a crossflow over
the side edge of the tip occurs and gives rise to the formation of
a tip vortex as shown in Fig. 1. The interaction of the tip vortex
with the side edge and the trailing edge of the tip results in the
so-called tip noise. Control and minimization of tip vortex noise
are important for the future design of quieter wind-turbine blade
tips and other applications such as aircraft high-lift systems that
could benefit from such technological advances. Yet the physical
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Fig. 1 Streamlines showing formation of tip vortex around rounded
tip geometry; freestream flow approaches tip geometry at Mach number
of 0.15 and angle of attack of 10 deg, where colors denote magnitude of
instantaneous axial velocity normalized by freestream velocity.

mechanisms of tip noise generation are still not well understood,
and there is need for its further investigation. Even without its noise
aspect, the tip vortex is still important because it plays a significant
role in other problems such as the landing separation distance for
aircraft and the vibration caused by blade—vortex interaction on he-
licopter blades. A better understanding of the physics of the tip vor-
tex is, therefore, crucial for the mitigation of its undesirable effects
(such as noise, vibration, and landing distance separation) in various
applications.

The significance of the tip vortex has motivated numerous experi-
mental studies. An in-depth review of various tip vortex experiments
is provided by Chow et al.! or Chow.? Such experiments have usu-
ally concentrated on the mean flow of the vortex and, in some cases,
turbulence measurements. An experimental work aimed toward the
study of tip vortex noise arising on aircraft high-lift systems was con-
ducted by Radeztsky et al.? and focused on detailed measurements
of a flap side edge flowfield. Although experiments are essential and
provide useful data, they can supply only a limited amount of infor-
mation. Properly validated computational techniques, on the other
hand, have the potential to provide much more detail about the prob-
lem of interest. The recent improvements in the processing speed
of computers have indeed made numerical techniques quite useful
and popular in the study of various aerodynamics and aeroacoustics
problems of interest. For example, regarding the tip vortex problem,
the studies by Dacles-Mariani et al.*> as well as that by Kim and
Rhee® have used Reynolds-averaged Navier—Stokes (RANS) type
simulations to study the mean flowfield of the vortex around the
rounded tip of a NACA0012 wing with good success. Takallu and
Laflin” as well as Khorrami et al.® have also used RANS calculations
to study the tip vortex formation around flap side edges in high-lift
systems. However, if the goal is to predict noise, then the use of
RANS for noise prediction becomes questionable because RANS
methods heavily rely on turbulence models to model all of the rel-
evant turbulence scales. Moreover, such methods try to predict the
noise using the mean flow properties provided by a RANS solver. Be-
cause noise generation is a multiscale problem that involves a wide
range of length and timescales, it appears that the success of RANS-
based noise prediction methods will remain limited to specific cases
for which semiempirical noise models exist. One specific case where
RANS-based methods have been particularly successful is axisym-
metric subsonic jet noise. Presently, there is no semiempirical noise
model available for tip vortex noise and, to our best knowledge, there
has not been any attempt to compute the tip vortex noise using RANS
either.

Large-eddy simulation (LES) techniques, although still compu-
tationally expensive, are becoming increasingly popular in compu-
tational aeroacoustics (CAA) research because such methods can
directly resolve a portion of the energy containing turbulent eddies,
which are believed to be the primary noise generating sources. LES
depends much less on turbulence models because a portion of the
energy containing range of eddies are directly resolved, and only the
unresolved or subgrid-scales need to be modeled. Thus far, LES has
been successfully applied to various aeroacoustics problems of in-

terest such as jet noise, airfoil trailing-edge noise, and cavity noise,
to mention a few applications. Such studies show the attractiveness
of LES for noise prediction. However, LES has not been applied
widely to the tip vortex problem yet. The recent studies by Fleig
et al.,>'% Cai et al.,'" Ghias et al.,'* and Imamura et al.'> are some
of the first applications of LES to the tip vortex problem. The pres-
ence of large flow gradients within the boundary layer over the tip
surface, as well as in the tip vortex vicinity and the near-field wake,
requires sufficiently small grid spacings within these crucial regions
so that the separation of the boundary layer followed by aroll up into
a vortex and the complex vortex dynamics are accurately captured.
The resulting computational grids needed in the LES of a tip vortex
may easily reach a size that is on the order of tens of millions of
points or even larger. Such substantial resolution requirements have
perhaps stood in the way of expansive application of LES to the tip
vortex problem. To give the reader a sense of the grid resolution
needed, Cai et al."' used a grid of 25 million points for the LES of a
tip vortex around a NACA(0012 wing geometry with a rounded tip,
whereas the LES by Ghias et al.'> used more than 12 million grid
points for the computation of the tip vortex around a NACA2415
wing geometry with a blunt tip. Both groups have reported their
preliminary results in recent publications. Imamura et al.'* used 5.9
million grid points for the hybrid LES/RANS calculation of the flow
and tip vortex around a rectangular NACA0O012 wing with a blunt
tip. They performed the LES only in the tip region and switched
to RANS in the wing root region. The switching between LES and
RANS was done gradually by means of a linearly varying weight
function. The LES studies by Fleig et al.>!° employed a grid consist-
ing of 300 million grid points for the computation of the tip vortex
and the flow around an entire wind turbine blade, even though their
main goal was to only study the tip vortex noise. In contrast, the LES
by Caietal.,!! Ghias et al.,'”> and Imamura et al.!* consider the span-
wise portion of the wing geometry that extends only several chord
lengths from the tip region toward the root. Their approach appears
to be more economical than that by Fleig et al.% ' Also note here that
only the studies by Fleig et al.>!% and Imamura et al.'* focus on the
noise aspect of this problem, whereas the other LES studies are con-
cerned with turbulence simulation only. Fleig et al.>!® performed
noise calculations for a wind-turbine blade with two different tip
shapes and compared the far-field noise spectra from the two cases
to demonstrate the impact of the blade tip design on far-field noise.
Although their simulation parameters matched an acoustic exper-
iment of a wind-turbine blade, no comparison of the LES noise
prediction results with the experiment has been presented in their
publications. Hence, no conclusion can be made regarding the relia-
bility of their LES noise prediction relative to the experiment. On the
other hand, Imamura et al.'* compared the surface pressure spectra
with the experiment they simulated and obtained promising results
with LES.

The application of LES to tip vortex noise prediction is still in
its infancy, and there is much room for growth in this area. The
LES calculations by Fleig et al.,”!° which are intended for the study
of tip vortex noise, employ a third-order upwind scheme for the
computation of spatial derivatives in the governing equations. This
scheme requires on the order of 30 grid points®!° to resolve an
acoustic wave accurately. Such a resolution requirement translates
into a hefty price tag if one intends use this upwind scheme to
compute accurately noise generation and propagation in a three-
dimensional problem. Moreover, the inherent numerical dissipation
built into the upwind schemes might have an adverse impact on the
turbulence as well as the noise field.!* The sound field is typically
several orders of magnitude smaller than the aerodynamic field, and
compact finite difference schemes are known to satisfy the strict
requirements of CAA while providing adequate wave resolution
with typically less than 10 grid points per wavelength.'>'® The high-
order accuracy provided by compact schemes helps reduce the grid
resolution requirement and, hence, the overall computational cost.
Therefore, the main goal of this research is to perform tip vortex
LES with high-order accuracy and use such high-quality numerical
solutions to study the tip vortex noise problem. This paper reports
on a tip vortex simulation performed by a multiblock LES code that
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is based on a compact finite difference scheme and that also has
overset grid capability. Data of mean flow and turbulence statistics
in the near field of the tip vortex are compared with experimental
data. Computation of the tip vortex noise using the near-field LES
data is left for future work.

II. Computational Methodology

In this study, the Favre-filtered, unsteady, compressible, nondi-
mensional Navier—Stokes equations formulated in curvilinear coor-
dinates, which are expressed in the following conservative form, are
solved:

a0 o (F—F, a (G—-G, 0 (H—H,
ar | og J + an J + ac J
)]

Here, &, 1, and ¢ are the generalized curvilinear coordinates of the
computational space and J is the Jacobian of the coordinate trans-
formation from the physical domain to the computational domain.
0=0/J,where Q=|[p, pii, pv, pw, &7, is the vector of conser-
vative flow variables; F, G, and H are the inviscid flux vectors; and
F,, G,, and H, are the viscous flux vectors. The details of the gov-
erning equations can be found in Ref. 17. For simulations of flows
around rotating blades, the governing equations should be solved
in a rotating frame of reference. The governing equations given in
Eq. (1) are valid in an inertial reference frame. One can obtain the
governing equations in a noninertial reference frame by adding the
following source term to the right-hand side of Eq. (1):

0
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where the vector u is the fluid velocity relative to the noninertial
system, that is, the rotating blade in our case:

u = iii + ij + wk 3)

d’R  dQ
h= p|:dt2+dt ><r+Q><(Q><r)+2qu:| )
Here, p is the fluid density; R and 2 are the displacement and
angular velocity vectors of the noninertial system relative to the
inertial system, respectively; and r is the displacement relative to
the noninertial system. The functions R(¢) and €2(¢) relate the two
systems. In the case of rotation only, that is, no translation, both the
first and the second time derivatives of R become zero, and the first
term on the right-hand side of Eq. (4) equals zero. The second term
also equals zero if €2 does not vary in time. This paper will present a
simulation performed around a nonrotating wing geometry; hence,
the source term § is currently set to zero.

A single-block LES code that was previously developed'’~!"?
has been extended to a multiblock version in this study. Gaitonde
and Visbal?® as well as Visbal and Gaitonde'> have investigated
multiblock implementation strategies in which high-order compact
schemes are simultaneously employed in every subdomain and in
which grid point overlaps are used to exchange data between ad-
jacent sub-domains during the course of the computations. The at-
tractiveness of this technique is that it allows high-order accurate
simulations to be performed in complex domains using multiblock
structured grids. A multiblock implementation strategy similar to
that by Gaitonde and Visbal? is incorporated in the multiblock
version of the LES code with a seven-point grid overlap between
neighboring blocks. The standard message passing interface library
routines have been used in the code parallelization.

‘We now consider an individual block of the multiblock grid. The
nonuniformly spaced curvilinear grid in physical space is trans-
formed to a uniform grid in computational space, and the discretized
governing equations are solved on the uniform grid. High-order

compact finite difference schemes are used to compute the spatial
derivatives in the governing equations. The fourth-order optimized
prefactored compact schemes recently developed by Ashcroft and
Zhang'% offer improved dispersion characteristics compared to the
standard sixth- and eighth-order compact schemes.?! The prefac-
torization strategy splits the central implicit schemes into forward
and backward biased operators. The prefactored optimized schemes
require the solution of two independent bidiagonal matrices. The
spatial derivative at a given grid point i is given by

D; = 1(D] + D) ©)

where Df and DP represent the forward and backward operators,
respectively. The prefactored compact scheme we use is a fourth-
order scheme with a five-point stencil. Hence, the forward and back-
ward operators are given as follows:

IDf = (12BAE)b(fi 1 — ) +d(fi 1 — fi) +elfia = )]
— (@/2p)Df,, (6)
IDP = (1)2BAE)b(fi — fi—1) +d(fi — fir1) +e(f; — fiz2)]
—(@/28)D}, )

where the coefficients «, §, b, d, and e are given by Ashcroft and
Zhang'%; f; denotes the value of f (the quantity whose spatial deriva-
tive is being computed) at grid point i; and A£ is the uniform grid
spacing along a given spatial direction in the computational space.
The preceding scheme is applicable to grid points i =3 through
i =N — 2, where N is the number of grid points along the spatial
direction. Additional boundary stencils are required at grid points
i=1,2and i=N — 1, N. The third-order boundary stencils we
use are given by Ashcroft and Zhang.'® At grid points i =2 and
i = N — 1, the following explicit backward and forward stencils are
used:

4 N
1 1
pP=—N"sf, DE ==Y eaf ®
Rl TR 2
1< R
D} =— E - —ilJis Dy _ =— E - —ilfi
H AE Z EN+1 f N—1 A%_i:N73 SN +1 f

©

The coefficients s; (i =1, ...,4)ande; i =N —3, ..., N) are given
by Ashcroft and Zhang.'® At grid points i = 1 andi = N, the follow-
ing one-sided explicit schemes are employed to compute the spatial
derivative:

1 N

Dle—SZc,-f,-, DN=A—$.Z —cyi-ifi (10)

i=N-3

where ¢; = —33/18, ¢, =3, ¢c3=—-3/2,and ¢4 = 1/3.

The viscous stress terms appearing in the governing equations
are obtained using the first derivatives of the velocity components.
The spatial derivatives of the inviscid and viscous flux vectors are
computed using the prefactored optimized compact scheme. As a
consequence of such an implementation, the second derivatives in
the viscous fluxes are essentially evaluated by the application of
the first-derivative operator twice. Although this approach is not as
accurate as when a compact scheme is used to compute directly
the second derivatives in the viscous terms, it is much cheaper to
implement in curvilinear coordinates. Also note that, for computa-
tional efficiency, the terms in the inviscid and viscous fluxes can be
added together, and then the total flux can be differentiated. How-
ever, the characteristic-type boundary conditions implemented on
solid walls (to be discussed shortly) require the separation of invis-
cid and viscous fluxes; hence, we compute the inviscid and viscous
flux derivatives separately in this work.
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The LES code also employs the following sixth-order tridiagonal
spatial filter used by Visbal and Gaitonde':

3

afioit fitarfio =Y St fio) (D

n=0
where f; denotes the filtered value of quantity f at grid point i and

ap=11/16+5a,/8,  a; =15/32+ 17a,/16

a = —3/16 4+ 3a/8, a3 =1/32 —a;/16 (12)
The parameter oy must satisfy the inequality —0.5 <a; <0.5. A
less dissipative filter is obtained with higher values of «; within
the given range. With oy = 0.5, there is no filtering effect because
Eq. (11) reduces to an identity.

Because this filter has a seven-point right-hand-side stencil, it
obviously cannot be used at near-boundary points. Instead, the fol-
lowing sixth-order equation with a one-sided right-hand-side stencil
is used at grid points near the left boundary point i = 1:

7

clff_‘ifl +fl +afﬁ+l = Zan,ifna

n=1

i=2,3 (13)

where the coefficients a, ; are given by Visbal and Gaitonde.!*> For
the points near the right boundary point i = N, we apply a sim-
ilar formulation.'”> The boundary points i =1 and i = N are left
unfiltered.

The filtering process eliminates the spurious high-frequency nu-
merical oscillations and ensures numerical stability. Numerical tests
show that values of the filtering parameter oy between 0.45 and
0.49 effectively eliminate the spurious oscillations while providing
very little dissipation and, hence, leaving the well-resolved scales
mostly unaffected. A value of @y =0.47, which is in the middle of
this range, has been used in the present simulation.

Time advancement can be performed by means of either the
standard fourth-order, four-stage explicit Runge—Kutta scheme or
a second-order Beam—Warming?? type implicit time integration
scheme (see Ref. 23). The iterative form of the approximately fac-
tored finite difference algorithm by Beam and Warming that is
second-order accurate in time can be represented as

[ 2AL <8F an)]” [ 2A1 D <BG anﬂ”
I+ =_(=- x| I+ ———|—=—
3 95\ 00 90 3 ap\oQ@ 90
2At & (oH oH,\ ]’
X[’*T%(@‘ ag)] d

4 1 2At| 9
= —[Q” —32'+ §Q""} - Tt[gm—m

9 9 P
+£(G—Gv)+¥(H—Hv)+S] (14)

I represents the identity matrix, At¢ is the time step, and
AQP =QP*!' — QP .For p=1,Q” = Q", where n represents the cur-
rent time level and n — 1 represents the preceding time level. @7 +!
is the p + 1 approximation to the solution at the n 4 1 time level,
Q"*!. Through several subiterations at each time step, AQ” con-
verges toward zero. A second-order-accurate, three-point scheme
is used to calculate the time derivative on the right-hand side of
Eq. (14). It is well-known that although the Beam—Warming scheme
is unconditionally stable in two dimensions, it becomes unstable in
three dimensions. To stabilize conditionally the scheme for the three-
dimensional computations, we make use of artificial dissipation?*
in the implicit side of Eq. (14). For example, while applying the

equation along the & direction, the artificial dissipation operator is
appended to the implicit operator, as follows:

[ 2At 9 (aF BFU)
I+ ——| — -
3 95\ 90 90

P
— & Ve (0i a1 a1 ju F 0iiud ) Ae J] 15)

where Ve fi jx = fijx = fi— 1,100 Be fije = fiv1,jk — fijho 01k i
the spectral radius of the inviscid flux Jacobian (0F /9Q) at grid point
(i, j, k), J is the Jacobian of the coordinate transformation, and €,
controls the strength of the artificial dissipation. Through numerical
experimentation, €; = 0.5At¢ was found to provide adequate artifi-
cial dissipation to maintain stability in the present calculations. For
the relatively high Reynolds numbers considered in this study, the
contribution of the viscous flux Jacobians, oF, /00, 0G,/0Q, and
oH, /00 to the left-hand side of Eq. (14) can be considered neg-
ligible because the viscous flux Jacobians are normalized by the
Reynolds number. Hence, the somewhat cumbersome evaluation of
the viscous flux Jacobians in generalized curvilinear coordinates
is skipped in this work. The spatial derivatives operating on the
fluxes on the right-hand side are computed using the prefactored
optimized compact scheme described earlier. On the other hand, the
spatial derivatives operating on the flux Jacobians on the left-hand
side are computed using the fourth-order compact scheme by Lele.”!
Use of compact schemes to attain high-order spatial accuracy for
the implicit operators was originally proposed by Ekaterinaris.?
The implicit time-stepping algorithm we have implemented then
becomes truly second-order accurate in time and fourth-order ac-
curate in space. Application of compact schemes for the implicit
operators results in a block tridiagonal matrix system along each of
the three computational directions, which are solved sequentially as
described by Ekaterinaris.>* This procedure basically replaces the
three-dimensional problem by three one-dimensional problems at
a given time level. Numerical experiments have shown that typi-
cally two or three subiterations per time step are sufficient to reduce
the errors due to approximate factorization, linearization, and arti-
ficial dissipation and, consequently, drive AQ” toward zero at each
time step. The solution is filtered after every subiteration to ensure
numerical stability.

Tam and Dong’s radiation boundary conditions® are applied
on the boundaries to which only acoustic disturbances are reach-
ing. The original two-dimensional boundary conditions of Tam and
Dong were extended to three-dimensions by Bogey and Bailly.?
Inflow boundaries can be handled by either characteristic-type in-
flow boundary conditions?” or Tam and Dong’s radiation boundary
conditions. For the boundaries that entropy, vorticity, and acous-
tic waves are crossing, Tam and Dong’s outflow boundary condi-
tions are used. We additionally attach a sponge zone downstream
of the physical domain and apply grid stretching in combination
with artificial damping in this region to dissipate the turbulence
in the flowfield before it reaches the outflow boundary. This way,
unwanted numerical reflections from the outflow boundary are sup-
pressed. On solid walls, a generalized characteristic-type solid wall
boundary condition?® is applied. The wall temperature is computed
using either isothermal or adiabatic boundary conditions. Applica-
tion of the boundary conditions when explicit time stepping is used
is straightforward. In this case, on the boundary points, the residual
on the right-hand side of Eq. (1) is simply overwritten by the bound-
ary conditions. In the case of implicit time stepping on the boundary
points, the sum of the flux derivatives appearing on the right-hand
side of Eq. (14) is replaced by the boundary conditions. Moreover,
when solid wall boundaries are present, the block tridiagonal system
of equations must be modified such that all velocity components on
viscous walls are enforced to be zero, whereas, on inviscid walls,
only the velocity component normal to the wall is enforced to be
Zero.

At every time step, the solution is advanced independently in
each block. Information is exchanged among the blocks at the end
of each stage of the Runge—Kutta time integration scheme or after

5
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every subiteration of the implicit time integration scheme, as well
as after each application of the filter.

No explicit subgrid-scale (SGS) model is used in the present LES
calculations. Instead, the spatial filter implemented in the LES is
treated as an implicit SGS model. It is well understood regarding
turbulent flows that the energy cascade is associated with a mean flux
of energy that is directed from large scales toward small scales. The
large scales contain the major part of the turbulent kinetic energy,
and they continuously feed the turbulent kinetic energy via the cas-
cade to the smallest eddies where it is dissipated. Because the grid
resolution is too coarse to resolve all of the relevant length scales
in an LES, the pile up of energy at the high wave numbers can be
eliminated through the use of a spatial filter. Hence, the spatial filter
can be thought of as an effective SGS model in an LES. Visbal and
Rizzetta” and Visbal et al.’® have performed LES calculations of
turbulent channel flow and compressible isotropic turbulence decay
without using any explicit SGS model. In those simulations, spatial
filtering was treated as an implicit SGS model. They also showed
that the use of an SGS model, such as the dynamic Smagorinsky
model, in those simulations did not produce results superior to those
obtained without employing an explicit SGS model. The use of the
popular dynamic Smagorinsky model in an LES can increase the
computational cost by up to 50% (Ref. 17). Moreover, recent studies
about the impact of the Smagorinsky model on jet noise calculations
(see Refs. 17 and 31) showed that the eddy viscosity of the model can
have undesirable effects on noise prediction. This continues to be an
unresolved issue, and, consequently, it was decided not to employ
the dynamic Smagorinsky model in the present computations.

We have also implemented overset grid capability into our multi-
block LES code. The overset grid approach (also known as Chimera;
see, for example, Benek et al.’?) provides added flexibility in mesh-
ing domains around complex geometries and is useful for avoiding
grid point singularities. For example, if one tries to generate a single
surface grid over a wing with a rounded tip, a grid point singularity
may arise at the point where the trailing edge of the tip joins the
trailing edge of the wing. The overset grid approach can easily avoid
such singularity problems. In this study, a separate tip cap grid is
generated around the tip and another grid is generated around the
main wing surface (excluding the tip region).

The overset grid approach consists of individual component grids
generated around each geometric feature of interest (such as the
main wing or wind-turbine blade surface and the tip geometry, in
our case) and a background grid in which all of the individual com-
ponents are embedded. The component grids may cut holes in the
background grid and in other component grids to remove the ex-
cess grid overlap. Holes also allow grids containing solid surfaces
to be embedded in background grids. Hole cutting in the present
work is accomplished by means of the OGEN program?* developed
at the Lawrence Livermore National Laboratory. An intermediate
program reads in the output of OGEN and reorganizes the data for
use with our LES code. Special bookkeeping is required in the LES
code to keep track of the hole points.

In the overset grid approach, the points in the overlapping re-
gions between grid components are not coincident. Hence, interpo-
lation is necessary to exchange information between neighboring
component grids during the course of the computations. It was pre-
viously shown by Sherer and Scott** that the use of second-order
interpolation at grid boundaries results in a globally second-order
accurate solution, even when high-order compact differencing and
filtering are used. Hence, we employ sixth-order-accurate explicit
Lagrangian interpolation in this work in conjunction with the high-
order compact differencing and filtering schemes implemented in
our code to ensure that a high-order-accurate numerical solution is
maintained throughout the entire computational domain. The sixth-
order interpolation stencils are precomputed by the OGEN code.
The three-dimensional interpolation stencil consists of seven points
along each of the three computational coordinate directions. The
interpolation process takes place in the computational space. Also
note that OGEN computes the location of the interpolation points
within the computational space of a donor grid with only second-
order accuracy. If sixth-order accuracy is desired in the interpolation

process, then the location of the interpolation points within the com-
putational space must be determined with sixth-order accuracy as
well. For this purpose, a preprocessing program makes use of the
interpolation stencils given by OGEN and computes the location of
the interpolation points with sixth-order accuracy using a procedure
described by Sherer®® and Sherer and Scott.>*

Another challenging aspect of the overset grid approach is that
once all of the component grids are partitioned into smaller blocks
for parallel computing, the number of grid points per block can
vary greatly. Hence, load balancing during the course of parallel
computing becomes an important issue. One way to ensure good
load balancing is to assign multiple blocks per processor so that each
processor works on roughly the same number of grid points. Hence,
we have modified our code so that it can handle multiple blocks
per processor. The component grids are partitioned so that the total
number of blocks is at least equal to twice the number of processors
available. Then, the blocks are distributed to the processors such that
the total number of grid points per processor is approximately equal.

Far-field noise computations can be performed by coupling the
time-accurate, unsteady near-field data provided by the LES either
with the Ffowcs Williams—Hawkings method (see Ref. 19) or with
a linearized Euler solver. The acoustic calculations via the Ffowcs
Williams—Hawkings method require very little further effort after
the unsteady flowfield has been computed by the LES because only
the surface integrals in the Ffowcs Williams—Hawkings formulation
need to be evaluated. The quadrupole volume integral appearing in
the Ffowcs Williams—Hawkings formulation is not expected to be a
significant contributor to the far-field noise as long as the flow Mach
number is low (see Ref. 36). In this paper, the main emphasis is to
compare the numerical results with the mean flow and turbulence
measurements in the near field of a wing tip vortex that was exper-
imentally studied by Chow et al.!3” Computation of the tip vortex
noise is, therefore, left for future work.

III. Test Case: Vortex Formation Around
Rounded Tip Geometry

A. Simulation Details

We present results from the simulation of an experimental test
case previously studied by Chow et al.!'*” The computational con-
figuration is shown in Fig. 2. In this test case the tip vortex formation
around a nonrotating wing with a rounded tip is studied. The wing
cross section has the NACAQO012 airfoil geometry. The ratio of the
wing span (including the tip) b to the chord c is 0.75. The model is
mounted on the side wall of the wind-tunnel test section as shown
in Fig. 2. The model is rotated about the quarter-chord axis to adjust
the freestream angle of attack. The freestream flow approaches the
wing model at a Mach number of approximately 0.15 and an angle of
attack of 10 deg. The Reynolds number, based on the freestream ve-
locity, freestream kinematic viscosity, and wing chord length, Re,,
is about 4.6 x 10% in the experiment; however, we set the Reynolds
number to half a million in the LES to keep the resolution require-
ments of the simulation at an acceptable level. The implication of
using a Reynolds number that is about an order of magnitude smaller
than that of the experiment will be discussed when the LES results
are compared with the experiment. Another difference between the
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Fig. 2 Schematic showing wing model in wind tunnel.
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experiment and the LES is that the boundary layers are tripped near
the wing leading edge in the experiment, whereas in the LES, we
allow the boundary layers to transition naturally to turbulence as the
numerical implementation of boundary-layer tripping is not an easy
and straightforward task.

There are three component grids in this simulation. The first one
is the tip cap grid that is generated around the tip of the wing ge-
ometry. The second component grid is the one that is generated
around the main surface of the wing geometry. The third one is the
background grid in which the wing grid and the tip cap grid are
embedded. The background grid represents the wind tunnel. The tip
cap grid cuts holes in both the wing grid and the background grid.
The wing grid also cuts holes in the background grid. All lengths
are nondimensionalized by a reference length scale that is taken
as the constant wing chord length, c¢. The x direction is taken as
the streamwise direction, whereas y is the vertical direction and z
is the spanwise direction. The origin of the xyz coordinate system
is attached to the wing root trailing edge as shown in Fig. 2. The
background grid starts at about one chord upstream of the wing
leading edge and ends at about four chord lengths downstream of
the trailing edge. The tunnel width is equal to one chord length,
whereas the tunnel height is 0.666¢. The vertical distance between
the quarter-chord axis of the wing geometry and the upper or lower
tunnel wall is 0.333¢. The physical portion of the background grid
ends at about one chord length downstream of the trailing edge. The
sponge zone, which is another three chord lengths, damps out the
turbulence in the flowfield before it reaches the outflow boundary.
The sponge zone contains only about 15% of the grid points along
the streamwise direction. The root of the wing geometry coincides
with the side of the background grid on the z/c = 0 plane. Inviscid
wall boundary conditions are applied on all tunnel walls to reduce the
grid resolution requirements normal to the tunnel walls. Moreover, a
symmetry plane boundary condition is additionally imposed on the
tunnel wall that coincides with the wing root. For the background
grid, characteristic-type inflow boundary conditions are applied on
the inlet plane, whereas Tam and Dong’s? outflow boundary con-
ditions are applied on the exit boundary. Viscous wall boundary
conditions are applied on the faces of the tip cap grid and the wing
grid that coincide with the wing and tip geometry surfaces. All of
the other faces of these two grids, other than the face of the wing grid
on the z/c =0 plane (inviscid wall), are interpolation boundaries.
Finally, adiabatic boundary conditions are applied on all walls. Al-
though temperature is not one of the solution variables, it is related
to density and pressure through the ideal gas relation. Adiabatic wall
boundary conditions are enforced by setting the heat flux term in
the wall normal direction to zero in the energy equation.

Table 1 provides various information about the component grids
that make up the overset grid topology in this test case. The grid
points column shows the total number of grid points in every com-
ponent grid prior to hole cutting. The interpolation points column
shows the total number of interpolation points, and the unused points
column gives the number of unused points after hole cutting is done
by OGEN.* The last column shows the number of blocks into which
every component block has been partitioned. The total number of
grid points at which the governing equations must be solved is equal
to approximately 26.2 million. The three component grids are par-
titioned into 256 blocks total. The blocks are distributed to 124
processors such that the total number of grid points per processor is
approximately equal. This ensures a good load balance among the
processors during the course of parallel computations.

Figure 3 shows the overset grid topology on the wing and tip
geometry surfaces. The black grid shows the discretization on the

Table 1 Grid information

Component Grid Interpolation Unused

grid points points points Blocks
Background 16,000,000 415,207 2,730,946 144
Wing 8,379,000 391,827 512,276 80
Tip cap 5,027,400 412,140 0 32
Total 29,406,400 1,219,174 3,243,222 256

Fig. 3 Overset grids on wing and tip geometry surfaces.

Fig. 4 Volume overset grids.

main surface of the wing geometry, whereas the red one shows the
one on the rounded tip. The tip cap grid wraps smoothly around the
tip geometry. The grid around the main wing surface is an O grid.
By using the overset grid topology shown here, we avoid grid point
singularities. Figure 4 shows the volume overset grids. Both of these
volume grids are embedded in the background grid, as mentioned
earlier.

In the background grid, both the vertical and spanwise grid spac-
ing inside and around the tip vortex is slightly less than 3 x 10~3c.
The portion of the background grid in this region is fairly uniform
with an aspect ratio of about one. Immediately downstream of the
trailing edge, the streamwise spacing in the background grid is about
4 x 10~3¢ and increases to a value of 3 x 1072¢ by the end of the
physical domain. In the sponge zone, the streamwise spacing is
stretched from 3 x 1072¢ to 2.5 x 10~ !¢ using a total of 48 grid
points. Normal to the wing and tip surfaces, the grid spacing is about
7.5 x 1075¢. Accurate estimation of the wall normal grid spacing
in terms of wall units is difficult without a priori knowledge of the
wall shear stresses. However, using the mean wall shear stress data
obtained from the simulation, it was determined that along the upper
side of the wing geometry, where the tip vortex and wing surface
interaction occurs, the normal grid spacing in terms of wall units,
AW* = AWu, /v, reached a maximum value of around three. Pre-
liminary estimations using flat-plate skin-friction correlations, on
the other hand, had provided a value of around 1.5 or 2. No near-
wall modeling was used in the present calculation. In the tip cap
grid, where the tip vortex originates, the coarsest normal grid spac-
ing away from the wall is on the order of 1.86 x 10~3¢. The coarsest
spanwise or streamwise grid spacing in the tip cap surface grid is
about two orders of magnitude larger than the wall normal spacing.
The same is true for the wing surface grid. The grid spacing nor-
mal to the tunnel wall at the wing root is 2.5 x 10~*c, whereas it is
5 x 10~3¢ at the other three tunnel walls. Recall that all tunnel walls
are treated as inviscid walls in the simulation.

The simulation was performed with implicit time stepping and
was run in several stages. Two subiterations were applied per
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time step. The filtering parameter was set to «y =0.47. The first
13,350 time steps were run with a maximum Courant—Friedrichs—
Lewy (CFL) number corresponding to 10. Because the computation
proved to be stable at this CFL number, we decided to increase it to
15 for the remainder of the simulation to reduce the total integration
time and, hence, the overall simulation cost. Also note here that the
maximum CFL number of 15 is the CFL number of the cells next to
the viscous wall. Because grid stretching is applied in the wall nor-
mal direction, the CFL number drops with increasing distance from
the wall. The CFL number is smaller than one for the great major-
ity of the grid cells in the computational domain. With a maximum
CFL number of 15, 6667 time steps were required per chord-flow
time. The chord-flow time is defined as the timescale required by a
fluid particle moving at the freestream velocity to travel one chord
length. In other words, it is equal to one nondimensional time unit
that is given by the ratio of the wing chord ¢ and the freestream ve-
locity u,. When 124 processors are used on an IBM-SP4 machine
with POWERA4 type processors running at 1.1-GHz speed, about
133 h of run time was needed per chord-flow time (at a maximum
CFL number of 15). On the other hand, the code runs 2.5 times
faster on the National Computational Science Alliance Xeon Linux
Cluster (Tungsten)®® that utilizes Intel Xeon 3.2-GHz processors.
Hence, using 124 processors on Tungsten, about 53 h of run time
is needed per chord-flow time. With the maximum CFL number of
15, the computational time step in wall units, At* = Aru? /v, turns
out to be about 0.5. It is known that the viscous timescale or the
Kolmogorov timescale in the sublayer of a turbulent boundary layer
is O(1) in wall units (see Refs. 39 and 40). Because our coarsest
wall normal grid spacing in terms of wall units is around three,
we resolve several times the Kolmogorov length scale in the near-
wall region. This means that the smallest timescale associated with
the smallest length scale resolved in the simulation is several times
the Kolmogorov timescale. Hence, we believe that our computa-
tional time step is small enough to resolve accurately this smallest
timescale of turbulence in the boundary layer.

Visual analysis of the streamlines depicting the tip vortex, as well
as of pressure and streamwise velocity contours in the domain, is
helpful in determining the downstream propagation of the initial
numerical transients. Even though the streamwise portion of the
physical domain extends one chord length downstream of the trail-
ing edge in this test case, during the simulation it was decided to
limit our region of interest to 0.5¢ downstream of the trailing edge
to reduce the simulation run time and the computation cost. Be-
cause the flow Mach number is very low in this test case, it takes
about 32,000 time steps for the initial numerical transients to move
out of the region of interest that extends to 0.5¢ downstream of the
trailing edge. This corresponds to a timescale of about 4.1 chord-
flow times. After the numerical transients exit the region of interest,
we collect the flow statistics over a sampling period correspond-
ing to about 5.7 chord-flow times. Hence, the simulation is run for
69,800 time steps total. The first 44,750 time steps of the simu-
lation were run on the IBM-SP4 machine mentioned earlier, and
the remainder were completed on Tungsten. If the entire simula-
tion were run on Tungsten, the total computation time would be
about 558.4 h or 23.3 days. Although this is a substantial com-
puting cost, the great savings in computing time brought about by
the implicit time stepping are worth mentioning at this point. The
second-order implicit time-stepping scheme (with two subiterations
per time step) we have implemented and used in this simulation is
approximately 10/3 times more expensive than the fourth-order,
four-stage explicit Runge—Kutta time-stepping scheme. When it is
assumed that the same simulation could be performed with the ex-
plicit time stepping using a CFL number of 1, the simulation then
would be 4.5 times more expensive (relative to the simulation per-
formed using implicit time stepping with CFL number of 15). It is
known that on highly stretched meshes, usually a CFL number on
the order of 0.5 or smaller must be used with explicit schemes to
maintain stability. The same simulation using explicit time stepping
with a CFL number of 0.5 would be nine times more expensive.
The advantage of using an implicit time stepping in this problem is
obvious.

B. Simulation Results and Comparison with Experiment

Before going into a discussion of the comparison of LES results
with the experimental data of Chow et al.," " we recall the following
main differences between the experiment and the LES:

1) In the experiment, the boundary layers are tripped around the
wing leading edge, whereas in the LES, the boundary layers are
allowed to transition naturally to turbulence because the numerical
implementation of boundary-layer tripping is not straightforward.
Hence, in the experiment, the boundary layers on the suction side
of the wing and the wing tip region become turbulent after the trip,
whereas in the LES, the boundary layers reach a turbulent state
further downstream.

2) The LES Reynolds number is almost an order of magnitude
smaller than that of the experiment.

3) The experimental wing configuration has a sharp trailing edge,
whereas the trailing edge of the wing geometry in the LES is rounded
because the handling of sharp trailing edges in a numerical compu-
tation is somewhat troublesome.

These differences should be kept in mind while analyzing the
comparisons between the LES and the experiment. In the following
discussion, the effects of the Reynolds number on the tip vortex be-
havior will be explained whenever appropriate. Yet, itis important to
remember that the difference in the initial state of the boundary lay-
ers might also be partially responsible for some of the discrepancies
that will be observed between the LES results and the experimental
measurements.

Figure 5 shows the vortex formation around the rounded tip. The
crossflow taking place over the edge of the rounded tip and sub-
sequent vortex formation are shown by means of flow streamlines.
Figure 5 is actually the same as Fig. 1 shown earlier, but it shows
the vortex formation from a different view angle.

We first examine the location of the vortex core centerline as a
function of streamwise distance. As shown in Fig. 2, the origin of the
xyz coordinate system is taken as the wing root trailing edge. The
crossflow velocity, which is defined as \/((f))z + (0)%), where (7)
and (W) are the time-averaged y and z components of the velocity
vector, respectively, approaches zero in the vortex core. Hence, on
a given crossflow plane, the vortex core location centerline is deter-
mined by the location of the minimum crossflow velocity. Figures 6
and 7 show the y/c and z/c paths of the vortex core, respectively,
and make comparisons with the experiment. The trailing edge of
the wing is at x/c =0. The first indication of a tip vortex was ob-
served on the x/c = —0.394 plane in the experiment and the sub-
sequent measurements were obtained starting from this plane and
moving downstream. In the LES, however, we could not identify a
well-defined vortex core location on the first two crossflow planes
because the LES tip vortex is still in the early stages of roll up
and formation on these planes. Hence, we perform the comparisons
starting at the x /c = —0.197 plane. As is obvious from Figs. 6 and 7,
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Fig. 5 Streamlines showing formation of tip vortex; colors denote mag-
nitude of instantaneous axial velocity normalized by freestream velocity.
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Fig. 6 Path y/c of tip vortex core; trailing edge of wing tip is at x/c =0
and y/c =0.
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Fig. 7 Path z/c of tip vortex core; trailing edge of wing tip is at x/c =0
and z/c =0.69.

the y/c and z/c paths of the LES vortex core centerline differ from
the experiment by some amount on the first two planes of compar-
ison. The difference at these two locations is more pronounced in
the z/c path. As will be evident later, the initial roll up of the LES
vortex was found to be noticeably different from the experimental
vortex. Hence, the differences in the vortex core location on the first
two planes is not surprising. Interestingly, by the time the LES vor-
tex reaches the trailing edge, its core location centerline is almost
the same as the experimental one. In both cases, before the trail-
ing edge is reached, the y/c path moves downward. Downstream
of the trailing edge, in both cases, the vortex moves upward and
good agreement between LES and experiment is evident in the y/c
path plot. On the other hand, along the spanwise direction, the LES
vortex follows an inboard path at all planes. The experimental one
shows a similar trend, except at x/c =0.125, where it moves out-
board briefly and then resumes its inboard path at the next location.
This experimental kink was believed to be due to the absorption of
secondary vortices into the primary vortex. In the experiment, it was
found that a secondary vortex was induced by the effect of the main
vortex on the tip boundary layer. Moreover, a tertiary vortex out-
board of the secondary vortex was observed. The rotational sense
of the secondary vortex is opposite to that of the primary vortex,
whereas the tertiary vortex has the same sense of rotation as the
main vortex. Secondary and tertiary vortices were also observed in
the LES. Figure 8 shows the streamlines on the crossflow plane at
x/c=—0.114, which verify the presence of secondary and tertiary
vortices in the LES. However, probably due to the lower Reynolds
number of the LES, these vortices seem to be very weak, and the
lack of the kink in the z/c path of the LES vortex is most probably
because these secondary vortices are so weak that their absorption
into the main vortex does not alter the spanwise path of the main
vortex in a noticeable way. Also note that the inboard movement of
the LES vortex downstream of the trailing edge is greater than that

vortex

Fig. 8 Streamlines showing primary, secondary, and tertiary vortices
on crossflow plane at x/c = —0.114; colors denote magnitude of mean
axial velocity normalized by freestream velocity.
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Fig. 9 Negative peak static pressure coefficient along vortex core; trail-
ing edge of wing tip is at x/c = 0.

of the experimental vortex. McAlister and Takahashi*' report that
tripping the boundary layer near the leading edge of a NACAO0015
wing reduces the inboard movement of the tip vortex along the span,
while having no detectable effect on its vertical movement in the
wake region. Our comparisons with the data of Chow et al."*” seem
to support the observation by McAlister and Takahashi.*! To reiter-
ate, the boundary layers were tripped near the wing leading edge in
the experiment by Chow et al."*” The vertical path of the LES vor-
tex core is almost the same as the experimental one downstream of
the trailing edge, whereas the inboard movement of the LES vortex
core along the span is clearly greater than that of the experimental
vortex. Overall, the y/c and z/c paths of the LES vortex show good
overall qualitative agreement with the experiment.

Next, we examine the streamwise variation of the negative peak
static and minimum total pressure coefficients along the vortex core.
The static and total pressure coefficients are defined as

p—r Protat — P
Cpstatic = ﬁ ’ Cptotal = ;)37200 (16)

2 ol 2 ol
Inside the vortex core, the static pressure is lower than the freestream
pressure. The negative peak static pressure coefficient inside the
vortex core at a given crossflow plane quantifies the maximum de-
viation of the static pressure from the freestream pressure. On the
other hand, the minimum total pressure coefficient inside the vor-
tex core at a given crossflow plane quantifies the maximum loss in
the total pressure. Figures 9 and 10 show the negative peak static
and minimum total pressure coefficient distributions, respectively.
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Fig. 10 Minimum total pressure coefficient along vortex core; trailing
edge of wing tip is at x/c =0.
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Fig. 11 Normalized peak mean axial velocity along vortex core; trail-
ing edge of wing tip is at x/c = 0.

It is clear from Fig. 9 that a large favorable axial pressure gradient
develops upstream of the trailing edge in the experimental vortex
core. The static pressure levels off downstream of the trailing edge.
The LES vortex core also displays similar behavior; however, the
static pressure drop in the LES vortex core is not as severe as the
experimental one. It is believed that the lower Reynolds number of
the LES is one of the causes for this difference, as will be explained
shortly. On the other hand, the total pressure coefficient drop in the
LES vortex core is more severe in the planes downstream of the
trailing edge, as shown in Fig. 10. Because most of the fluid in the
vortex core originates from the detached boundary layers on the tip
surface, the total pressure loss inside the vortex core is due to vis-
cous effects. Because the Reynolds number of the LES is an order of
magnitude smaller than that of the experiment, the viscous effects
in the LES should be more dominant than they are in the experi-
ment. As a result, the total pressure loss in the LES vortex core is
more severe than that in the experiment. Stated another way, a lower
Reynolds number means that viscosity plays a larger role in the LES
than in the experiment. Hence, the low momentum boundary-layer
fluid wrapped into the tip vortex is expected to have a larger effect in
the LES. Moreover, the lower absolute levels of the static pressure
coefficient in the LES vortex core are possibly due to the viscous
effects counteracting the favorable pressure gradient forces.
Figure 11 shows a comparison of the peak normalized mean axial
velocity along the vortex core. The mean axial velocity in the ex-
periment reaches a peak of almost 1.8u,, around the trailing edge,
whereas the peak value of the LES is around 1.4u,. The favor-
able pressure gradient is directly responsible for such high axial
velocity excess in the vortex core.*? Because the axial pressure gra-
dient upstream of the trailing edge in the experiment was higher
than that in the LES, the experimental peak axial velocity naturally
reaches a higher value. This is again a direct consequence of the
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Fig. 12 Comparison of pressure coefficient distribution over wing sur-
face near wing tip at z/c =0.6667; leading edge of wing surface is at
x"/c =0 and trailing edge is at x"/c = 1.
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Fig. 13 Comparison of pressure coefficient distribution over side edge
of tip geometry; leading edge of tip geometry is at x’’/c =0 and trailing
edge is at x”/c=1.

higher Reynolds number. In both cases, the axial velocity decays
very slowly downstream of the trailing edge. The core axial veloc-
ity downstream of the trailing edge is influenced by parameters such
as the tip shape, angle of attack, Reynolds number, and wing aspect
ratio. Analyzing their own experimental data and data from numer-
ous other experiments, Chow et al.' show that, in general, the peak
axial velocity increases with angle of attack and Reynolds number,
whereas it decreases with streamwise distance downstream of the
trailing edge and wing aspect ratio.

Figure 12 shows a comparison of the pressure coefficient distri-
bution on the wing suction and pressure surfaces at the z/c = 0.6667
location that is near the tip. Note that on the viscous surface,
Cp = Cpgyaic = CPior because the velocity on the surface is zero.
McAlister and Takahashi*' point out that the pressure distribution
near the rounded tip of a NACAOO15 wing is influenced by the
Reynolds number. Hence, some differences in the surface pressure
distribution near the tip should be expected when the present lower
Reynolds number LES is compared against the higher-Reynolds-
number experiment. Moreover, the difference in the initial state of
the LES and experimental boundary layers may also be important for
the surface pressure distributions. As can be seen from Fig. 12, the
peak near the leading edge on the pressure side of the wing is equal
to approximately one in both the LES and the experiment, whereas
the suction side peak near the leading edge in the LES is higher
than that of the experiment. The secondary peak near the trailing
edge on the suction side, which is due to the tip vortex, is predicted
reasonably well by the LES when compared to the experiment.

Figure 13 shows the pressure coefficient distributions over the side
edge of the rounded tip. The distributions are plotted along a line
that cuts the tip geometry in half. Initially, the pressure coefficient
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Fig. 14 Experimental streamlines superimposed on normalized mean
axial velocity contours on crossflow plane at x/c = —0.114. (For peak
mean axial velocity on this plane, see Fig. 11.)
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Fig. 15 LES streamlines superimposed on normalized mean axial ve-
locity contours on crossflow plane at x/c = —0.114. (For peak mean axial
velocity on this plane, see Fig. 11.)

drops very rapidly along this line near the leading edge. This must be
due to the acceleration of the flow over the leading-edge portion of
the rounded tip. Pressure continues to drop at a reduced rate farther
along the line until about x”/c = 0.8, where it starts to rise rapidly.
Once again, we find good overall qualitative agreement between the
LES and the experiment when the surface pressure distributions in
the near-tip region and on the tip side edge are compared.

As mentioned earlier, the initial roll-up process of the tip vortex
was found to be somewhat different in the LES when compared to
the experiment. For example, if we examine the streamlines on a
crossflow plane located at x /c = —0.114, which is upstream of the
trailing edge, we see that the LES vortex structure on this plane
is quite different than the experiment. Figures 14 and 15 show this
comparison. The experimental vortex is seen to have a circular shape
on this crossflow plane, yet the LES vortex displays a skewed pattern.
On the other hand, if we look at a crossflow plane downstream of the
trailing edge, for example at x/c = 0.125, we see that this time the
LES vortex structure is quite similar to that of the experimental one,
as shown in Figs. 16 and 17. Thus, even though the initial roll up
and formation of the two vortices are somewhat different upstream
of the trailing edge, the two vortices seem to have a similar structure
downstream of the trailing edge.

It is also of interest to examine the turbulent kinetic energy con-
tours to see the differences between the LES and the experiment.
The normalized turbulent kinetic energy is defined as

K = %((u/u/ + vV + w/w’)/ugo) a7
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Fig. 16 Experimental streamlines superimposed on normalized mean
axial velocity contours on crossflow plane at x/c =0.125. (For peak mean
axial velocity on this plane, see Fig. 11.)
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Fig. 17 LES streamlines superimposed on normalized mean axial ve-
locity contours on crossflow plane at x/c =0.125. (For peak mean axial
velocity on this plane, see Fig. 11.)
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Fig. 18 Experimental turbulent Kkinetic energy contours on crossflow
plane at x/c = —0.114.

where u’, v/, and w’ are the streamwise, transverse, and span-
wise components of the fluctuating velocity, respectively; u, is the
freestream velocity and () denotes time averaging. We first look at a
crossflow plane upstream of the trailing edge, at x /c = —0.114. The
experimental and LES turbulent kinetic energy contours are shown
in Figs. 18 and 19, respectively. As can be seen from Figs. 18 and 19,
the peak turbulent kinetic energy is found in the shear layer that de-
parts from the surface and gets wrapped into the vortex. The location
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Fig. 19 LES turbulent kinetic energy contours on crossflow plane at
xlc=—0.114.
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Fig. 20 Experimental turbulent kinetic energy contours on crossflow
plane at x/c =0.125.
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Fig. 21 LES turbulent Kinetic energy contours on crossflow plane at
x/c=0.125.

of the peak turbulent kinetic energy is closer to the tip surface in
the LES. Interestingly, the peak turbulent kinetic energy in the LES
on this crossflow plane is almost four times that in the experiment.
The differences observed here are not surprising because the ear-
lier comparison of the crossflow streamlines on the same crossflow
plane revealed significant differences between the LES and the ex-
perimental vortices during the initial roll up and formation. Next,
we examine the turbulent kinetic contours on the x /¢ = 0.125 plane.
The comparison at this location is shown in Figs. 20 and 21. This

[ [ [ ) |
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Fig. 22 Experimental turbulent kinetic energy contours on crossflow
plane at x/c = 0.246.
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Fig. 23 LES turbulent Kinetic energy contours on crossflow plane at
x/c =0.246.

time the peak turbulent kinetic energy in the experiment is found near
the location of the maximum tangential velocity, which is approxi-
mately the edge of the viscous core, whereas in the LES, the peak
turbulent kinetic energy is located inside the viscous core. Finally,
the comparison at x/c =0.246, shown in Figs. 22 and 23, reveals
that the peak turbulent kinetic energy location in the experiment has
shifted to a location inside the viscous core. The LES contours at
this location also depict the peak location that is inside the viscous
core. The LES and experimental peak turbulent kinetic energy lev-
els in the planes downstream of the trailing edge are comparable
to each other. Figure 24 shows the peak turbulent kinetic energy
distribution along the streamwise direction. During the initial roll
up and formation of the vortex upstream of the trailing edge, both
the experimental and LES peak turbulent kinetic energy is found
inside the detached shear layers getting wrapped into the vortex.
However, in these planes upstream of the trailing edge, the LES
clearly exhibits much higher turbulent kinetic energy. In the wake
planes downstream of the trailing edge, we see that the LES peak
turbulent kinetic energy inside the vortex matches the experimental
values fairly well. The decay of the peak turbulent kinetic energy
with increasing streamwise distance in the wake is due to the relam-
inarizing effect brought on by the nearly solid-body rotation of the
viscous vortex core.! The viscous core is the innermost region of
the vortex where viscosity causes the core to behave like a rotating
solid body. This, in turn, results in a stabilizing effect that reduces
the turbulence levels.

To answer the question as to why the LES predicts much higher
turbulent kinetic energy in the detached shear layers upstream of
the trailing edge, we need to examine the production term in the
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Fig. 24 Peak turbulent kinetic energy along streamwise direction;
trailing edge of wing tip is at x/c =0.

time-averaged turbulent kinetic energy transport equation

DK
— =P-D+T 18
or — D+ (18)

where P, D, and 7 are the production, dissipation, and turbulent
transport terms, respectively. The production term is given as

i di 9 9
P=—| W) o+ W) e A o ) V) 4 ()
ax dy  dx ay

v 0w , 0w , 0w  ow

X <3Z + 3y)—l—(ww) a2 —l—(uw)(az + BX):I 19)
The production term represents the turbulent kinetic energy gener-
ation due to the interaction of the Reynolds stresses with the mean
velocity gradients. The individual terms in the production equation
can be either positive or negative. An analysis of the individual terms
in this equation in conjunction with the simulation data yields the
following observations:

1) The peak turbulent kinetic energy production takes place in the
detached shear layers over the tip surface.

2) When the shear layer detaches from the tip surface over the
upper half of the rounded tip, the most dominant term in Eq. (19) is
—{(w'w’)(0w/dz).

3) When the shear layer detaches from the tip surface over the
lower half of the rounded tip, the most dominant term in Eq. (19) is
—(v'v')(3v/0y).

The first and the second observations are also supported by the
experimental data. The third observation is not valid for the experi-
ment because the shear layers in the experiment seem to detach over
the upper half of the tip surface at all surface locations.

In the LES, during the initial formation of the tip vortex, the shear
layers detach over the upper half of the tip surface. This is also true
for the experiment. However, closer to the trailing edge, the shear
layers in the LES detach over the lower half of the tip surface,
whereas the experimental shear layers still appear to detach over
the upper half of the tip surface. This discrepancy might again be a
direct consequence of the Reynolds number difference because the
higher-Reynolds-number shear layers are expected to stay attached
to the surface a while longer before undergoing separation.

Figures 25 and 26 show the —(w'w’)(dw/dz) production term
contours on the crossflow plane at x/c = —0.296. This term is the
most dominant term in the turbulent kinetic energy production on
the x /¢ = —0.296 plane because the shear layers in both the LES and
experiment detach over the upper half of the tip surface at this loca-
tion. The peak value of this quantity is almost an order of magnitude
larger in the LES, implying that the total turbulent kinetic energy
production in the LES is significantly greater than the experiment.
Also note here that because the experimental data were measured
on a relatively coarse grid, the experimental —(w'w’) (dw/dz) pro-
duction term contours should be looked on with some caution due
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Fig. 25 Nondimensional — (w’w’)(0w/9z) production term contours
in experiment on crossflow plane at x/c = —0.296.
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Fig. 26 Nondimensional — (w’w’)(0w/9z) production term contours
in LES on crossflow plane at x/c = —0.296.

to the possibility of a significant amount of error in the experimental
mean velocity gradients. The peak turbulent kinetic energy produc-
tion in the LES on this plane is about 96% of the peak value of the
—(w'w’)(0w/dz) term. Further analysis of the LES and experimen-
tal data shows that the magnitude of (dw/dz) at the peak production
location in the LES is about 2.3 times larger than the value at the
peak production location in the experiment, whereas the value of
(w'w’) at the peak production location in the LES is about 3.8 times
larger than that in the experiment. Examination of the unsteady flow
data on several crossflow planes reveals that the shear layer separa-
tion points over the tip surface in the LES are not fixed. Hence, the
higher value of (w'w’) is believed to be due to the oscillation of the
shear layer separation point in the LES.

On the crossflow plane at x/c = —0.114, we see that the shear
layer in the experiment still detaches over the upper half of the tip
surface, and the most dominant term in the turbulent kinetic energy
generation is again found to be —(w'w’)(dw/dz). Figure 27 shows
the contours of this quantity on the x/c=—0.114 plane. On the
other hand, the LES shear layer detaches over the lower half of the
tip surface on this crossflow plane, hence, the most dominant term
in the turbulent kinetic energy generation becomes —(v'v") (39 /dy).
Figure 28 shows the contours of this term on the x/c=—0.114
plane. As can be seen from Fig. 28, the peak value of this quantity
is much larger than the peak value of the —(w'w’)(dw/dz) term
in the experiment on the same plane. Once again, this implies that
the overall turbulent kinetic energy production in the LES on the
given crossflow plane is much higher. The peak turbulent kinetic
energy production in the LES on this plane is about 62% of the
peak value of the —(v'v")(3v/dy) term. The magnitude of (3v/dy)
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Fig. 27 Nondimensional — (w’w’)(8w/8z) production term contours
in experiment on crossflow plane at x/c = —0.114.
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Fig. 28 Nondimensional — (v'v’)(8%/8y) production term contours in
LES on crossflow plane at x/c = —0.114.

at the peak production location in the LES is about 5.5 times larger
than the magnitude of (dw/dz) at the peak production location in
the experiment, whereas the value of (v'v’) at the peak production
location in the LES is about 3.9 times larger than the value of (w'w’)
at the peak production location in the experiment.

In conclusion, the increased levels of turbulent kinetic energy
generation in the LES are due to the larger values of (w'w’) or (v'v'),
which result from the oscillation of the shear layer separation points,
and the higher magnitude of (dw/dz) or (dv/dy) in the vicinity of
the separated shear layers.

IV. Conclusions

A robust multiblock LES code utilizing state-of-the-art numeri-
cal methods has been developed. Results for the tip vortex around a
nonrotating generic wing geometry with arounded tip have been pre-
sented to demonstrate the capability of the code. The comparisons
with the experiment suggest a strong Reynolds number influence on
the initial vortex roll up as well as on the tip vortex mean flow and
turbulence properties. The difference in the initial state of the LES
and experimental boundary layers might also have contributed to
some of the observed discrepancies. Nevertheless, good qualitative
agreement between the LES and the experiment has been obtained
in some of the comparisons.

To our best knowledge, the calculation presented herein is the
first simulation of a tip vortex using an LES solver that employs
high-order compact finite difference and filtering schemes in com-
bination with an overset grid topology. Using the same code, we plan
to compute the tip vortex noise for rotating realistic wind-turbine

blade tips. The near-field LES data will be coupled with the Ffowcs
Williams—Hawkings method or a linearized Euler solver to compute
the far-field noise. The simulations will be useful for studying the
impact of the blade tip design on far-field noise and examining tip
vortex noise generation mechanisms. Results from these simulations
will be reported in the future.
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