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A high resolution computational methodology is developed for the solution of the compressible Reynolds-averaged
Navier-Stokes equations. This methodology is used to study the effect of spanwise blowing as a method of tip vortex
control. The numerical error is reduced by using high order accurate schemes on appropriately refined meshes. For
vortex evolution problems, the equations are solved on multiple overset grids that ensure adequate resolution in an
efficient manner. Reliable validation of the mean flowfield for the baseline and control configurations is obtained by
adding a simple correction to the production term in the Spalart-Allmaras turbulence model. A detailed study of the
underlying physics of the effects of spanwise blowing is presented.

Introduction

HE vortex sheet generated behind an airplane wing or a

helicopter rotor rolls up to form a concentrated region of
vorticity near the tip region. Within a few chord lengths downstream
of the trailing edge, a coherent vortex is observed. In airplane wakes,
this region of strong rotational flow typically persists long enough to
pose a hazard to other aircraft. In helicopters, under a variety of flight
conditions, the rotor blades pass through the proximity of the tip
vortices that are trailed from preceding blades. This has been
identified as a significant source of noise and vibration. Hence there
is a huge incentive in research towards mitigation of the strength and
modification of the structure of tip vortices.

Although the study of tip vortex flowfields has been an extremely
active area of research over the past century in the form of analytical,
experimental, and computational studies, comprehensive under-
standing of the intricate details of the flow physics is more qualitative
than quantitative. The broad objective of this work is to develop a
reliable numerical methodology that can help in understanding the
process of vortex formation, roll up and evolution. Once a level of
confidence is established in the accuracy of the methodologys, it is
used in examining the physics of vortex formation and roll up and in
the evaluation of the effects of spanwise blowing on vortex formation
and evolution.

Background
Flow Physics

The physics of the flow is extremely complex in the near-field
region of the wing tip since the process is largely turbulent (under
flight conditions, the chord based Reynolds numbers for typical
airplanes and helicopters can be expected to be in the range of
10°~107) and highly three dimensional. The pressure difference
between the upper and lower surfaces of the wing induces a strong
cross flow and the associated boundary layer tends to separate
(separation is of a secondary nature) once the driving pressure
gradient weakens on the top surface [1]. In addition, a weaker
secondary vortex of opposite sense (to the tip vortex) has also been
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observed [2]. These structures continue to evolve on the upper
surface of the wing and are ultimately convected downstream of the
trailing edge. The presence of such structures with disparate length
scales and the associated large gradients in the flow properties
complicates any theoretical/experimental/computational attempts to
study tip vortices.

In addition, many studies on wing tip vortices [1-4] have reported
largely reduced turbulence levels in the vortical core. This has been
attributed to the near-solid body rotation that exists in the core.
Analytical studies, based on linear stability of isolated vortices ([3]
and references therein), have also supported this argument by
showing the damping of imposed small disturbances in the core. The
decay rate appears to be primarily governed by the relative
magnitudes of the axial and tangential velocities that exist in the
vortical core [4,5] and in cases with small axial velocities (in relation
to the tangential velocities), the major diffusion mechanism is
laminar rather than turbulent.

Level of Modeling

It has been well established that direct [6] and even large eddy
simulations (LES) [7] become prohibitively expensive when applied
to wall-bounded flows at high Reynolds numbers. The inherent
deficiency of Reynolds-averaged Navier—Stokes (RANS) models is
the fact that some of the turbulent scales (especially the large energy
containing ones) depend specifically on the geometry and hence
cannot be universally modeled unlike the smaller more isotropic
scales that are modeled in LES. However, at least in the foreseeable
future, the Reynolds-averaged Navier—Stokes (RANS) equations
represent the highest level of fluid-dynamic approximation that can
be applied in the numerical simulation of tip vortex flows at flight
Reynolds numbers and will hence be utilized in the present study.
Although the RANS equations cannot be expected to exactly
represent the intricate details of the flowfield as described in the
previous paragraphs, as will be shown, validation of the mean flow
quantities can be achieved to reasonable accuracy along with
extremely good qualitative insight into the flow physics.

Numerical Issues

Even if one assumes that the governing equations exactly model
the physical phenomena, numerical solution is bound to generate
errors. In the case of time dependent partial differential equations
like the Euler and Navier—Stokes equations, discretization errors
can be viewed (in a linear sense) as arising from numerical dis-
persion and numerical dissipation [8]. Numerical dispersion causes
waves of different wavelengths to propagate at different speeds and
can result in spurious oscillations in high-gradient regions.
Numerical dissipation acts as an artificial diffusion mechanism and is
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the primary factor that causes inaccuracy in most tip vortex
calculations. Unlike nonlinear features like shocks, tip vortices have
no resteepening mechanisms and hence artificial decay of the vortex
will result in an irrecoverable loss of information. Typically, the use
of high order accurate schemes [9,10] is essential to reduce numerical
errors in tip vortex simulations. Wake et al. [11] present a detailed
analysis of the accuracy of up to ninth order upwind schemes in
idealized tip vortex simulations. It is reported that at least 10 points
are required along the vortex core (in the cross-stream direction) to
minimize the inviscid discretization error. Additionally, nonortho-
gonality of the mesh system with the vortex axis can impose severe
restrictions on the aspect ratio of the cells. To approach the
theoretical order of accuracy, the spatial mesh points should be
distributed smooth manner with mild stretching ratios [12].

Previous Work
Numerical Simulations

Numerical simulation of flow over fixed and rotary wings has been
an extremely active area of research over the past 20 years. While
there have been many attempts in explicitly addressing grid
requirements and numerical dissipation ([11-17]), the following
survey (though not all encompassing) concentrates only on those
computational works that present validations of tip vortex structure
with experiments.

Mansour [18] used the RANS equations to study the transonic
flowfield of a swept wing. Though the vortex roll up in the tip region
was observed, the grid resolution and numerical accuracy was
insufficient to achieve good comparison with experiments.
Srinivasan et al. [19] performed a RANS study of the effects of
wing planform and tip shape on vortex roll up using the ARC3D code
with a Baldwin-Lomax turbulence model. When compared with
experiments, the qualitative features showed good agreement, but
surface pressures near the wing tip showed poor comparison.

Dacles-Mariani et al. [20] validated the experiments of Chow et al.
[1] using a RANS formulation with the Baldwin—Barth turbulence
model. They studied the effects of numerical schemes, grid
requirements, and turbulence model modifications in resolving the
vortex formation and roll up. They were able to demonstrate that
using 15 points per vortex core diameter, fifth order spatial accuracy
for inviscid terms and a modification of the turbulence model, the
mean flow characteristics could be reasonably captured. It was,
however, concluded that the use of isotropic turbulence closure could
be deficient in accurately representing the turbulence field.

Lockard and Morris [21] solved the inviscid Euler equations
using a fourth order central differencing scheme to validate the
measurements of Devenport et al. [2]. Even with the use of a2 x 10%
grid point mesh, the vortex was found to diffuse rapidly. The core
size was found to grow to more than 2 times the experimental value
within a few chord lengths of evolution. The disagreement was
attributed to numerical dissipation and also to the inviscid
approximation.

Spall [22] conducted an inviscid simulation of the aforementioned
test case of Devenport et al. using a second order accurate scheme
with highly refined meshes in the tip vortex region. The peak swirl
velocity was overpredicted and the core radius was smaller compared
with the experiments. The numerical diffusion was found to be small
in that the peak swirl velocity diminished by 15% over a distance of
10 chord lengths.

Egolf et al. [23] present a review of research at the Universal
Technologies Research Center on tip vortex simulation. A
comprehensive study was made on the numerical diffusion in terms
of mesh spacing, mesh alignment, and order of accuracy. For an
idealized vortex problem, it is shown that numerical diffusion can be
negligible using a ninth order accurate scheme with approximately
12 points in the vortical core. In addition, the mesh points had to be
aligned with the vortex axis. However, practical tip vortex
simulations using the RANS equations were found to be very
dissipative, probably because of the ill effects of the Baldwin—-Lomax
turbulence model.

Spanwise Blowing

The effect of spanwise blowing at the wing tip has been
experimentally explored by various researchers. Lee et al. [24]
studied the flow structure and scaling laws from a low aspect ratio
NACAO018 wing in a wind tunnel. The effect of a thin spanwise jet
was to virtually extend the wing span, resulting in a slight lift
augmentation. In addition, the tip vortex was found to be more
diffuse and displaced upward and outboard off the wing tip. Mineck
[25] reports experimental and computational results on spanwise
blowing on moderate aspect ratio wings at high subsonic Mach
numbers. The momentum of the jet was found to be larger than the
reduction in the wing drag and the increase in the wing lift due to
spanwise blowing was also found to be small. Han and Leishman
[26] examined the effect of spanwise blowing on the vortex structure
of a helicopter blade in hover. In their test, air was bled at the leading
edge of the blade and injected at the tip through a set of 4 circular
orifices. Their conception was that this would inject turbulent
structures directly into the core of the tip vortex and thus diffuse it.
They were able to demonstrate a 50% reduction in swirl velocity
within a downstream distance equivalent to 10 chord lengths. Data
on the effect on lift and drag coefficients are not currently available,
although a profile power penalty is reported. Heyes et al. [27] studied
the effect of steady and pulsed spanwise blowing on the trajectory
and structure of the tip vortex. They were able to demonstrate a larger
core radius, reduced swirl velocities and a heightened axial velocity
deficit compared with the case with no blowing. They also propose
spanwise pulsed blowing as a means of exciting cooperative
instabilities in wakes. In summary, with the use of spanwise blowing,
there seem to be very limited prospects on improving the lift to drag
ratio, but the potential to reduce the strength of the vortex is
promising. This could be extremely beneficial in alleviating the
vortex hazard, especially in the case of rotorcraft, where the strength
of the returning wake plays a decisive role in determining the overall
vibration, noise and performance characteristics.

Methodology

Computations are performed using the compressible Reynolds-
averaged Navier—Stokes (RANS) code OVERTURNS [12]. The
inviscid terms are computed using the fifth/seventh order weighted
essentially nonoscillatory (WENO) schemes [28] with Roe’s flux
difference splitting. At the boundaries, one-sided differencing (with
no limiting) was implemented. The viscous terms are computed
using second/fourth order central differencing.

This code involves a cell-vertex finite volume implementation and
hence, in order to maintain higher order accuracy on a stretched
mesh, the definitions of the cell areas and volumes have to be
consistent with the overall accuracy of the solver [12]. Hence, a high
order scheme (the M3 quartic interpolation of Huynh [29]) is used to
locate the edges and interfaces of the control volume. A schematic is
presented in Fig. 1.

The Spalart—Allmaras [30] (SA) turbulence model is used to close
the RANS equations. This model has gained enormous popularity in
aerospace computations since it is numerically efficient and was
formulated with such applications in mind. Since it is a linear eddy
viscosity model, it has the advantage that it is simple, relatively
inexpensive and most importantly, numerically stable. However,
such models cannot inherently model effects like streamline
curvature, flow rotation etc. [31] and have to be sensitized to these
effects. To force the model to account for the rotation-induced
reduction of turbulence levels in the vortical core, a simple correction
to the production term suggested by Spalart* and [20] is used. The SA
model uses a production term, which in the wake region, reduces to

P =cy Sy, (D

Computations were performed with S =|w| and S=|o| +
2min(0, |D| — |w|), where |w| and |D| are the magnitudes of the
vorticity vector and strain tensor, respectively. The former was

i[Spalart, P., personal communication.
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Fig. 1 2-D schematic of mesh point distribution and control volume
definition. Solid circles: mesh points; open circles: edges of control
volume. Open squares: interface location for flux calculation.

suggested in the original paper [30] and the latter version was used in
[20], and attempts to suppress the turbulent production in regions
(like tip vortices) where the vorticity is much larger than the strain
rate. The modification appears to be passive in thin shear layers.

In the spanwise blowing cases, the effect of the jet is modeled as a
surface boundary condition. In this procedure, the density (p) is
extrapolated from the interior of the domain to the surface. The
contravariant components of the velocity (U, V, W) are computed
using the Cartesian components of the jet velocity (Qj.). The
pressure (p) is then obtained from the normal momentum equation,
which is given by

pe(VENE) + py (V1. V) + p(VEVE) = =0 (0Qjer- V)

~ pU(Vé. %_?) _ pv(vg. %—S) - pw(vt. %—?)

where, &, 1, ¢ represent the wraparound, spanwise and wall-normal
directions, respectively. For the boundary condition on the
turbulence field, two different approaches were implemented at the
jet exit:

1) The working variable was set to v, = 0.002|Q;(|8, where § is
the slot thickness. This roughly corresponds to the average eddy
viscosity in a turbulent channel at high Reynolds numbers.*

2) v, was extrapolated from the interior of the flowfield.

The effect of these two approaches on the mean field was almost
identical and the latter was used for all the computations that follow.

Numerical Validation

In this section, validation studies will be conducted on the vortex
formation in the very near field of a fixed wing. The primary
objective of this study is to determine the grid and accuracy
requirements and to evaluate the fidelity of the turbulence model. The
experimental test case corresponds to a 0.69 aspectratio NACA 0012
rounded tip wing in a 32 x 48 in wind tunnel section at o« = 10°,
Re = 4.6 x 10°, and M, = 0.15. The experiments were conducted
by Chow et al. [1] at NASA Ames Research Center. This particular
test case was chosen because of the availability of a comprehensive
set of measurements in the wake region and on the wing surface.
Static pressure, mean velocity and Reynolds stress data are available
at select axial planes, starting at a distance of x/¢ = 0.591 ahead of
the trailing edge to x/c = 0.678 from the trailing edge. Surface
pressure measurements are available from a total of 444 pressure taps
located in 12 chordwise rows. The flow is tripped at the leading edge
so that a fully turbulent assumption is valid.

The baseline grid for this test case was provided by Zilliac.! This
grid consists of 115 x 189 x 115 in the streamwise, spanwise, and
normal directions, respectively, filling the test section volume
exactly. The grid points were redistributed and smoothed for use in
this work. Unlike acoustic waves, the tip vortex involves large

§Spalart, P., personal communication.
IZilliac, G., personal communication.

a) Experiment

=77 NE
o-_ /

z/c

02k \ L /

b) Computation

Fig. 2 Crossflow velocity magnitude (normalized by freestream
velocity) at x/c = 0.246.

deviations from the free stream and hence care has to be taken to
ensure proper boundary treatment. Accordingly, downstream of the
test section, the grid was heavily stretched in the streamwise
direction and the outflow boundary was extended to 20 chords
behind the trailing edge, where characteristic Riemann boundary
conditions are applied. This coarse mesh spacing artificially diffuses
the vortex downstream of the test section by creating a virtual buffer
zone so that there are no spurious reflections from the boundary.

To explore and evaluate the effect of numerical and turbulence
model errors, various test runs were made. Before the results from all
the test runs are presented, the “highest fidelity” numerical result will
be compared in detail with experiments. This calculation is
performed on the 148 x 189 x 115 grid using the seventh order
WENO scheme for inviscid discretization with the rotational
correction added to the turbulence model. Subsequently, the other
test runs will be compared. For all the results presented, the origin of
the coordinate system is assumed to be at the trailing edge of the wing
at the root section.

Figure 2 compares the contours of the computed swirl velocity
~/v* + w? along a sample axial plane at 0.246¢ downstream of the
trailing edge. To ensure a one-to-one comparison, the computed
solution is interpolated on to the experimental data locations before
the contours are plotted. Qualitatively and quantitatively, the
computed results are similar to that of the experiments. Figure 3
shows the vertical velocity (w) along a horizontal (spanwise) line
passing through the center of the vortical core. Again, the computed
velocity profiles match well with experiments, except at the x/c =
—0.296 station, where the sharp negative peak is not captured.
Figure 4 shows the evolution of the peak magnitudes of the axial
velocity u, vertical velocity w, and total velocity +/u® + v* + w?
with downstream distance. A slight under prediction of the axial and
total velocities and an over prediction of the swirl velocity is
observed.

Figure 5 shows the pressure distribution on the wing surface. At an
inboard section (y/c =0.5) the pressure distribution closely
resembles that of a 2-D airfoil. Very close to the tip, a second suction
peak appears near the trailing edge, which is a consequence of the tip
vortex rolling up on the wing surface. Traversing along the tip
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Fig. 3 Vertical velocity (w/U,,) along a horizontal cut through vortex
core.
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surface (0 < y < 90° corresponds to the position on the rounded tip
with y = 0° corresponding to the end of the 2-D section and y = 90°
corresponding to the camber line), the suction peak near the leading
edge is seen to reduce and the pressure at the top and bottom surfaces
gradually equalize. The good agreement of the computed results with
the experiment is a direct consequence of correctly representing the
strength of the evolving tip vortex.

Although the mean flow velocities and surface pressures show
good comparisons with the measurements, the computed static
pressure and the Reynolds stresses in the vortical core showed
considerable error. As reasoned by [20], most of this can be directly
attributed to the inaccuracies of the turbulence modeling. These
results are discussed in more detail (for instance, the static pressure in
the center of the core showed up to 23% error and the Reynolds
stresses showed a distinct phase lag) in [12]. The present work,
however, is an attempt at ascertaining the capabilities of the
methodology to quantitatively predict the mean flowfield and to
determine the fidelity of the computed physics of formation and roll
up.

Further studies in grid convergence, turbulence model effects, and
inviscid discretization are reported in [12]. To summarize, with a fifth
or higher order WENO discretization, 10-15 points were required
along the vortex core in order to achieve the aforementioned
accuracy levels. In addition, the use of the rotational correction to the
turbulence model was found to be imperative to achieve reasonable
predictions.

Physics of Vortex Formation

As mentioned earlier, the qualitative features of vortex formation
and roll up corresponded closely to the experimentally observed flow
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Fig. 4 Evolution characteristics of the tip vortex.

physics. The fine resolution of the computation allows one to analyze
the flow in great detail. Figure 6a shows the axial vorticity magnitude
along a streamwise section of the wing. A very thin attached
boundary layer is observed on the pressure (lower) surface,
indicating crossflow. This boundary layer acts as a feeding sheet of
vorticity and begins to thicken as it crosses the mean chord line since
the driving pressure gradient begins to weaken. As marked in the
figure, the boundary layer subsequently separates and the feeding
sheet lifts off the surface. This feeding sheet then rolls up under the
action of is own induced velocity and the prevailing adverse pressure
gradient tapers off as one approaches the inboard section of the wing.

The crossflow velocity at the bottom edge of the vortex core
induces a near-wall flow on the top surface (the associated boundary
layer is evidenced by the blue patch of negative vorticity) in the
outboard direction. Closer to the tip, this region is affected by the
velocities induced by the feeding sheet and ultimately thickens in
extent, appearing as a secondary vortical region that counter-rotates
with the evolving tip vortex.

These primary and secondary structures continue to evolve on the
surface until the trailing edge is reached. Off the trailing edge, this
counter-rotating patch is ingested by the tip vortex as shown in
Fig. 6b. The presence of a secondary vortex have been confirmed in
the experiment as well as a few others such as Devenport et al. [2],
Martin et al. [32]. The interaction of the secondary vortex with the
primary vortex severely strains the primary vortex such that the core
appears to be elliptical very near to the trailing edge. This explains the
apparent “oscillations” in the evolution of the peak vertical and swirl
velocities in Fig. 4. A more detailed inspection of the flow very close
to the trailing edge reveals the presence of a tertiary vortex which co-
rotates with the primary tip vortex. This tertiary vortex is smaller and
much weaker compared with the secondary vortex and is located
approximately in between the secondary vortex and the feeding
sheet.

Simulation of Spanwise Blowing
Test Conditions
The test case chosen for this study corresponds to that of the wind
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Fig. 5 Pressure distribution on wing surface. (Circles: experiment; lines: computation.)
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Fig. 6 Physics of vortex formation.

tunnel experiments conducted by Heyes et al. [27]. The relevant
geometry and flow parameters for the half-span wing are given in
Table 1. In the experiment, provisions were made to supply
compressed air to the tip via a plenum chamber located near the half-
span location of the wing. The air exits along an elongated spanwise
slot as shown in Fig. 7. As shown in Fig. 7b, the slot geometry is
characterized by the length of the slot L, the thickness §, and the jet
angle 0,,. The rate of blowing is characterized by the mass blowing
coefficient, which is given by

m

C,=——
"7 poUn2be

(@)

where, m is the integrated mass rate through the slot and b, ¢ are
the half-span and wing chord, respectively (in this case,
b = c¢ =150 mm).

Grids Used

The computations in the previous section were focused on the near
field. To accurately resolve the vortex evolution many chord lengths
downstream, a single structured mesh will be highly inefficient since
the clustering of grid points in the cross-stream direction will have to
extend to the grid boundaries. To avoid this and also to ensure equal
spaced grid points (in the cross-stream direction), an overset grid is
placed approximately in the region of the wake where the tip vortex is
expected to be present. Figure 8a shows streamwise planes of the
main and overset grids. The dimensions of the main grid are 227 x
100 x 115 in the streamwise, spanwise, and normal directions,
respectively. The far field is at a distance of 25 chord lengths from the
surface. The overset grid has 199 axial planes of size 133 x 133. The
cross-stream grid spacing is 0.0075¢, assuring at least 10 points per
vortex core length. This grid spans an axial distance of 0.25 <
x/c < 15.25 behind the trailing edge. As shown in Fig. 8b, the main
wing mesh (of C-O topology) is made such that a fine resolution is
achieved in the regions of vortex formation. Also, in order to reduce
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Table 1 Test conditions for vortex evolution

Airfoil section NACA 0012
Tip shape Rounded (circular)
Chord length (c) 0.15m
Aspect ratio 1.0
Mach number 0.1
Chord Reynolds number 2.2x10°
Angle of attack 7.5°

=0°)

jet

a) Slot dimensions (Slot at 6

b) Slot angle
Fig. 7 Spanwise blowing slot geometry.
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a) Use of overset grid to resolve the evolving
tip vortex
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b) Sample section showing mesh clustering in

the region of vortex formation
Fig. 8 Grid system used in the blowing case simulation (every other
grid point shown).

interpolation errors across the meshes, the cell sizes of both meshes
are approximately matched in the interfacial region of interest.
Further, grid clustering ensured at least 12 points across the slot
thickness and 85 points across the length. The baseline and control
case C1 (Table 2) computations were repeated on an alternate grid
with 24 points across the slot thickness and the resulting peak swirl
and axial velocity magnitudes were found to differ only by <3%.
Hence, the following results are assumed to be grid converged.
Modeling the flow in the plenum chamber and the other internal
details of the jet flow will prove to be extremely complicated and
expensive and hence, the jet exit is modeled as a surface boundary
condition as described earlier.

A key difference between the experiment (in which the wind
tunnel walls were 2 chord lengths away from the wing surface) and
the simulation is that the latter assumes the wing to be in freestream.
(The root plane was treated as an inviscid wall.) This was done for
ease of grid generation. As will be seen, comparison of the computed
vortex velocity profile with the experimental results suggest that the
details of the vortex formation are not different. The following results
use the 7th order WENO differencing for inviscid fluxes. The Spalart
Allmaras turbulence model with rotational correction is used for the
RANS closure.

Baseline Case Validation

For the case with no blowing, Fig. 9 compares the computed
vertical and axial velocities on a horizontal line passing through the
vortex center at an axial plane that is 1 chord downstream of the
trailing edge. The vertical velocity is seen to be accurately
represented while the axial velocity defect s slightly under predicted.
The defect in axial velocity is a consequence of the low Reynolds
number, implying larger viscous deceleration compared with the
previous test case. Velocity profile measurements are not available
further downstream, however, the computed baseline and blowing
vortex evolution results will be compared with each other in the
following section.

Vertical Velocity
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Fig. 9 Comparison of computed velocity profile (line) with experiment
(circles) at x/c = 1.0.
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Table 2 Comparison of different spanwise blowing cases. For all cases, the slit ends at x/¢ = —0.17 from the

trailing edge

Case 8/c

eje(

Ujet/Uoo

Cu

Cr

Cp

L/D

Baseline
Cl 1/150
C2 1/150
C3 1/150
Cc4 1/150
C5 1/150

0
0
0

15
—15

0.866
0.375
0.188
0.866
0.866

0.00108
0.00047
0.00024
0.00110
0.00110

0.3398
0.3542
0.3465
0.3431
0.3538
0.3539

0.03094
0.0327
0.0315
0.0311
0.0325
0.0326

10.98
10.83
11.00
11.03
10.89
10.83

Blowing Case Validation and Flow Physics

The different spanwise blowing simulations that were performed
are detailed in Table 2. Of these, C1 corresponds to an experimentally
tested case and velocity measurements are available one chord
downstream of the trailing edge.

Figure 10 compares the experimental measurements with the
computed vertical and axial velocities along a horizontal line passing
through the vortex center one chord downstream of the trailing edge.
Akin to the baseline case (Fig. 9), the computed velocities agree well
with the experimental measurements.

The vortex structure at two downstream locations in the blowing
case is compared with the baseline calculations in Fig. 11. At
x/c = 1.0, a reduced swirl velocity and a heightened axial velocity
deficit is observed. The disruption of the crossflow sweeping across
the wing tip caused by the spanwise jet results in weaker swirl
velocities. Further, as will be explained, the spanwise blowing
introduces turbulence directly into the vortical core and this results in
strong decelerating forces, causing a larger axial momentum deficit
compared with the baseline case.

Some insight can be obtained from Batchelor’s simplistic analysis
of axial flow in an isolated axisymmetric trailing vortex [33].
Assuming small axial gradients (compared with radial gradients),
small radial velocity [compared with axial (V,) and swirl velocities
(V)] and a viscous head loss AH to an otherwise inviscid flow, the
axial velocity is given by

o0
V3=U§o+/

where the circulation is defined by I' =2nrV,. Assuming a
monotone nondecreasing circulation (which is the case in the flow of
our interest), one should expect an axial velocity excess for inviscid
flow. For viscous flows, the presence of the loss of head competes
with the inviscid acceleration mechanism. In the case of large
Reynolds numbers and high angles of attack, the inviscid mechanism
wins out and an axial velocity excess has been reported in some near-
field experiments (for instance, the results in the previous section).
Under typically moderate angles of attack, the pressure losses are
usually high enough and the majority of experiments have reported
axial velocity deficits. In the present case, the combination of the low
Reynolds number and the presence of increased turbulence activity
causes the large deficit in axial velocity.

The heightened axial velocity deficit will result in radial transport
of angular momentum [34], and can thus be expected to diminish the
swirl velocity at a larger rate compared with the baseline case. In
addition, as opposed to the baseline case, the large axial velocity
deficit in the control case at x/c = 1.0 would result in a highly
unstable configuration according to the linear stability theory of
isolated axisymmetric vortices [35].

Figure 12 compares the evolution of the vortex properties for the
baseline and blowing cases. The peak swirl velocity is seen to be
lower for the blowing case initially and is also seen to decay at a more
rapid rate. The heightened axial velocity deficit near the trailing edge
is seen to taper off more rapidly compared with the baseline case, but
the defect spreads over a much larger area as was observed earlier in
Fig. 11.

The turbulence generated by the jet predominantly arises from the
counter-rotating vortex pair that exists at the jet exit as schematized in
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Fig. 10 Comparison of computed velocity profile (line) with
experiment (circles) at x/c = 1.0 for blowing case C1 (C,, = 0.001, 08).

Fig. 13. The physical mechanism of spanwise blowing is illustrated
in Fig. 14, in which axial vorticity contours are shown along various
streamwise sections. As seen in Fig. 14a, a counter-rotating vortex
pair is formed at the jet exit. In this case, the upper vortex (CW1J)is in
the positive sense (anticlockwise) and co-rotates with the eventual tip
vortex and the lower (CCW]J) one is in the “negative” sense. The
presence of both these vortices is seen to disrupt the feeding sheet of
vorticity. These vortices are formed (as schematized in Fig. 13) by
the roll up of the vortex sheets at the top and bottom of the jet face.
Figure 14b shows that the lower vortex is convected much faster to
the top surface of the wing since it is not shielded from the crossflow.
The slower convection of the upper vortex also makes it roll up faster.
As seen from Fig. 14c, by the quarter-chord location, the upper
vortex entrains vorticity from the feeding sheet and slowly develops
into the tip vortex. The presence and strength of the tip vortex results
in a secondary counter-rotating region of vorticity (SV), similar to
that seen in the vortex formation studies. As the tip vortex evolves
(Figs. 14c and 14d), entraining vorticity from the feeding sheet and
the CW1J, its “edges” are seen to interact with the CCWJ. As a result,
the (positive) vortex strength is weakened. The interaction with the
CWIJ and the SV also tends to “lift” the evolving tip vortex off the
surface as seen in Fig. 14e.
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Beyond the downstream end of the jet, the large mass rate of flow
from the lower surface is seen to tilt the vorticity vector and severely
affect the axial component of vorticity (the result is seen in Fig. 14f).
Remarkably, the rotational effects are strong enough, that by 1 chord
downstream of the trailing edge, the tip vortex rolls up into a coherent
form (Fig. 15a). However, as compared with the baseline case and
blowing case C2 (Figs. 15b and 15c¢), the vortex structure for case C1
is not entirely axisymmetric since there seems to be an interaction
with a region of counter-rotating vorticity.

As mentioned earlier, the decelerating effects of the interactions
and axial shear cause the large axial momentum deficit.

As seen in Table 2, the blowing causes higher lift, evidently due to
lower downwash velocities. Also, a larger drag force is noticed,
which can be attributed to the high viscous losses and streamline
disruption occurring during the interaction process.

Effect of Jet Velocity

Figure 16 shows the effect of blowing intensity on the vortex
evolution. The reduction in swirl and axial velocities does not appear
to be alinear function of the blowing intensity. As seen in Table 2, the
lower blowing rates actually result in a larger L/D efficiency,
presumably due to the lower drag penalty.

Effect of Jet Exit Angle

No significant differences in the vortex structure or lift and drag
were noticed for the 8, = £15° jet angle cases compared with the

0 = O case.

Conclusions

Practical RANS simulations of tip vortex formation and evolution
suffer primarily from numerical diffusion errors and inaccurate
turbulence modeling. In this work, the error due to numerical
diffusion (which primarily arises from inadequate discretization of
the nonlinear convective terms) is reduced by the use of proper grid
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Fig. 13 Schematic of formation of counter-rotating vortex pair in
spanwise blowing.

R

0.06 | ‘

50-25 5 30 55 80

CWJ
i CWJ
)
N
1 1
1 1.05
ylc
a) x/c =-0.95
008 ‘ -50-25 5 30 55 80 ‘
0.06
004
SV
002
o
N oF
0.02 -
0.04 -
0.06 -
0.08 A1 1
0.95 g 1.05 11
y/c
¢) x/c =-0.75
otsf 3014 4 20 36 ‘
I
01 :‘
ot ®
N 0.05 L— ‘
ol
0.05 =
1 ? A N 1
09 095 1 1.05 1t
y/c
e) x/c =-0.25

resolution (by means of grid clustering, orthogonality and overset
meshes) and high order accurate numerical schemes. Turbulence
modeling uncertainties were found to be minimized by adding a
simple correction to the production term in the Spalart—Allmaras
turbulence model. The fidelity of the approach allowed for a detailed
study of the underlying physics of vortex formation and evolution. In
addition, a strategy of vortex control, namely, spanwise blowing was
evaluated.

1) With O(10-15) points per core length of discretization, and a
smooth distribution of grid points, the current methodology is seen to
give reasonable validation of mean flowfield velocities with
experiments for two test cases that represent either end of a wide
range of chord (Re = 2.2 x 10°—4.6 x 10°) and vortex Reynolds
numbers (Re, &~ 8 x 10-2 x 10°).

2) Streamwise-oriented vorticity is developed by a feeding sheet
comprising the crossflow boundary layer. Initial evidence of the tip
vortex is seen when this boundary layer separates from the surface.
The roll up of this separated boundary layer forms a system of
vortices, which rapidly merge into a single coherent vortex.
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Fig. 14 Axial vorticity evolution for blowing case C1. FS: Feeding sheet; CWJ: clockwise vorticity from spanwise jet; CCWJ: counterclockwise
vorticity from spanwise jet; TV: tip vortex; SV: secondary vortex (counter-rotating to TV).
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3) The numerical validation of spanwise blowing with
experimental velocity profile measurements showed good agree-
ment.

4) The effect of spanwise blowing was to reduce the magnitude
and development of the tangential momentum. The mechanism
behind this effect appears to be the interaction of a pair of counter-
rotating vortices generated at the jet exit with the feeding sheet of
vorticity. This also results in a heightened axial velocity deficit,
which also contributes to a radial transport of tangential momentum.
The resulting tip vortex was found to be much more diffuse
compared with the baseline case with no blowing.

5) Using moderate blowing ratios up to 30% reduction in peak
swirl velocity was achieved with a marginal performance penalty.
Although the details of the internal jet flow were not addressed,
results suggest that concept holds promise as an effective vortex
control strategy.
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Recommendations for Future Work

The extremely complicated nature of the flow, especially during
the vortex formation is a prime example of nonequilibrium flow
(such flows are characterized by multiple length scales and/or a
significant imbalance between production and dissipation). In
addition, streamline curvature and anisotropic effects [20] also seem
to be important. Current day RANS models, especially linear eddy
viscosity-based models, are not capable enough to address these
issues in a comprehensive manner. Therefore, a primary suggestion
for the continuation of this work would be to use the methodology
with more advanced turbulence models such as the second moment
closure (SMC) models. It has to be mentioned, however, that though
SMC models have been demonstrated to be superior in some specific
situations [31,36], they have not shown sustained improvement over
the linear eddy viscosity models [37]. In addition, the complexity of
these models and the associated computational stiffness has limited
the range of their application.

When one considers real applications for spanwise blowing, it
remains to be seen whether the current mass flow requirements are
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practical. An alternative approach could be to bleed flow from the
leading edge, as has been accomplished experimentally [26]. A more
detailed study could involve using overset meshes to model the
internal details of the bleeding process or even the plenum chamber
in the experiment of [27].
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