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6.4 Large-Eddy Simulations of Wake Vortices in Ground Proximity and Crosswind

Anton Stephan, Takashi Misaka, Frank Holzapfel
Institute of Atmospheric Physics

Results from large eddy simulations of the wake vortex behaviour in ground effect with turbulent cross-
winds are presented. We have conducted wall-resolved and wall-modelled simulations at different
Reynolds numbers to investigate the Reynolds-number dependency. Vortex displacement and decay
has been validated with experimental data. In order to understand wake vortex decay mechanisms in
ground proximity the interaction of primary and secondary vortices is thoroughly investigated. Obstacles
at the ground surface are introduced to trigger rapid vortex decay.

Introduction

The interaction of a two-vortex system with the ground using numerical simulations has been investigat-
ed so far with different approaches. Either wall-resolved direct numerical simulations (DNS) [2], or large
eddy simulations (LES) [4] have been employed. For wall resolved simulations not only DNS but also
LES is limited by the Reynolds Number, Re = I'y/v, and has been realized for a maximum Re of 20000.
Another possibility is to use wall-modelling functions [18], which allows considering realistic Reynolds

numbers up to 10. Similar as [4] we have conducted wall-resolved LES at a Reynolds number of Re =
23130. Using a wall model we have further performed wall-modelled LES with Re = 231300.

In contrast to vortices at higher altitude vortex decay in ground effect is not only influenced by ambient
turbulence but also by the interaction of secondary vortices detaching from the ground with the primary
vortices. Here instabilities of secondary vortices play a significant roll. In contrast to the short-
wavelength instability, reported in [4], we find that vortex decay is driven by the formation of omega-
shaped secondary vorticity structures which themselves are triggered by the longitudinal streaks devel-
oping in the boundary layer flow close to the ground surface. Even more efficient vortex decay can be
achieved by imposing dedicated obstacles at the ground plane that trigger the formation of powerful
secondary vorticity structures.

In order to provide a realistic environmental flow, we first establish a three-dimensional unsteady cross-
wind. This way we introduce time dependent velocity fluctuations modelling the atmosphere physically.
The time-averaged stream-wise velocity of the wind at the initial vortex height is set to the initial vortex

descent velocity V, =T,/ 27b, .

The presence of the ambient wind induces a boundary layer with negative vorticity. In contrast to classi-
cal considerations without wind this causes an asymmetric situation. The sudden eruption of wall vortici-
ty is faster and more intense for the downwind vortex where the wind shear and the secondary vorticity
have the same sign, but is attenuated for the upwind vortex. In the simulations temperature effects are
not taken into account.

Theoretical Background

As the crosswind tends to be three-dimensional, unsteady and turbulent pre-simulations are required to
generate it. Prescribing a vertical profile following the universal logarithmic law and imposing a stream-
wise pressure gradient the wind flow is driven through the computational domain. In this setting the flow
can be considered as a turbulent half-channel flow with the domain truncated in the middle of the chan-
nel, where a slip condition is applied. Here we shortly repeat basic properties of the channel-flow (e.g.
[3], [13]). Let & denote the channel half height and consider the following quantities as averaged in
time.
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For the boundary layer approximation the Navier-Stokes equations yield 7, = —¢ -dp/dx, with constant
pressure in wall-normal direction. The wall friction velocity is defined by u_= (TW/p)“z. This gives us the

normalized values u* =u/u, z"=zu /v and an intrinsic Reynolds number Re_ =u /v . The bounda-
ry layer of a turbulent flow has now three characteristic parts:

region velocity law
viscous sublayer z" <10 u(z')=z"
transition layer 10<z" <35
logarithmic layer 35<z” u*(z*)==<log(z")+B,

with experimentally determined constants x=0.41 and B=551na fully developed flow each region has
its own flow field characteristics. The viscous sublayer is shaped by coherent structures, so-called near-
wall streaks (e.g. [10]). For Reynolds numbers Re_ <1000 this near-wall streaks are proven to have a

spanwise spacing of A” ~100. To resolve the viscous sublayer wall-resolved LES requires a stretched

mesh in wall-normal direction, with Z " min < 1. For realistic Reynolds numbers this is not feasible, there-
fore a wall model is needed. We employ a wall model based on the logarithmic law, to establish realistic
velocity profiles, also known as the Grotzbach model (e.g. [5]).

Obstacles are simulated by adding a drag force source term, du; /ot = —CD|u|ui , to the Navier-Stokes

equations with a high drag coefficient in the region of the obstacle.

Numerical Set-up
Initial Vortex Pair

The fully rolled-up wake vortex is initialized by a pair of counter rotating Lamb-Oseen vortices. It is char-
acterized by a circulation of T, =530 m?s, a vortex core radius of r, = 3.0m and a vortex separation

b, = 47.1 m. The Reynolds number is set to Re =T, /v =23130, with v =2.29-10" m?s in the
wall-resolved cases and Re =T, /v =231300, v = 2.29-107° m%s in the wall-modelled case. The
velocity scale is based on the initial descent velocity of the vortex pair V, =T, /270, =1.79 m/s. This
defines the non-dimensional time t* = t\g_z with bo/V = 26.3 s. For computing the initial vortex induced
velocity at each point of the domain, six image vortex pairs in spanwise direction and two mirror vortices
in the direction perpendicular to the ground are taken into account.

Computational Domain and Numerical Method

The dimensions of the computational domain are Ly =192 m in axial or longitudinal, Ly, = 384 m in
spanwise or lateral, and L, = 144 m in vertical directions, respectively, see Figure 1. The initial height of

vortex pair is set to h, =b,. We impose periodic boundary conditions in the x and y directions. A no-

slip condition is set at the ground at z =0 and a slip condition at the top at z = 3b,.

The number of grid points are N, = 256, Ny = 512 and N, = 256, resulting in 33.5 million of grid points. In
the vertical direction the mesh is stretched geometrically from ground to the initial height of the vortices
and remains equidistant further up.
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Figure 1. Sketch of the computational domain with boundary conditions and the initial vortex pair.

The mean cross-wind Uy(z) is driven by a pressure gradient of dp/dy = 5.9-:10° N/m®. With a friction ve-
locity u_ = 8.414-1072m/s as reference we obtain z' i, = 0.55, hence, the the first layer above ground is

at Znin = 0.15 m and we can guarantee to resolve the wall in the LES, at least for the cross-wind driven
boundary layer.

We impose three different types of obstacles at the ground surface which are all oriented in the y-
direction. The first case employs a barrier with a quadratic cross section of 9 m x 9 m; followed by a
case with 3 barriers with reduced heights of 6 m and widths of 9 m separated in X-direction by bq. Finally,
we impose 3 sinusoidally shaped barriers (along x) with a height difference (two times the amplitude) of
9 m and a wave length of by,

The LES is performed by using the incompressible Navier-Stokes code MGLET developed at Tech-
nische Universitdt Minchen [14]. The momentum equation is solved by a finite-volume approach with
the fourth-order finite-volume compact scheme [12, 6]. A Lagrangian dynamical subgrid-scale model is
employed [15]. The simulation is performed in parallel using 1024 processors dividing the domain into
8x16x8 parts.

Results
Flow phenomenology

When the vortex pair descends it induces a vorticity layer at the ground (see Figure 2). Crosswind also
induces vorticity close to the ground, which has the opposite sign as the boundary vorticity layer of the
upwind vortex and the same sign as the vorticity layer of the downwind vortex (cf. Figure 7 below). As a
consequence vorticity layers generated by the wake vortices become unequally strong and the upwind
and downwind vortices behave asymmetrically. The magnitude of the wake-vortex induced vorticity layer
is growing leading eventually to separation and the generation of counter-rotating vortices, first at the
downwind and then at the upwind vortex. Then the secondary vortices rebound and start to interact with
the primary vortices, which we will discuss later in detail. We also observe a roll-up process of the turbu-
lent structures of the wind boundary layer while these disappear at the ground between the vortices.

Trajectories and Decay

The primary and secondary vortex centres are tracked detecting local pressure minima and extreme
values of vorticity. The averaged vortex core trajectories can be seen in Figure 3 together with predic-
tions of the deterministic and probabilistic two-phase wake vortex decay and transport model (D2P,
P2P) [7].
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Figure 2. Visualisation of the flow field using iso-surfaces of ||a)||b§ IT, =5 and0.5at t" =1.24s.

The averaged normalized wake vortex trajectories P2P/D2P prediction

closest distance to the 3 T T T T T T 10 T 1 T T T
. . upwind D2P — P2P 2¢

ground of the primary vorti- downwind D2P — PSP 36

ces is 0.49 for the upwind 25 g UDW!"g tEg — 1 8 7
and 0.57 for downwind vor- ownwin
tex. Lidar measurements at 2r 7 6

Frankfurt airport [9] indicate
average altitudes of 0.525 N
and 0.62, respectively, in
corresponding situations [9].
Lateral displacement of the
primary vortex trajectories
has been analysed in [19], it

1 1 1 1 1 1 1 1 1 1 1 1 1 1
scatters around a median of 00 1 2 3 456 7 8 720 1 2 3 4 5 6 7 8
3.2 at average vortex ages of t* t*
t* = 3. The LES provides Figure 3. Evolution of normalized vertical and lateral positions.
exactly a lateral displacement Results from simulations (black and orange) compared with predic-
of 3.2 at atime of t*=3. tions from D2P and P2P wake vortex model.

As a common measure of the

vortex intensity for aircraft with a wingspan around 60 m we first consider I's.;5 = 0.1 J'Slsr‘(r)dr for

primary and T's for the secondary vortices, where T'(r) denotes the circulation distribution in a disk of
radius r centred in the vortex core. The evolution of these quantities is shown in Figure 4. It is worth
mentioning, that in spite of the rapid decay between t* = 1.5 and 3 the core radius of the primary vorti-
ces is shrinking temporarily, see Figure 4, right.

Wake Vortex Decay Mechanism

In contrast to the decay mechanisms away from ground, which are driven by atmospheric turbulence
and thermal stratification [16], [8], the origin of turbulence in our case is the no-slip condition at the
ground, i.e. the strong shear established between the free crosswind flow and the zero velocity directly
at the ground surface. The counter-rotating secondary vortices finally develop into relatively strong tur-
bulent structures causing rapid decay. Figure 5 shows how those secondary vorticity structures (SVS)
develop from the ground effect vortices on both upwind and downwind vortices at different times. To our
knowledge, the origin of this kind of instabilities was not well documented and explained so far.
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Figure 4. Evolution of vortex circulation for primary and secondary vortices (left) and core radius (right)

Figure 5. Iso-surfaces of vorticity magnitude ||a)|| = 1.5/3, coloured by vorticity in span direction

at t* = 1.43 viewed upstream (left) and at t* = 1.81 viewed downstream (right)

The unstable SVS wind around the primary vortex and form so-called omega loops that induce them-
selves a propagation speed towards the primary vortex. This self-induced approach speeds up and in-
tensifies the interaction with the primary vortices. The prominent role of secondary vorticity structures for
wake vortex decay is well known and has been analysed in detail in [8]. The formation of omega loops
from secondary vortices has been studied in [17]. Here we want to focus on the origin of these instabili-
ties.

A closer look at the velocity distribution at the ground, before imposing the vortex system reveals a
wave-shaped pattern of highly elongated structures, the so-called streaks seen in Figure 6, left. These
streaks correspond to regions of high velocities oriented in span direction (along uy) in immediate ground
proximity. Regions of high crosswind velocity (gradients) and low crosswind velocity (gradients) at the
ground strengthen or weaken the roll-up process of the secondary vortices, respectively.

Crosswind velocity gradients induce vorticity of opposite _____
sign as the secondary upwind vortex and of the same —*
sign as the secondary downwind vortex (see Figure 7). ™
So a region of small vertical wind gradients at the upwind ~ *
secondary vortex and a region of high wind gradients at
the downwind secondary vortex both enforce the sec-
ondary vortices to detach earlier, as shown in Figure 6.
The shape and development of the omega loops is best visible in Figure 6 left below at the downwind
vortex, whereas the correlation of the boundary layer streaks and the omega loops is even more obvious
for the upwind vortex (see the red arrows in Figure 6, right).

2 C

Figure 7. Sketch of flow
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Figure 6. Iso-surface of vorticity magnitude HwH = 1.5/5 combined with (left) velocity at the ground at t* =

0 (top) and 1.53 (bottom) and (right) with iso-surface of velocity v=0.1 m/s (transluscent) at t* = 1.53
(top) and 1.81 (bottom); the lower vortex is the downwind (left) and the upwind (right) vortex.

As a consequence we may expect a one to one correspondence of the streak spacing of the crosswind
flow and instability wave length of the secondary vortices. The streak spacing has found to be A*= 100
in experiments ([1]) as well as in numerical simulations ([10]) for relatively small Reynolds numbers.
Reference [11] gives some mathematical evidence that A= 100 may also hold for high Reynolds num-
bers. Consequently, the wave length of the secondary vortices is highly dependent on the Reynolds
number, or in other words it is proportional to the molecular viscosity. This motivates us to perform some
LES with higher Reynolds number.

Higher Reynolds Number Flows

In a simulation with Re = 231300 and v = 2.29-10° m?/s we investigate how Reynolds number affects
the vortex decay. We impose a wall model based on the logarithmic wall law, to achieve the characteris-
tic velocity profile in the pre-simulation. Again we use a pressure driven flow with the same pressure
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gradient dp/dy = 5.9-10° N/m*® as before. As expected the turbulent SVS become much smaller and are
actually not too well resolved anymore, see Figure 8, left. The vortex decay at the 10 times larger Re
number appears to follow the same physics but is somewhat delayed and stabilises at a slightly higher
value, see Figure 8, right. This might be considered as a Re number effect but possibly could also be
explained with the insufficient resolution of the turbulent structures close to the ground.

I's.15/T and I's /Ty development
1.2 T T

2.3E04 upwind
‘ ) 2.3E04 downwind
L o 2.3E04 sec upwind %
k! 2.3E04 sec downwind =
08 3 2.3E05 upwind
. * 2.3E05 downwind
%, 2.3E05 sec upwind e -
06 e 2.3E05 sec downwind - -

i
T e,

04 | R e 4

02

Figure 8. Left: iso-surface of vorticity magnitude @] =15/s, coloured by vorticity in span direction, at t* =

1.66; right: evolution of vortex circulation for primary and secondary vortices for different values of Re.

Ground Obstacles

Different types of obstacles at the ground surface are introduced in order to trigger the formation of SVS
and to achieve premature vortex decay. All initial parameters of the cross-wind and the wake vortices
are taken from the wall-resolved LES at Re = 23130.

One barrier with quadratic cross section

After vortex initialisation secondary vorticity is generated rapidly at the top of the barrier, which subse-
guently detaches and develops a distinct loop, see Figure 9. The loop is stretched and winds around the
primary vortex forming an omega loop, approaching and immersing into the primary vortex. The process
follows the vortex stretching and tilting mechanisms explained in [8]. The geometrically induced SVS
travel along the primary vortices by self-induced velocity while they weaken the primary vortices effi-
ciently.

This simulation can be considered as a very clear illustration of the development of an SVS in the
crosswind situation. While in the turbulent cross-wind situation several smaller SVS develop from the
boundary layer streaks competing with less coherent turbulent structures, the obstacle (running parallel
to the cross-wind direction) triggers a very distinct large single unadulterated secondary vorticity loop.
Consequently, the different phases of its development can more clearly be distinguished in Figure 9.

Three barriers with different cross sections

Here we compare the influence of barriers with sinusoidal and squared cross sections. Three obstacles
are imposed separated by by along x. Figure 10 reveals that the flow characteristics are very similar for
smooth and polygonal barriers. Both simulations show similar results concerning the evolution of the
vortex intensity. All cases have in common that the geometrically induced instabilities weaken the prima-
ry vortices. In Figurell the development of I's.;5 is plotted for all three cases with obstacles compared to
the simulation with flat ground. The downwind vortices are fully decayed already between t* = 3 and 4
compared to the pure cross-wind case where the downwind vortex survives beyond simulation time.
Until t* = 3 the upwind vortices in all three cases with obstacles show similar decay characteristics, mul-
tiple obstacles, obviously, result in lower final circulations.
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Figure 9. Iso-surface of vorticity magnitude ||a)|| = 1.5/5, coloured by vorticity in span direction

att*=0.76, 0.91, 1.06, 1.21, 1.37, and 1.52, from top to bottom and left to right.

Conclusions

We conducted several LES to study the evolution of a counter-rotating vortex pair in ground effect with
cross-wind. The investigation of the decay mechanism reveals that the strongly deforming and unstable
secondary vortex structures trigger the rapid decay of the primary vortices. This motivated us to study
the origin of the instabilities, which can be either initiated dynamically by coherent structures of the
crosswind flow or geometrically by obstacles installed at the ground.

In the case with a flat lower boundary we found that the velocity streaks in the cross-wind flow close to
the surface support the formation of secondary vorticity and thus accelerate the detachment of second-
ary vortices from the ground which subsequently causes the generation of omega loops. These omega
loops approach the primary vortices driven by self-induced velocity and initiate the rapid decay in ground
proximity.

Because the wall-resolving LES limits the Reynolds number of the flow, we further have conducted a
simulation with a Re larger by a factor of 10. This forced us to model the near wall effects. The results
show that the described instabilities of the secondary vortices are more filigree leading to a somewhat
delayed vortex decay. Possibly, the employed wall model does not allow representing coherent small
turbulent structures close to the ground with sufficient resolution.
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Figure 10. Iso-surface of vorticity magnitude ||a)|| = 1.5/5, coloured by vorticity in span direction

att*=0.98, 1.06, 1.14, and 1.21. Left: square shaped barriers. Right: sinusoidal barriers.

Figure 11. Evolution of vortex circulation, LES with / without obstacles; uw/dw = up-/downwind vortex.

Finally, we imposed obstacles of different type and shape. This setup allowed the dedicated use of
properties of vortex dynamics to accelerate wake vortex decay in ground proximity with the following
characteristics:

e early detachment of strong omega-shaped secondary vortices

e omega shape causes self-induced fast approach of the primary vortex

e after the secondary vortex has looped around the primary vortex it separates and travels along
the primary vortex again driven by self induction
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e the dedicated secondary vortex connects to the regular ground effect vortex and thus obtains
continued supply of energy

e the highly intense interaction of primary and secondary vortices leads to rapid wake vortex de-
cay independent from natural external disturbances

In summary the introduction of obstacles at the ground supports the selective generation of secondary
vortices and smart utilisation of vortex properties in order to generate fast approaching and rapid
spreading of disturbances along the primary vortex leading to premature vortex decay in ground proximi-
ty. Optimal obstacle shape and assembly with regard to vortex decay and feasibility is still to be investi-
gated.
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