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Summary

This paper presents an application of CFD methodol ogy based on the unsteady Reynolds-Averaged
Navier-Stokes (RANS) equations with a k& — w turbulence model for the prediction of vortical
flows involving vortex breakdown. A variant of the k-w turbulence model is applied that avoids
excessively high eddy viscosity in the vortex cores. Time-accurate simulations are performed for
subsonic flow around the ONERA 70 degree delta wing at an angle of attack of 27 degrees. Two
non-dimensional time steps of different order of magnitude, are used. Both simulations predict
vortex breskdown. The smaller time step leads to a self-sustained oscillation. Computational
results are compared with the experimental data, and discussed in terms of pressure coefficient,
velacity and vorticity components, and turbulence kinetic energy distributions on the crossflow
planes and on the longitudinal plane along the vortex core. A Fourier analysisresultsin aspectrum
with adistinct frequency peak of the Strouha number approximately equal to 9.
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Nomenclature

pressure coefficient

skin friction coefficient

wing root chord

frequency (Hz)

Turbulence kinetic energy

vortex core sensor

Strouha number

x-component of the velocity
y-component of the velocity
z-component of the velocity

axes of the Cartesian coordinate system
magnitude of the free-stream velocity

angle of attack

local non-dimensional spanwise coordinate
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1 Introduction

Leading edge vortices are dominant phenomena in the flow around modern high performance
fighter aircraft. While vortices are advantageous in augmenting lift by creating high suction fields
above the wing, the phenomenon called vortex breakdown can lead to severe problems. Unsteady
vortex breakdown raises serious aeroel astic concerns due to problems such as buffetting, especialy
for aircraft with twin vertical tails. Ventral finsimmersed in abursted vortex field experience buffet
loads that may lead to early structural problems related to fatigue. Flow unsteadiness caused by
vortex breakdown also affects the flutter speed and the magnitude of limit cycle oscillations.

From the performance point of view, leading edge vortices are instrumental for maneuvering in
high angle-of-attack regimes. The onset of vortex breakdown, however, determines the maximum
vortex-induced lift that can be attained during such maneuvers. Vortex breakdown initiates a
process that reverses the angle-of-attack trends of the force and moment coefficients. Stability
and control issues follow, as asymmetric vortex breakdown over the wing potentially initiates roll
instabilities which can lead to departure from controlled flight, and drastic trend reversal in the
longitudinal and lateral stability derivatives reduce the control authority. For aircraft with twin
vertical tails, a bursted vortex impinging on a vertical fin deteriorates the effectiveness of the
rudder.

A good understanding of the susceptibility to departure, the departure motion itself, and an accu-
rate assessment of agility potential of modern high performance aircraft are critical to flight safety
for which the risk of losing aircraft and/or pilot in combat situation must be minimized (Ref. 1). A
challenging task is to estimate departure boundaries (Refs. 2, 10) accurately by means of simula-
tions based on Computational Fluid Dynamics (CFD). Thistask is particularly relevant as modern
fighter aircraft design allows penetration into extreme flow conditions characterized by high angles
of attack and high angular rates. CFD methods account for strong non-linearities involved in such
extreme flow conditions, and facilitate the eval uation of departure criteriain terms of stability and
control derivatives covering non-linear flow regimes (Refs. 14, 5). A thorough assessment of the
stability and control properties, however, can be obtained by complete simulation of the aircraft
motion through coupling CFD methods and Flight M echanics methods.

Both the advantages and the risks involved with leading edge vortices in high angle-of-attack flow
regimes have motivated numerous experimental, theoretical and numerical investigations. Within
the task group RTO-AVT080 Vortex Breakdown over Sender Wings an opportunity is provided
to assess CFD capability to calculate vortical flow experiencing vortex breakdown on the basis
of available experimental data (Refs. 11, 12). Accurate simulation of vortical flows experiencing
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vortex breakdown is important, because the captured characteristics of the breakdown determines
in a global way the pressure distribution over the wing surface and, thus, the aerodynamic force
and moment coefficients.

This paper presents an application of CFD methodol ogy based on the unsteady Reynol ds-Averaged
Navier-Stokes (RANS) equations for the prediction of vortical flow involving vortex breakdown.
Modelling based on RANS equations assumes a clear separation of the time scales of the vortex
breakdown and the turbulence unsteadiness. The present choice for the RANS method has been
made under constraints of the available computational resource, whilst a RANS simulation pro-
vides results that can be contrasted with those to be obtained using a higher fidelity modelling
given by ahybrid RANS/LES method (Ref. 7).

A variant of the k-w turbulence model is applied that avoids excessively high eddy viscosity in the
vortex cores. Time-accurate simulations are performed for subsonic flow around the ONERA 70
degree deltawing at an angle of attack of 27 degrees. Computational results are compared with
the experimental data.
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2 Flow modélling

Subsonic flow around a half-span configuration of the ONERA 70 degree delta wing with sting
(Ref. 11) is considered. The delta wing has a flat surface on the leeward side where the leading
edge vortices occur. The wing root chord is 950 mm. The unsteady Reynolds-Averaged Navier-
Stokes (RANS) equations are employed in aflow domain discretized by structured grids. The flow
domain around the wing/sting configuration is divided into 50 blocks of structured grids. Figure 1
gives an impression of the flow domain topology in the near-field and the structured grids on the
wing surface, a crossflow plane and the symmetry plane. In total, the flow domain around the
half-span configuration contains 3,694,080 grid cells, with 160 cells a ong the wing chord and 144
cells along the wing span over the upper surface.

A caoricaly perfect gas relation, the Stokes' hypothesis for a Newtonian fluid, and the Suther-
land’s law for the dynamic molecular viscosity are assumed to hold throughout the flow field. The
Boussinesqg assumption is used for the formulation of the Reynolds stress tensor using the concept
of eddy viscosity.

No-dlip and adiabatic wall boundary conditions are applied on the solid surfaces. In the experi-
ment, atransition trip is applied at 40% chord aft of the wing apex. However, during the simulation
turbulent flow over the wing surface is enforced, allowing non-zero eddy viscosity in the vortex.
The reason for this treatment is that the interfaces separating the regions of the boundary layer,
the vortices, and the shear layers emanating from the leading edge, cannot be exactly identified,
so that a proper zonal modelling cannot be arranged. In addition, it is considered that while the
boundary layer may be laminar upstream of the transition trip, it is not clear whether the leading
edge vortex and the shear layers are also laminar, as turbulence may aready be generated in the
shear layers and fed into the vortex.

For the determination of the turbulence kinetic energy and the eddy viscosity, a variant of the
Wilcox k-w turbulence model is applied, with the free-stream dependency and the singular be-
haviour near solid walls resolved (Refs. 6, 8). The turbulence-model equations and the mean flow
(RANS) eguations are solved simultaneously for the mean flow variablesusing NLR’'s CFD system
ENFLOW (Ref. 3). The spatial discretization employs a cell-centered finite volume scheme. For
the mean flow equations, Jameson-type artificial dissipation fluxes are added consisting of blended
first and third order differences with a pressure-based shock sensor. The artificial dissipation terms
areimplemented with matrix coefficientsto enhancethe accuracy . For the turbulence-model equa
tions, artificial diffusive fluxes are also defined using blended first and third order differences, with
the scaling factor given by the eigenvalue of the convective flux in the turbulence equations.
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It iswell known that standard RANS methods produce high levels of eddy viscosity in the vortex
core giving excessive dissipation. For these methods, the details of the vortex core are lost and
low suction peaks with wide vortex bases are a characteristic of the solution. As a remedy, a
modification to the k-w turbulence model is applied. A parameter r is used to detect vortex cores.
This parameter is the ratio between the magnitude of strain-rate and vorticity tensor. In shear
layers, the velocity gradient is dominated by the gradient in the normal direction, which gives
r =~ 1, while in vortex cores r < 1 where the flow experiences pure rotation. Based on this
parameter the production of turbulencekinetic energy islimited in vortex coresthrough apromoted
production of the dissipation rate. This approach has proven to be effective in producing suction
peak profilesin good agreement with those of experimental data (Refs. 4, 15).

For time-accurate simulations, a second-order dual-time stepping scheme is applied, using a five-
stage explicit Runge-Kutta scheme for each physical time step and accel eration techniques such as
local-time stepping, implicit residual averaging and multi-grid. The source termsin the turbulence
equations are treated explicitly using a separate time-step for efficiency.
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3 Reaults

The subsonic flow around the delta wing is defined by a Mach number M = 0.069 , an angle
of attack o = 27 degrees, and a Reynolds number Re = 1.56 millions. As alow Mach number
is involved, global low-Mach preconditioning was applied (Ref. 9) to the system of equations
during the simulation. The free-stream velocity U, is 24 m/s. As afirst test, a steady simulation
was performed using the free-stream velocity as an initial solution. The residuals reached a level
showing a limit-cycle behaviour. The pressure contours on the wing surface were observed. This
observation and the occurrence of the limit-cycle behaviour of the residuals gave aclear indication
of vortex breakdown occuring in the flow field.

The frequency spectrum associated with vortical flow containing vortex breakdown can be con-
sidered as consisting of three modes having different characteristic frequencies: the axial, the
azimuthal and the radial mode. Initially, constraints on the computational resources did not allow
the use of atime step to enable the resolution of the complete spectrum covering all these modes.
Thus, for the time-accurate simulation, a relatively large time step was selected, aimed at a low
frequency mode of approximately 1 Hz. This frequency corresponds to a self-sustained oscilla-
tion of the vortex breakdown location observed in the experiment. A non-dimensional time step
At* = 0.1 based on the wing chord and the free-stream vel ocity was determined. The free-stream
state was taken as theinitial state for the time-accurate simulation.

Figure 2 illustrates the time history of the surface pressure distribution. Already at time step
t* = 0.3, astructure consisting of primary and secondary vortices can be recognized in the surface
pressure contours. The suction peak region expands until the primary vortex breaks down at
t* = 1.3 at alocation z/c ~ 0.6. Immediately after the onset of breakdown, this location moves
rapidly upstream until ¢* = 7.2 reaching /¢ = 0.28, and subsequently moves slowly downstream
as the flow becomes less unsteady. Finally, the flow reaches a steady-state at t* = 25.6 with the
vortex breakdown location converging to alocation /¢ = 0.38.

Expecting that a smaller time step would be able to resolve unsteady phenomena, the simulation
was continued (starting from the last available solution) with the non-dimensional time step equal
to as small as 0.001. This continuation did not give rise to any unsteadyness. For completeness,
a steady computation was performed starting with the same solution. This steady computation
also did not give any indication of unsteady flow phenomena. The resulting steady-state solution
is very close to the initial one, and therefore it can be interpreted as representing the asymptotic
solution. It can be concluded that alarge time step leads to a genuine steady-state solution of the
time-dependent RANS equations. Apparently, too large a time step damps out higher frequency
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modes. Indeed, during the time-accurate simulation, significant unsteadiness of high frequency
components was observed in regions downstream of vortex breakdown, but the magnitude of this
unsteadiness was strongly decreased in time. This confirms that the high frequency modes are
responsible for the self-sustained oscillating phenomena of vortex breakdown.

In the subsequent simulation, a non-dimensional time step following a baseline (Ref. 13) At* =
0.0025 is chosen, and the flow is recalculated starting from the free-stream. A self-sustained
unsteady flow solution is evident after the transient appears to have decayed in t* = 2.25 time
steps. The simulation is performed up to ¢* = 6.5. It is realized that the period of the lowest
frequency has not yet been covered. Nevertheless, the amplitude of the high frequency mode is
sustained. The instantaneous breakdown location consistently stays in the range of 67-75% chord
from the apex after the onset of breakdown, in contrast to the strong shift found with the large time
step of 0.1.

Figure 3 shows a power spectrum of the normal force coefficient, depicting the PSD power versus
the Strouhal number resulting from the psd function of MATLAB. The figure shows a dominant
peak corresponding to St =~ 9 (f ~ 200Hz). A DES computation (Ref. 13) for an isolated delta
wing of the same geometry and flow condition captures a frequency of St ~ 8. Apart from the
different flow modellings, the difference may also be attributed to the sting taken into account in
the present computation.

The time-averaged surface C), contours are compared with those of the experimental results in
Figure 4. In general, the pressure levels and the patterns are quite similar. A closer look is
given in Figure 5 depicting C), values at the location of the pressure taps. The suction peak
of the primary vortex is evident. The secondary vortices can be identified in the computational
results as small suction peaks near the leading edges. Good agreement is shown up to 40% chord.
Aft of this location, the computational suction peak decreases rapidly in comparison to that of
the experiment. A possible explanation is that there is no local bunching of the grid within the
vortex. The crossflow-plane resolution follows the leading edge sweep giving a coarsening effect
significant enough to loose the physics of the vortex core. The higher pressurein the computational
results in the wing centerline area can be attributed to the turbulent boundary layer.

The skin friction distribution and patterns of the limiting streamlines are shown in Figure 6, which
agree well with the experimental surface oil flow patterns, showing clearly a structure containing
secondary vortices.

Figures 7 and 8 show distributions of the axial velocity component of the time-averaged solution
on the crossflow planesat =/c = 0.53,0.63,0.74 and 0.84, and on alongitudinal plane aong the
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vortex core. Vortex breakdown occurs at z/c ~ 0.74, which is determined by the criterion of zero
axial velocity in the vortex core. A recirculating zone downstream of the breakdown is clearly
indicated. Compared to the experimental data (Figure 9), the deceleration across the breakdown
is mild and the magnitude of the reversed velocity in the recirculating zone is rather small. The
numerical solution gives less sharp flow feature. The streamwise grid resolution, in combination
with the crossflow-plane resolution discussed above, can be made responsible for this ”smeared”
result. Higher grid densities should be used in the range of 60-80% chord covering the shift of
breakdown location.

Figure 10 presents contours of the transversal (v/U,) and normal velocity components (w/U,)
on the crossflow planes, respectively. The contours show gradient drops around the vortex core
across the onset of vortex breakdown. The genera trend is similar to the experiment, noting that
the ssmulation gives reduced velocity magnitudes and gradients and less compact vortex. The
normal and transversal locations of the vortex core, defined by the positions where there are sign
reversal of the velocity components, agree with those indicated in the experiment.

Figure 11 shows the crossflow distributions of the axial component of the vorticity. Like in the
experimental data, two systems can be identified having opposite signs of the vorticity. The first
system contains the shear layer and the primary vortex with positive vorticity, whilst the second
system contains the boundary layer and the secondary vortex with negative vorticity. The shear
layer feeds vorticity into the primary vortex, while the boundary layer feeds vorticity into the
secondary vortex. Across the vortex breakdown location the vorticity inside the primary vortex
core is significantly dissipated. The vorticity level inside the shear layer hardly changes. Apart
from the high vorticity inside the vortex (upstream of breakdown) and pockets of eddies trailing
from the shear layer (Figure 12) which are not captured by the simulation, the axial vorticity levels
after breakdown are roughly the same.

The azimuthal vorticity is shown in Figure 13 on the longitudinal plane along the vortex core.
The colouring in the upper picture matches that shown in Figure 14 used for the experimental
result. Similar but less compact flow features are revea ed, while the computational vorticity level
is significantly lower than that of the experiment.

Figure 15 shows the predicted turbulence kinetic energy. The turbulence intensity in the vortex is
one order of magnitude less than that of the experiment. The solution features arelatively laminar
vortex core, whilst there is a significant production of turbulence across the breakdown location
in the vortex core. The low-turbulence vortex coreis apparently aresult of the modification of the
turbulence model in the vortex core. This modification controls the production of the turbulence
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kinetic energy through promoting the production of the dissipation rate. Although the control
mechanism is dynamic in the sense that the turbulence kinetic energy is not limited to a certain
level, it can be considered as too aggressive, as a reasonable agreement is till achieved in the
traces of the shear layer where the control is not present.

Figure 16 presents an instantaneous and the time-averaged iso-surfaces of the total pressure loss.
Two surfaces are shown, where the one with the lower value (yellow) effectively enclosesthat with
the higher value in red. Downstream of the breakdown location, the instantaneous surface clearly
indicates the spiraling characteristics stretching downstream.
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4 Conclusions

Time-accurate simulations of a vortical flow around the ONERA 70 degree delta wing have been
performed. Two non-dimensional time steps of different order of magnitude, 0.1 and 0.0025, have
been used. Thelargetime step has resulted in a steady-state solution containing vortex breakdown.
In reaching the steady-state, high frequency components are observed in the flow field with the
magnitudes rapidly decreasing in time. This confirms that a high frequency mode is responsible
for the oscillating phenomena of vortex breakdown.

A physically meaningful solution has been obtained by the small time step, where a self-sustained
oscillation is evident. The results have been compared with the experimental data. The char-
acteristics across and downstream of vortex breakdown observed in the experimental data are
qualitatively well reproduced by the simulation but to a lesser extent quantitatively. This may be
inherent to physical modelling involved in the RANS equations. However, insufficient spatial grid
resolutions, both in the crossflow planes and in the streamwise direction, may also be held respon-
sible for the discrepancies, as suggested by a very good agreement in the pressure distribution up
to 40% chord where the grid density isrelatively high.

An unsteady RANS (URANS) simulation assumes a clear separation between the time scale of
the main unsteady feature to be captured and the turbulence time scales. The current application
lacks such a separation of scales between the unsteady vortex breakdown and the turbulence.
Alternatively, one could consider the current simulation as an LES with an excessively high level
of eddy viscosity, with exception of the vortex core, where the level of eddy viscosity has been
effectively reduced. To improve the current results, simulations will be performed with a hybrid
RANS/LES model (Ref. 7).
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Impression of the flow domain topology and computational grids.

Fig. 1
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Fig. 2  Computational time history of C,, contours leading to a steady-state obtained with a large
time step (At* = 0.1).
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Fig. 3 Computational power density spectra of the normal force coefficient.

Fig. 4 Computational and experimental time-averaged C,, contours.
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Fig. 5 Computational and experimental spanwise C,, distributions.
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Fig. 6 Computational surface Cy contours and limiting streamlines compared with the experi-
mental oilflow pattern.

Fig. 7 Computational crossflow distribution of the axial velocity
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Fig. 8 Computational longitudinal distribution of the axial velocity
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Fig. 9  Experimental longitudinal distribution of the axial velocity
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Fig. 10 Computational crossflow distributions of the transversal (v/U, and normal (w/U,) ve-
locity.
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Fig. 11  Computational crossflow distributions of the axial vorticity component.
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Fig. 12  Experimental crossflow distributions of the axial vorticity component.
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Fig. 13 Computational longitudinal distribution of the azimuthal vorticity component.
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Fig. 14  Experimental longitudinal distribution of the azimuthal vorticity component.
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Fig. 15 Computational crossflow distributions of the turbulence kinetic energy.
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Fig. 16 Computational iso-surfaces of the total pressure loss.



