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Abstract

With this contribution to the AVT-113/VFE-2 task group it was possible to prove
the feasibility of high Reynolds number CFD computations to resolve and thus better
understand the peculiar dual vortex system encountered on the VFE-2 blunt leading
edge delta wing. Initial investigations into this phenomenon seemed to undermine the
hypothesis, that the formation of the inner vortex system relies on the laminar state of the
boundary layer at separation onset. As a result of this research, this initial hypothesis had
to be expanded to account also for high Reynolds number cases, where a laminar boundary
layer status at separation onset could be excluded. Furthermore, the data published in the
same context shows evidence of secondary separation under the inner primary vortex. This
further supports the supposition of a different generation mechanism of the inner vortical
system other than a pure development out of a possibly laminar separation bubble. The
unsteady computations performed on numerical grids with different levels of refinement
led furthermore to the establishment of internal guidelines specific to the DES approach.



Dissertation

The work presented here was carried out between September 2004 and September
2006 at the Department of Aeronautical and Vehicle Engineering at the Royal
Institute of Technology (KTH) in Stockholm, Sweden.

This licentiate thesis consists of two parts, the first part gives an overview of
the research area with a summary of the performed work that led to the appended
publications as well as some unpublished results. The second part collects the
published results in form of the following papers1.

Paper A. “Numerical Investigation of Reynolds Number Effects on a Blunt Lead-
ing-Edge Delta Wing”, Paper No. AIAA 2006-3001. Presented at the 24th AIAA
Applied Aerodynamics Conference, 5–8 June 2006, San Francisco, USA.

Paper B. “Initial Steady and Unsteady CFD Analysis of a Half-span Delta
Wing”, ICAS Paper No. ICAS 2006-P2.18. Presented at the 25th International
Council of Aeronautical Sciences, 3–8 September 2006, Hamburg, Germany.

Part of the work performed during this licentiate has been presented in various
occasions, including the AVT-113 task group meetings in context of the NATO
RTO/AVT symposia, FOI’s DESider Symposium on hybrid RANS-LES Methods,
14–15 July 2005 and SAAB’s Flygteknikseminarium, 18–19 October 2006.

Division of Work Between Authors

Paper A. Crippa performed the computations, wrote and presented the paper.
Rizzi supervised the work and contributed with valuable comments for the analysis
of the results.

1The appended papers have been reformatted to comply with this thesis’ style.
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Paper B. Crippa performed the computations, wrote and presented the paper.
Rizzi supervised the work and contributed with valuable comments for the analysis
of the results.
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Overview and Summary
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Chapter 1

Introduction

The physical understanding and exploitation of vortical flows around an aircraft has
challenged the applied aerodynamics community since the mids of the 19th century.
Vortical flows occur at several aerodynamic scales and can be induced by several
different phenomena. With the advent of the concept of sweeping an aircraft wing
to delay the onset of compressibility effects and thus achieve better high-speed
performance, non-linear vortex lift was soon identified as a useful application of
separation-induced vortex flows at high angles of attack. The contribution of the
non-linear vortex lift to the total lift of a slender, sharp delta wing is presented
schematically in figure 1.1.

Figure 1.1: Non-linear contribution of vortex lift to total lift[I.1]

In this work the emphasis is going to be set on high Reynolds number (Re), sep-
aration-induced, strong-interaction vortex flows, as opposed to other occurrences
such as embedded boundary layer vortices or trailing wake vortices. As character-
ized by Hoeĳmakers[I.2] these types of vortical structures usually are formed by
shear layer separation at the leading edge of highly swept wings or delta wings at
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high angles of attack (AoA). The roll-up of the shear layer at e.g. the apex of the
leading edge of a highly-swept delta wing develops downstream of initial separation
into a stable vortex, which is constantly fed by vorticity as it moves downstream
along the leading edge. This roll-up into a spiral-type motion forms a compact
vortex core, which due to the high velocity (and thus low pressure) and its vicinity
to the body surface leads to additional lift force on the body.

In the following dissertation, the term “vortex” or similar is going to be referred
to the aforementioned flow condition.

As the mechanism that generates these types of vortices is traced back to the
abrupt shear layer separation at the apex of the leading edge, in the past it came nat-
ural to simplify the models for studying the flow topology, by reducing the leading
edge bluntness to zero, leading to a sharp leading edge. This idealization has en-
abled in the past the detailed description of the phenomena associated with leading
edge vortices, such as the characterization of instability vortices in separated shear
layers or comprehensive studies on vortex breakdown, see e.g. Gursul[I.3]. Initial
studies were carried out mainly experimentally by Earnshaw[I.4] or Hummel[I.5],
to name a few.

Since the early stages, steps had been undertaken to mathematically describe
the fluid dynamics of vortical flows around delta wings[I.6] and with the advent
of computational fluid dynamics (CFD) and the availability of affordable, powerful
computational resources, an increasing number of studies have been carried out
computationally (numerically) by solving simplified potential equations[I.7] or the
Euler equations[I.8] up to the Navier-Stokes equations, which ultimately model all
significant flow details in practical aeronautical applications.

The restrain to a sharp leading edge, allows for the application of numerical
methods based on the Euler equations, as the vorticity generation along the leading
edge is mainly generated by the abrupt change in velocity vector at the leading
edge. The contribution to the total vorticity by the impingement of the viscous
layers from the upper and lower side at the leading edge is negligible.[I.9]

The high pressure gradients on the surface between the leading edge vortex and
the leading edge itself, may furthermore lead to secondary separation of the shear
layer underneath the primary vortex. This shear layer rolls up to form the so-called
secondary vortex, where the leading edge vortex is subsequently denominated pri-
mary vortex. The rotation of the secondary vortex is opposite to that of the primary
vortex. Hummel[I.5] has shown among others that the individual contribution of
these two vortices to the total vortex lift on a slender, sharp leading edge delta wing
can vary depending on the status of the boundary layer at separation. A laminar
state leads to a weaker primary and a stronger secondary vortex, compared to the
turbulent state, see figure 1.2(b)

The simplification from a blunt to a sharp leading edge is acceptable when
considering high angle of attack flows around slender delta wings. In this case, the
fully attached portion at the apex of a blunt leading edge delta wing is negligible
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(a) Schematic view of leading-edge (primary) vortex and secondary vor-
tex with upper-side surface flow directions[I.10]

(b) Flowfield dependen-
cy on boundary layer
state[I.5]

Figure 1.2: Flow over sharp-edged delta wing at incidence

and the two geometric configurations evidence similar flowfields. In the case of
ideally sharp leading edge delta wings, leading edge separation occurs even at small
angles of attack. But for blunt leading edge delta wings, the flow can be fully
attached at very low angles of attack, then by increasing the angle of attack above
a critical value, the leading edge vortex starts to develop from the wing tip/trailing
edge and progress further upstream when increasing the angle of attack. Eventually
at very high angles of attack, the leading edge separation reaches the apex.

The fully attached region can not be neglected where high bluntnesses are re-
quired by other design parameters, e.g. due to thermal loads on re-entry vehi-
cles[I.11] or when the performance of a delta-winged aircraft at low speeds and low
angles of attack has to be matched with the performance at high speeds and/or
high angles of attack.

With a part-span leading edge separation, the Euler equations (classically, the
default field method for the computation of sharp leading edge delta wings) are not
able anymore to model the system well, as the viscous effects of the wall bounded
flow on the pressure side are decisive for the development of attached or separated
flow on the suction side1. This is partly the reason why blunt leading edge delta
wing aerodynamics is recognized to be more dependent of Reynolds number than
sharp leading edge.[I.2]

Note that Euler solutions can predict separation from blunt leading edge delta

1The terms used to refer to the upwind side of a slender body are also windward or pressure
side; and the opposite, downwind side can also be referred to as leeward or suction side.
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wings. The reason for this is though not a correct physical modeling, but more
a secondary result of very high numerical dissipation near the leading edge.[I.2]
Nonetheless, early efforts to overcome these deficiencies of Euler based methods
have led to smooth-surface separation extensions.[I.12] These efforts have become
redundant essentially by the advent of cheaper computational resources, which
enabled the widespread use of Reynolds-averaged Navier Stokes (RANS) compu-
tational methods for assessing with higher accuracy the aerodynamic properties of
aeronautical bodies. On the other hand, these approximative methods could gain
momentum when the aerodynamic assessment of a delta-winged planform has to
serve a broader design aspect, e.g. for aeroelastic or conceptual design studies.

When Reynolds averaging is applied to the Navier-Stokes equations, the prob-
lem of turbulence closure is introduced. Further physical modeling is needed for
solving the under-determined RANS system. To account for the time-dependent
flow fluctuations that characterize the viscous effects, assumptions have to be made
regarding the unknown quantities in the equations. These unknowns appear as
correlations between the fluctuating quantities.

Today it is widely accepted that a universally valid turbulence model does not
exist. No present turbulence closure can acceptably model all turbulent flows that
are found in engineering. The development of every turbulence model is based on
problem specific assumptions and restrictions. To assess the impact of turbulence
closure on the solution of the RANS equations, it is established practice to test
various promising models on the same problem. In the following thesis, the pre-
sented comparison is limited to the most advanced two-equation turbulence model
— and an enhancement for rotating flows — available in the selected numerical
solver. Extended comparisons between all tested models are retained for clarity.

1.1 Second International Vortex Flow Experiment

The main target of the (first) International Vortex Flow Experiment[I.13] was the
validation of Euler codes by designing and performing appropriate wind tunnel
experiments. The necessity to study more extensively real applications of delta type
aircraft planforms had been recognized in the aftermath of this symposium. This
eventually led to the institution of the second international vortex flow experiment
(VFE-2)[I.14], which in conjunction with the cranked arrow wing aerodynamics
project international (CAWAPI) was organized into the NATO/RTO AVT-113 task
group. The main purpose of this task group is to validate new and existing CFD
codes and check their technology readiness level for the design and validation of
both manned and unmanned military aircraft, where the application of delta wing
planforms is common. The research pathway is thus to start evaluating modern
CFD methodologies on simplified geometries and subsequently validate the findings
on complex configurations.
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A sketch of the 65◦ sweep angle delta wing proposed by Hummel and Rede-
ker[I.14] for the VFE-2 facet is given in figure 1.3. This geometry had been already
used in a massive wind tunnel campaign in the National Transonic Facility (NTF)
at NASA Langley Research Center (LaRC)[I.15].

Figure 1.3: NTF/LaRC wind tunnel model, geometry description[I.16]

This configuration had been selected for the VFE-2 project, where only the
sharp (rLE/c̄ = 0) and medium radius (rLE/c̄ = 0.0015) leading edge geometries
were chosen for numerical and further wind tunnel evaluations. Within this work,
the medium radius leading edge geometry is also going to be referred to as blunt
leading edge.

So far, the participation in the AVT-113 Task Group has led to the investigation
of the subsonic characteristics of the sharp and blunt leading edge geometries. The
results of these investigations are summarized in the appended publications.



Chapter 2

Computational Methods

As briefly described above, methods based on the Euler equations are not adequate
for capturing consistently flow separation on blunt leading edge delta wings. To
maintain a practical application of the Navier-Stokes methods, pure large eddy
simulation (LES) and direct numerical simulation (DNS) are not feasible at the
high Reynolds numbers involved in practice. The use of hybrid RANS/LES meth-
ods[I.17] or high-fidelity turbulence models for the RANS equations is on the other
hand possible for modern aircraft configurations.

The CFD solver used throughout this study to solve the RANS equations on
the VFE-2 geometries is EDGE[I.18]. This unstructured, edge-based, finite volume
solver has been mainly developed by the Swedish Defense Research Agency (FOI),
with contributions from various academic research groups. The main purpose of
this thesis is not to give a deep insight into the numerics of the solver, modern
turbulence models or hybrid RANS/LES methods, but to give a motivation for
the use of certain physical models and to explain why other, theoretically superior
models, have not been consistently employed.

2.1 Explicit Algebraic Reynolds Stress Model

The Wallin and Johansson explicit algebraic Reynolds stress model (EARSM)[I.19]
coupled to the Hellsten k-ω[I.20] turbulence model has been extensively used in
this research. The reasoning behind the EARSM formulation, is that existing two-
equation models (and their implementation in computational codes) can be easily
expanded by replacing the linear Boussinesq hypothesis with a self-consistent, al-
gebraic approximation of the (anisotropic) Reynolds stress tensor. This approxi-
mation misses the time and space varying turbulence anisotropy relations included
in a full differential Reynolds stress model (DRSM), but it retains a locally cor-
rect description. Even though the approximation included in the EARSM model
is derived for the weak-equilibrium limit, i.e. where the turbulence anisotropy is

7
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assumed to be invariant in space and time, good agreement is achieved also for
non-equilibrium flows.

Curvature corrections (CC) can be furthermore introduced to improve the per-
formance of EARSM for e.g. fully developed swirling flows. The CC extensions
implemented in the solver are based on the rate of change of the strain-rate tensor
following the mean flow. The CC-EARSM method has shown substantial benefits
compared to the basic EARSM formulation in idealized conditions, but numerical
problems led to deterioration of the convergence rates in practical applications.[I.21]
This trend has been confirmed in the early stages of this work.

2.2 Detached-Eddy Simulation

Detached-eddy simulation (DES) by Spalart et al. [I.22] is probably the most widely
used hybrid RANS/LES method. Traditionally RANS models have been designed
and calibrated using mean flowfield parameters of turbulent boundary layer flows.
In these conditions, the turbulence model has to be fitted for a high number of
relatively small eddies, thus a mean value is justified. When a massive separa-
tion occurs, these turbulence model have difficulties to capture the relatively few
and ordered large scale turbulent structures. The modeling of these large scale,
three-dimensional, unsteady structures is then more accurate with LES, given an
appropriate numerical grid.

The switch from the RANS model — in DES, the one-equation Spalart-Allma-
ras[I.23] model — to a modified Smagorinski LES model, occurs where the distance
from the nearest wall is higher than a specific threshold value. This approach
enables to combine the advantages of both models for high Reynolds number, un-
steady, separated flows. Care has to be taken when discretizing the flowfield for
DES computations, as the switch from RANS to LES is dictated by the wall normal
distance and the local grid size.

A further advantage of this approach is that the eventual refinement of the nu-
merical grid in the LES region results in the resolution of finer turbulent structures
and thus improving the fidelity of the solution. This is quite different compared
to grid refinement for a steady or unsteady RANS computation, where the role of
the turbulence model is still important down to the fine-grid limit, whereas the
fine-grid limit of LES is a solution free of turbulence modeling errors, i.e. DNS.

2.3 Previous Best Practices

Within the AVT-113 group, numerical computations have been performed on the
CAWAPI configuration with the same solver as used in this research by Görtz and
Jirásek[I.21]. A result from the work by Görtz and Jirásek, was the postulation of
“best practices” for achieving good convergence behaviors on their specific compu-
tational grid. The main parameters impacting convergence stability were found to
be the multigrid settings as well as the numerical parameters coupled to the specific
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discretization scheme (second-order central or upwind) of the steady flow problem.
All settings are not reproduced here but it is worth to mention, that the main influ-
ence on convergence stability for the second-order central scheme was achieved by
decreasing the Courant-Friedrichs-Lewy (CFL) number for the coarse grids of the
multigrid sweeps (from 0.8 to 0.5) and by increasing the implicit residual smoothing
and the smoothing corrections parameters (resp. from 1.3 to 2.0 and from 1.5 to
3.0).



Chapter 3

Results and Discussion

Initially, a common grid for the sharp leading edge geometry with as few as 7
prismatic layers was made available to the task group members by the U. S. Air
Force Academy (USAFA) after conversion from a fully-tetrahedral NASA grid. On
this grid, the “best practices” as described in section 2.3 did indeed have a positive
influence on the solution convergence. When setting less conservative parameters,
convergence was rarely attained. Thus, a full comparison of various turbulence
models on the first grid was not always possible. For certain cases only a small
set of more robust turbulence models converged towards steady state, where with
other turbulence models the computations diverged.

It was recognized that the discretization of the viscous boundary layer with
locally only 7 prismatic layers was the main cause for the instabilities and thus a new
common mesh was made available by USAFA, which featured 19 prismatic layers.
The wall-normal grid spacing and expansion ratio were the same though, as the
same full-tetrahedral NASA grid was used as starting point for near-wall tetrahedral
cell collapse into prismatic cells. With this improved numerical grid, it was possible
to perform more sound comparisons. Not only between the curvature corrected and
the standard EARSM–Hellsten k-ω turbulence models, but also between the “best
practices” settings and less conservative settings.

3.1 Numerical Parameters

Comparing the two initial computational grids in respect to numerical parameters,
revealed a robust convergence when adopting the “best practices” recommenda-
tions on the grid with 7 prismatic layers. These settings were found to be too
conservative for the 19 prismatic layer grid. The typical convergence behavior on
a grid with a well resolved boundary layer (in this case 32 prismatic layers) is pre-
sented in figure 3.1. For this comparison, the only difference was the adoption of
the settings described in the “best practices” for the second-order central scheme
(figure 3.1(a). It is clear from this comparison, that applying the recommendations

10
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(a) “best practices” numerical settings (b) Improved numerical settings

Figure 3.1: Convergence history on the same 32 prismatic layers grid; EARSM
coupled to Hellsten k-ω; blunt LE, M=0.4, AoA=18.5◦, Re=6·106

given by Görtz and Jirásek to this kind of numerical grid leads to a waste of com-
putational resources, for achieving the same level of solution convergence. It has
to be stressed here again, that this comparison was not even possible for the first
USAFA grid. As mentioned before, following the guidelines given by Görtz and
Jirásek was mandatory to achieve convergence on this grid.

As the necessity arose to generate own numerical grids, when common grids were
not available, these findings were taken into consideration. The resulting numerical
grids featured an accurately resolved near-wall region. Thus the application of the
“best practices” was not needed for the computations on these grids.

3.2 CC-EARSM vs. EARSM

The convergence behavior for the two turbulence models on the 7 and 19 pris-
matic layer grids are presented in figure 3.2. Comparing figures 3.2(a) and 3.2(b),
reveals no significant difference between the two turbulence models. Overall, the
convergence is similar, although diverging, oscillatory residuals are noticed for the
CC-EARSM model on the second full multigrid level.

On the 19 prismatic layers grid, the difference between the two models are
substantial. EARSM shows a satisfactory convergence behavior where CC-EARSM
shows heavy convergence disturbances, especially on the coarser full multigrid levels.

When considering the axial vortex core velocity, it is clear that the CC-EARSM
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(a) CC-EARSM, 7 prisms (b) EARSM, 7 prisms

(c) CC-EARSM, 19 prisms (d) EARSM, 19 prisms

Figure 3.2: CC-EARSM vs. EARSM coupled to Hellsten k-ω; sharp LE, M=0.4,
AoA=18.5◦, Re=6·106
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model has a positive effect on the vortex core strength. See figure 3.3. The higher

Figure 3.3: Comparison of normalized axial vortex core velocity; CC-EARSM vs.
EARSM coupled to Hellsten k-ω; sharp LE, M=0.4, AoA=23◦, Re=6·106

vortex core velocity predicted with CC-EARSM does not translate into a delayed
vortex breakdown position. This seemingly paradoxal behavior could not be fully
explained. Experimental field measurements are not available yet but for this case,
vortex breakdown should occur at around 80% of the root chord. CC-EARSM on
the other hand showed a forward shift of vortex breakdown compared to EARSM
(by approx. 5%), presenting an adverse trend. The incorrect development of the
vortex core led to CC-EARSM predicting substantially the same integrated normal
force coefficient as EARSM. A stronger suction under the fully developed vortex
core was counteracted by a premature vortex breakdown. Both models underpre-
dicted the normal force coefficient for this case by approx. 15%.

Overall, the theoretical superiority of the CC-EARSM model was not matched
with sufficient numerical robustness and improved physical trends. Thus for all
further computations, that led to the publications presented in the second part of
this thesis, EARSM–Hellsten k-ω was selected as the main turbulence model.

3.3 Unsteady Computations

At the beginning of the project, a clear pathway was set to investigate some un-
steady characteristics of the VFE-2 delta wings. As the availability of unsteady
experimental data has been scarce, initial unsteady investigations had to be time-
averaged and compared with steady datasets such as surface pressure distributions.
Although other task group members have been performing numerical unsteady
computations, data exchange was limited.

An initial unsteady investigation was performed on the basic VFE-2 case (case
01); sharp leading edge geometry at 6 million Reynolds number, Mach number (M)
of 0.4 and an angle of attack of 18.5◦. The converged solution presented a weak
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spiral type vortex breakdown at approx. 94% root chord. This resulted in a lift
coefficient convergence to steady state as seen in figure 3.4(a). The time-averaged
flowfield showing the mean location of vortex breakdown and the pressure coefficient
on the pressure side of the delta wing is presented in figure 3.4(b).

(a) Convergence history (b) Mean surface pressure coeffi-
cient (Cp) on the leeward side; the
region of reversed flow is visible
above the trailing edge

Figure 3.4: DES run for case 01

Non-converged results for this case were included in the second publication.
This was taken into consideration and the discussion did not rely on absolute com-
parisons, but more on the qualitative conclusions gained from various DES compu-
tations.



Chapter 4

Conclusions and Outlook

Some of the initial computations and comparisons performed in the beginning of
this project have been presented here. The experience gathered during these initial
investigations has led to the results published in the appended papers.

The contribution of this work to the AVT-113/VFE-2 task group has proven
the feasibility of high Reynolds number computations to resolve and thus better
understand the peculiar dual vortex system encountered on the blunt leading edge
geometry. Initial investigations into this phenomenon seemed to undermine the
hypothesis, that the formation of the inner vortex system relies on the laminar
state of the boundary layer at separation onset. As a result of the data published
in the first paper, this initial hypothesis had to be expanded to account also for
high Reynolds number cases, where a laminar boundary layer status at separation
onset could be excluded. Furthermore, the data published in the first paper shows
evidence of secondary separation under the inner primary vortex. This further
supports the supposition of a different generation mechanism of the inner vortical
system other than a pure development out of a possibly laminar separation bubble.

The unsteady computations performed on numerical grids with different levels
of refinement led furthermore to the establishment of internal guidelines specific to
the DES approach. These guidelines have been taken into account for the set-up
of further, unpublished unsteady computations of the transonic (M=0.85) VFE-2
cases.

The author intends to continue the research in pursuit of the doctoral degree.
The effort in the context of the VFE-2 facet is going to continue towards the study of
high-Reynolds number investigations and possibly the expansion into low-Reynolds
number, transitional cases. To complement and validate this basic research effort,
full aircraft aerodynamic assessment is planned in the context of HISAC[I.24], a
research integrated project supported by the European Commission under the 6th

Framework.

15



Chapter 5

Summary of Appended Papers

5.1 Paper A

Numerical results are presented and discussed in this paper allowing a deeper and
more precise characterization of the unique double vortex system, which develops
on the VFE-2 blunt leading edge delta wing. CFD computations have been per-
formed for three Reynolds numbers (2, 6 and 60 million) at three angles of attack
(13.3◦, 18.5◦ and 23.0◦) for a fixed Mach number of 0.4. Leading edge primary
separation onset is shown to match best the available wind tunnel data at the
highest investigated Reynolds number of 60 million and at an angle of attack of
23.0◦. At this condition, the coupling between outer primary vortex attachment
line with the inner primary vortex separation line is clearly recognizable. Only if
the inner primary vortex strength is predicted well, the attached flow passing under
the inner primary vortex core is accelerated sufficiently to trigger (inner) secondary
separation. A strong coupling has been found between primary outer separation
onset and primary inner separation onset. This coupling is independent of local
bluntness and angle of attack, but it is shown to be dependent of Reynolds number
for the fixed relative bluntness examined here.

5.2 Paper B

The study presented in this paper is aimed at assessing the application of the
latest unstationary CFD method, Detached-Eddy Simulation (DES), to simulate
the flow-field around blunt leading edge delta wings. For this purpose, the VFE-
2 delta wing model was used to perform numerical investigations at a Reynolds
number of 6 million, Mach number of 0.4 and angles of attack of 18.5◦ and 23◦. As
the nature of this study is mainly exploratory, various numerical grids have been
used to assess the dependency of grid resolution. The results confirm the maturity
of RANS methods but also the problems of DES to predict free separation and this
model’s grid sensitivity.

16
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Numerical Investigation of Reynolds Number
Effects on a Blunt Leading-Edge Delta Wing

Simone Crippa∗ and Arthur Rizzi†

Abstract

Numerical results are presented and discussed in this paper allowing a deeper and
more precise characterization of the unique double vortex system, which develops on the
second International Vortex Flow Experiment (VFE-2) blunt leading edge delta wing of
65◦ sweep. Computational fluid dynamic (CFD) computations have been performed for
three Reynolds numbers (2, 6 and 60 million) at three angles of attack (13.3◦, 18.5◦ and
23.0◦) for a fixed Mach number of 0.4. Leading edge primary separation onset is shown to
match best the available wind tunnel data at the highest investigated Reynolds number of
60 million and at an angle of attack of 23.0◦. At this condition, the coupling between outer
primary vortex attachment line with the inner primary vortex separation line is clearly
recognizable. Only if the inner primary vortex strength is predicted well, the attached flow
passing under the inner primary vortex core is accelerated sufficiently to trigger (inner)
secondary separation.

Nomenclature
α Angle of attack (AOA)
b(x) Local wing span at position x
c̄ Mean aerodynamic chord
Cl Lift coefficient
cp Pressure coefficient
cr Delta wing root chord
η Non-dimensional spanwise coordinate, η = y/b(x)
Λ Wing leading edge sweep angle
p0/p0∞ Total pressure ratio, local value over free-stream value
Rec̄ Reynolds number based on the mean aerodynamic chord
rLE Leading edge radius
x, y, z Cartesian coordinates
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Introduction

The need to accurately resolve the non-linear, unstationary flow-field around mod-
ern high-performance aircrafts poses increasing demands to CFD codes. This ap-
plies both for the development of new codes as well as for the implementation of
new features in existing codes. Before the use of “non-standard” physical models
can be applied to the design of new aircrafts, the improvements have to be validated
and their technology readiness assessed.

This is often achieved by studying simplified geometries that resemble the main
flow features found on full-scale aircrafts. In case of delta-winged aircrafts the main
flow feature influencing todays design is the lift-enhancing effect of the vortices
generated by the shear layer roll-up at the wing leading edge. In the past, the
simplest basic geometry used for these studies has been the flat-plate, high-sweep
delta wing with sharp leading edge. This basic geometry has proven to be effective
for studying the dominant vortical structures near the central part of delta wings,
such as vortex breakdown phenomena.

On the other hand, real applications of delta wings on aircrafts feature a finite
leading edge radius as a compromise has to be found between the low speed, high
angle of attack (AOA) performance and the high speed, low AOA performance.
The combination of high Reynolds numbers and compressible effects that high
performance aircrafts face, is a further constrain to extensively evaluate multiple
configurations in wind tunnel campaigns. Thus a need has emerged to assess and
validate CFD codes in their ability to simulate the complex physical phenomena
that lead to initial shear layer separation and further progression of the primary
vortex for blunt leading edge delta wings.

The Reynolds number has a higher influence on the shear layer separation and
vortex location and strength in case of blunt leading edge delta wings[A.12]. This is
probably the main challenge for simulating the flow-field of full-scale aircrafts with
modern hybrid Reynolds averaged Navier-Stokes (RANS) and Large Eddy Simu-
lation (LES) methods, of which the best known is the Detached Eddy Simulation
(DES) by Spalart et al.[A.13]. In contrast, the use of established RANS methods
for computing massively separated, highly rotational, unstationary flows is likely to
lead to questionable results; although a significant decrease in computational effort
can be achieved.

The NATO Research and Technology Organization (RTO) panel has approved
in September 2002 the formation of a task group with the notation AVT-113. One of
the two facets of this task group is denominated Second International Vortex Flow
Experiment (VFE-2) following the (first) International Vortex Flow Experiment,
which was focussed on Euler code validation[A.4]. Objectives and initial results
of this facet are already available[A.7, A.9]. The initial wind tunnel campaign on
which the evaluation is based on has been performed by Chu and Luckring[A.2] of
NASA Langley Research Center (LaRC) in the National Transonic Facility (NTF).
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Model Description

The geometry proposed by Hummel and Redeker[A.8] for the VFE-2 project is that
of a delta wing with a 65◦ leading edge sweep angle (Λ). This configuration is the
same as in the NTF wind tunnel campaign[A.2] and a sketch of the delta wing
is shown in figure A.1. A remarkable feature of this model is the possibility to
interchange the leading edge sections, representing four leading edge radii (rLE),
which are attached to the flat-plate central section.

The half-body, numerical geometric definition of the model is available through
a Virtual Laboratory[A.10] set up and maintained by NASA LaRC. The origin of
the right-handed, cartesian coordinate system is at the apex of the delta wing with
the x-coordinate pointing downstream (towards the sting), the z-coordinate being
perpendicular to the flat plate section and the y-coordinate pointing in spanwise
direction. The numerical geometry features a root chord (cr) of 1m resulting in a
mean aerodynamic chord (c̄) of 2/3m ≈ 0.667m .

Figure A.1: NASA’s wind tunnel model, geometric description.[A.9]

For the VFE-2 project, the sharp (rLE/c̄ = 0) and medium (rLE/c̄ = 0.0015)
leading edge geometries were selected for numerical and further wind tunnel evalu-
ations. For the scope of this study, only the blunt, medium leading edge geometry
has been considered.

Test Cases
The VFE-2 task group defined a matrix of computational cases based on realistic
application problems and CFD development and evaluation needs. Each of the two
main geometry configurations (sharp and blunt leading edge) are mainly used to
study distinct effects. The conditions for the blunt leading edge geometry were
chosen for studying primarily the transition from attached flow to semi-separated
vortical flow up to separated dead-water flow. On the other hand, the sharp lead-
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ing edge conditions were chosen for studying unsteady phenomena such as vortex
breakdown and transonic vortex-shock interactions.

For this study, the subsonic Mach number (0.4), blunt leading edge cases were
selected. With the main case being the α=18.5◦, Rec̄=6·106 condition (case 05).
The reference length for the Reynolds number (Rec̄) is the mean aerodynamic chord.

From this condition, a lower and a higher Rec̄ were selected, respectively 2 and
60 million. The 6 and 60 million Rec̄ wind tunnel data is available from the NTF
campaign[A.2]. Unfortunatelly the 2 million Rec̄ data from the transonic wind
tunnel in Göttingen (TWG) of the German Dutch Wind tunnels (DNW) is not
fully available yet, thus the data presented in Konrath et al.[A.9] was used for this
comparison. To evaluate the coupling of angle of attack and Rec̄, the computational
matrix was expanded to include also the α=13.3◦ and 23.0◦ conditions (at the
Reynolds numbers given above).

To facilitate future comparison, the results shown here retain the VFE-2 test
matrix nomenclature, of which the relevant sections are shown in table A.1. It is
worth to note that the VFE-2 test matrix was expanded by the “_60” suffix to
identify the 60 million Rec̄ cases computed during this study. This nomenclature
was chosen for avoiding possible conflicts with other VFE-2 nomenclature, but also
to retain the reference to the comparative cases.

Table A.1: Test cases selected for this study

Case number AOA Mach number Rec̄ [·106]
5 18.5◦ 0.40 6

5_60 18.5◦ 0.40 60
6 18.5◦ 0.40 2
11 13.3◦ 0.40 6

11_60 13.3◦ 0.40 60
12 13.3◦ 0.40 2
17 23.0◦ 0.40 6

17_60 23.0◦ 0.40 60
18 23.0◦ 0.40 2

The free-stream conditions from the experimental campaign differ slightly from
the VFE-2 computational matrix. The cases used for comparison here are summa-
rized in table A.2.

Computational Method

The flow solver EDGE[A.3] was used throughout this study. EDGE is an unstructured,
edge-based, finite volume CFD code developed and maintained by the Swedish
Defence Research Agency (FOI). KTH is one among several academic contributors
to the development of the code. Time integration to steady state of the discretized
RANS equations was achieved with an explicit three-stage Runge-Kutta scheme.
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Table A.2: Experimental cases selected for comparison from Chu and Luckring[A.2]

Run number Point number AOA Mach number Rec̄ [·106]
3 54 18.4◦ 0.400 6
21 424 18.3◦ 0.398 59.6
3 51 13.3◦ 0.400 6
21 421 13.2◦ 0.397 59.2
3 56 22.4◦ 0.400 6
21 426 22.4◦ 0.398 59.6

For the spatial discretization, a second order accurate, central scheme with 4th order
artificial dissipation set to 0.03 was used for all cases. To speed up convergence,
implicit residual smoothing and four level agglomeration multigrid were used. All
computations run during this study were performed with the latest development
version of EDGE, 3.3.2-r506, fully parallelized using the Scali MPI libraries.

The turbulence model used for the closure of the RANS equations is the two-
equation k − ω model by Hellsten[A.6] coupled to the explicit algebraic Reynolds
stress model (EARSM) by Wallin and Johansson[A.16]. A strain-rate based (cur-
vature corrected) modification to EARSM (CC-EARSM) coupled with the Hellsten
k−ω model has also been evaluated for single cases. The calculations have been per-
formed with the assumption of fully turbulent flow, with a free-stream turbulence
intensity of 0.1%.

Solution based adaptive grid refinement[A.15] is also available in EDGE and has
been used to refine the initial computational grid of the 2 and 6 million Rec̄ cases.
This option was not available for the 60 million Rec̄ cases, as the computational
grid was generated in a different manner. The adaptation algorithm features three
different vortex-capturing sensors[A.11] based on total pressure ratio, entropy loss
and an eigenvalue analysis of the velocity gradient tensor. Using a flow solution
mapped on the corresponding numerical grid and a user-defined value for the se-
lected sensor, the adaptation algorithm selects the cell edges to be subdivided.

Numerical Grid and Boundary Conditions

Two similar numerical grid topologies have been employed within this study. Both
grids feature a half-span representation of the delta wing model with a symmetric
boundary condition applied on the symmetry plane. Furthermore, the boundary
for the solid walls is of adiabatic, no-slip type and on the farfield boundary a weak
formulation characteristic condition was set.

A common unstructured grid within VFE-2 is not available for the blunt lead-
ing edge geometry, thus it was generated using either the commercially avail-
able ICEM CFD meshing package or the FOI-internal advancing-front grid gener-
ator TRITET[A.14]. The latter is the tool of choice for generating hybrid grids for
EDGE, as it is transparently interfaced to the h-adaptation program available within



A-28 S. Crippa

the EDGE distribution. Unfortunately no grid generated for the 60 million Rec̄ with
TRITET resulted in acceptable convergence levels and thus ICEM CFD had to be used
for the generation of the grid for these cases.

The underlying geometry for both grids is the same. In contrast to the VFE-2
common sharp leading edge grid, the sting closure for these cases has been chosen
not to extend downstream to the farfield boundary. The sting is represented exactly
as in the wind tunnel model up to the position x/cr = 1.758, as recommended by
Chu and Luckring[A.2]. After this position, the sting is closed out using an elliptical
revolution surface, which is continuous through the curvature at the cut-off station.
The total length (in x-direction) of the closure surface is five times the diameter
of the sting at the cut-off position. The resulting sting closure surface is visible in
figure A.3(c). The farfield boundary is located at approx. 11 root chord lengths
from any wall, in all directions, resulting in a half-sphere farfield boundary with a
radius of 12.5m.

2 and 6 million Reynolds number cases. The basic meshing strategy for these
cases was to generate a suitable grid for the 6 million Rec̄ cases, in terms of first
prism cell height, that could also be used for the 2 million Rec̄ cases. Furthermore,
the tetrahedral volume discretization was chosen to be coarse enough to yield first
results, with which solution based adaptation was possible. Based on initial results,
the first cell height needed to achieve y+ values of 1, was identified to be 1 ·10−6m.
The 32 prismatic element layers were used to resolve the viscous layer up to a
normal distance to the wall of 0.015m, resulting in an exponential expansion ratio
normal to the wall of 1.30. The initial surface grid is visible in figure A.2.

(a) Isometric view of delta
wing surface grid and nearfield
symmetry plane

(b) Side view of surface grid
of delta wing apex with quad-
elements on the symmetry
plane; each representing one
side of a prismatic cell.

(c) Sting surface grid and
farfield symmetry plane

Figure A.2: Initial computational grid for the 2 and 6 million Rec̄ cases.

As visible in figure A.2(b), the meshing approach used in TRITET automatically
generates varying numbers of prismatic elements normal to the wall, thus ensuring
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Table A.3: Adaptation boxes

xmin[m] xmax[m] ymin[m] ymax[m] zmin[m] zmax[m]
−11.5 0.63 0.0 11.5 0.038 11.5
−11.5 0.63 0.0 11.5 −11.5 −0.038

0.63 1.017 0.08 11.5 0.038 11.5
0.63 1.017 0.08 11.5 −11.5 −0.038
0.63 1.017 0.0 0.08 0.07 11.5
0.63 1.017 0.0 0.08 −11.5 −0.07
1.017 11.5 0.11 11.5 −11.5 11.5
1.017 11.5 0.0 0.11 0.11 11.5
1.017 11.5 0.0 0.11 −11.5 −0.11
2.6 11.5 0.0 0.11 −0.11 0.11

a smooth volumetric transition between cell elements at the prismatic/tetrahedral
interface.

After evaluating all available adaptation sensors, the vortex-capturing sensor
based on the total pressure ratio (p0/p0∞) was selected to refine the initial numerical
grid. The threshold value for p0/p0∞ used for selecting the cell edges to be split
was set to 0.95 for both adaptation steps. Surface projection for new nodes on the
surfaces was disabled. To avoid endless refinement, the minimal edge size to be
adapted was set to 0.001m.

The adaptation was mostly constrained to the tetrahedral elements thanks to
the definition of adaptation bounding boxes. Grid elements outside of these boxes
would not be considered for adaptation. The coordinates of the adaptation boxes
are summarized in table A.3.

The resulting additional tetrahedral cells for the first adaptation of case 05, as
well as the outlines of the adaptation boxes are visible in figure A.3.

The sizes for the initial grid, as well as the two adaptation steps of case 05, are
summarized in table A.4. The grid sizes for the other cases are not shown, as the
total amount of cell increase varied only slightly compared to case 05. The distri-
bution of refined cells is also very similar between the cases. This is mainly due to
the relatively high selected sensor threshold value, which resulted in the adaptation
algorithm to select and split cell edges beyond the strict region of influence of the
main vortical structures. This, coupled to the flow topology between the 2 and 6
million Rec̄ cases being similar, resulted in analog adapted grids throughout the
different cases.

60 million Reynolds number cases. For these cases, the first cell height was
set to 1 ·10−7m, with the total extent of the 40 prismatic layers of 0.008m, resulting
in an exponential expansion ratio normal to the wall of 1.285. As mentioned before,
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(a) Isometric view (b) Front view

(c) Side view

Figure A.3: Additional tetrahedral elements after first adaptation, case 05.

Table A.4: Computational grid size for case 05 (pyramidal elements are included
in the total volume cells counts)

Grid Total wall sur-
face triangular
elements

Prismatic
volume
cells

Tetrahedral
volume
cells

Total volume
cells / nodes

Initial 171,596 5,246,330 2,364,969 7,657,846 / 3,093,054
After first
adaptation

182,454 5,593,765 3,160,627 8,800,958 / 3,405,554

After
second
adaptation

188,143 6,203,041 7,556,140 13,805,749 / 4,459,600
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the meshing program TRITET could not be used with these settings, as the resulting
computational grids did not yield good convergence. This is believed to be coupled
to the relatively small first cell height; further investigations are ongoing.

Thus for these conditions, the advancing front algorithm of ICEM CFD was used
to generate a volume grid starting from a slightly modified surface grid. The modifi-
cation of the surface grid was aimed at increasing the resolution at the leading edge
by approx. a factor of three. The modified surface grid, as well as the symmetry
grid extending to the farfield boundary is visible in figure A.4.

(a) Delta wing surface grid and
nearfield symmetry plane

(b) Side view of delta wing
apex and symmetry plane with
quad-elements; each represent-
ing one side of a prismatic cell.

(c) Side view of delta wing,
sting and closure surface grid
as well as nearfield symmetry
plane grid

Figure A.4: Computational grid used for the 60 million Rec̄ cases (fine).

Because of convergence problems observed for the 2 and 6 million Rec̄ cases that
could be traced back to abrupt changes in the prismatic layer count, for this grid a
consistent amount of prismatic layers was generated, see for example figure A.4(b).
On the other hand, this approach resulted in low quality, squeezed tetrahedral
elements at the interface as well as substantial cell volume changes.

Since the h-adaptation algorithm of EDGE does not work with ICEM CFD gener-
ated grids, the grid had to be manually refined a priori in the regions of interest,
above the leading edge as well as in the vortex wake, using density regions. By
varying the prescribed tetrahedral element size within the density regions, it was
possible to generate three different grids, here called coarse, medium and fine. See
table A.5 for the detailed cell counts for each grid.

Results and Discussion

Grid size sensitivity was assessed only for cases 05 and 05_60. Furthermore the
only results presented from the turbulence model selection runs are relative to
the comparison between the CC-EARSM and EARSM models for case 05, as the
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Table A.5: Computational grid size for 60 million Rec̄ cases (eventual pyramidal
elements are included in the total volume cells counts)

Grid Total wall sur-
face triangular
elements

Prismatic
volume
cells

Tetrahedral
volume
cells

Total volume
cells / nodes

Coarse 256,796 10,254,571 1,491,365 11,747,173 / 5,463,052
Medium 256,796 10,275,520 5,363,696 15,639,216 / 6,112,835
Fine 256,796 10,270,703 8,139,532 18,410,474 / 6,571,184

behavior was similar for all cases. After presenting the results from the evaluation
phase, further detailed results are presented which are compared with other cases.

18.5◦ Angle of Attack Cases (05, 06 and 05_60)

The increased prediction accuracy of CC-EARSM over EARSM expected for this
type of vortical flows could not be confirmed. Up to x/cr = 0.4, no difference
between the two models could be observed in the pressure coefficient (cp) plots,
but after x/cr = 0.6 the suction peak associated with the primary vortex is under-
represented by CC-EARSM, see figure A.5. This is disappointing as CC-EARSM
should alleviate the need for specific modifications[A.1] to the standard k−ω mod-
els, which in the original formulation are known to over-predict the eddy viscosity
within vortex cores.[A.5] This led to CC-EARSM not being selected for further

(a) x/cr = 0.4 (b) x/cr = 0.6 (c) x/cr = 0.8

Figure A.5: Pressure coefficient plots for different x/cr plotted against the non-
dimensional spanwise coordinate, η; comparison for case05 between CFD results
using either EARSM or CC-EARSM coupled to the Hellsten k − ω model and
experimental data.

computations, but EARSM.

The typical residuals and force coefficients convergence behavior shown in fig-
ure A.6(b) for case 05, did not differ substantially from the other cases.
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(a) case 05; initial grid (b) case 05; once adapted grid (c) case 05; twice adapted grid

Figure A.6: Convergence behavior for case 05, residuals plotted on logarithmic scale
and force coefficients.

In figures A.6(a)–A.6(c) we identify a significantly improved convergence be-
havior between the initial and once adapted grid but no substantial residual con-
vergence gain between the once adapted and twice adapted grid. The increase of
lift coefficient (Cl) from 0.7082 for the once adapted grid to 0.7104 for the twice
adapted grid, can be explained when considering also the different cp plots shown
in figure A.9.

(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.8

Figure A.7: Pressure coefficient plots at different chordwise locations; comparison
for case 05 of the three grid fineness.

Here we can attribute the increased lift for the twice adapted grid to the better
resolution of the primary vortex, which is visible at x/cr = 0.8 (figure A.7(c)).
Since the main area of interest for this study is in the apex region, the better reso-
lution of the aft section given by the twice adapted grid did not justify the increased
computational costs. Thus for all subsequent cases, only one adaptation step per
case was applied to the initial grid with the settings given previously.

The comparison between the three grids for the 60 million Rec̄ cases was per-
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Figure A.8: Convergence behavior for case 05_60 on the fine grid, residuals plotted
on logarithmic scale and force coefficients.

formed for one case, case 05_60. The convergence behavior for the other 60 million
Rec̄ cases was similar to that of case 05_60, shown in figure A.8.

For case 05_60 on the finest grid, the amplitude of the last period in Cl reached
from 0.7364 to 0.7517, for the medium grid from 0.7370 to 0.7542 and for the coarse
grid from 0.7354 to 0.7543; this gives an oscillation in Cl of 2.1%, 2.3% and 2.6%
respectively. Such a substantial oscillation after more than 10,000 iterations was
attributed to the region of the curved leading edge on the suction side, between
the primary vortex separation and attachment lines, where the resolution of the
secondary separation is less than satisfactory and does not reach a steady state. A
substantial, measurable influence of this on the inner delta wing region, could not
be proven when analyzing the solution at various iterations of a complete period.
The unsteadiness was confined to the region between primary vortex separation
and attachment lines.

Although both the residuals and force coefficients convergence was not satis-
factory for all three grids, the finest grid was selected for subsequent calculations,
mainly due to the better representation of the flow topology on the suction side of
the leading edge section. This is visible for the cut at x/cr = 0.8 in figure A.9(c).

The maximum y+ value for the first cell normal to the wall over the delta wing
and sting for case 05 is 0.93 (with a surface average of 0.32) and for case 05_60 is
0.95 (with a surface average of 0.24). Since the same grid as for case 05, in terms
of boundary layer resolution, was used for case 06, the y+ value for this case is
considerably lower than one.
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(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.8

Figure A.9: Pressure coefficient plots at different chordwise locations; comparison
for case 05_60 of the three grid fineness.

Pressure coefficient along with skin friction lines are shown in figure A.10. Case
05 is here compared once with the lower Rec̄ case, case 06, in figure A.10(a) but
also with the higher Rec̄ case, case 05_60 in figure A.10(b).

(a) case 05 vs. case 06 (b) case 05 vs. case 05_60

Figure A.10: Surface pressure coefficient; view on the suction side, perpendicular
above the flat delta wing central part.

To better interpret the flow topology, a detailed view of the apex region between
approx. x/cr = 0.05 and 0.5 for case 05 is shown in figure A.11.

In this figure the surface pressure coefficient is visualized on the left hand side
and the skin friction lines on the right hand side. Furthermore, cuts through the
flowfield, at constant x/cr sections, show iso-contours of constant x-component of
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Figure A.11: Surface pressure coefficient, x-vorticity iso-contours and skin friction
lines for cases 05.

the vorticity vector. On the right hand side, the same contour curves are colored by
the x-vorticity, where positive values indicate a left-handed rotation and negative
values a right-handed rotation (in the depicted view).

This enables to identify the primary vortex, which is formed at x/cr = 0.11 and
a co-rotating vortical structure located further inboard. This structure is dissipated
quickly and according to the cp footprint and the vorticity cuts, is nearly vanished
at x/cr = 0.4.

This second vortical structure was described first by Hummel[A.7] and has been
experimentally confirmed.[A.9] The notation used in the following conforms to pre-
vious definitions by denoting the inner vortical structure visible here, inner primary
vortex, as the sense of rotation is equal to that of the outer primary vortex.

For case 05_60 a similar phenomenon appears, see figure A.12. For this case,
the separation onset for both the outer primary vortex, as well as the inner primary
vortex is shifted by approx. 5% x/cr further downstream. Figure A.12 depicts the
same portion of the delta wing and is structured congruently to figure A.11. From
this figure it is possible to further identify, based on the skin friction lines, the
presence of an inner secondary vortex, developing at approx. x/cr = 0.32.

The flow topology can be further characterized by identifying separation and
attachment lines (SL, AL) of the primary and secondary vortices (PV, SV). The
division into inner and outer vortical system (I, O) is added to the description
nomenclature of figure A.13, e.g., OPVSL ≡ outer primary vortex separation line.

Note that the inner primary vortex attachment line (IPVAL) is not visible in
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Figure A.12: Surface pressure coefficient, x-vorticity iso-contours and skin friction
lines for case 05_60.
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Figure A.13: Skin friction lines and topological interpretation; case 05_60.
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figure A.13, but with the help of spanwise velocity vector cuts (data not shown), it
was possible to identify the IPVAL at the intersection of symmetry plane and delta
wing surface.

13.3◦ Angle of Attack Cases (11, 12 and 11_60)
The surface pressure coefficient for cases 11, 12 and 11_60 along with skin friction
lines are visible in figure A.14. For all three Reynolds numbers, we can identify a

(a) case11 vs. case12 (b) case11 vs. case11_60

Figure A.14: Surface pressure coefficient; view on the suction side, perpendicular
above the flat delta wing central part.

larger attached flow region than in the α = 18.5◦ cases. A magnification of the rear
part for case 11_60 is shown in figure A.15. In this figure we can again identify the
presence of the inner primary vortex, although the skin friction lines do not show
evidence of an inner secondary vortex.

The cp plots for five chordwise locations for case 12 and case 11 are shown
in figure A.16 along with the experimental data for case 11. For case 11_60, the
sections up to x/cr = 0.8 experience attached flow and the CFD calculations for the
initial part match very good the experimental data, see figure A.17. At x/cr = 0.8
the suction peak at the leading edge is over-predicted, resulting in a postponed
outer primary vortex separation, compared to experimental data.

Both lower Reynolds number cases do not develop a significant inner vortex
system. This does not agree well with both the NTF data as well as the latest
pressure sensitive paint measurements[A.9]. But on the other hand, the strength
of the primary vortex for the 60 million Rec̄ case seems to be resolved better. The
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Figure A.15: Skin friction lines; case 11_60.

(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.6

(d) x/cr = 0.8 (e) x/cr = 0.95

Figure A.16: Pressure coefficient plots at different chordwise locations; case 12 and
comparison of case 11 with experimental data.
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(a) x/cr = 0.6 (b) x/cr = 0.8 (c) x/cr = 0.95

Figure A.17: Pressure coefficient plots at different chordwise locations; comparison
of case 11_60 with experimental data.

outer (and possibly also inner) primary vortex separation onset is not determined
accurately, resulting in major discrepancies between CFD and experimental data.

The assessment of the vortex separation onset is summarized and discussed
later.

23.0◦ Angle of Attack Cases (17, 18 and 18_60)
The sensitivity of the flowfield to the primary vortex separation points shown for
the α = 13.3◦ cases was expected to decrease when increasing the angle of attack.
This is here the case, as visible in figure A.18, where for the α = 18.5◦ cases the
outer primary vortex develops within a short distance from the apex, at about
x/cr = 0.1. To better see the differences between the three cases, a magnification
of the apex region is shown in figures A.18(c) and A.18(d).

The same viewpoint and visualization technique as for case 05_60 (figure A.12)
can be used to identify a similar flow topology for case 17_60.

Again, the skin friction pattern, combined with the iso-contours of x-vorticity at
specific cuts reveals the presence of an inner primary and secondary vortex system.
In contrast to case 05_60, here this system is dissipated relatively quickly and as
soon as x/cr = 0.3 the inner secondary attachment line is not visible any more. At
x/cr = 0.34, a distinct inner secondary vortex separation line is not represented
any more. These observations are summarized in figure A.20(a), where separation
and attachment lines for both inner and outer vortical system are sketched.

For this AOA the match between experimental data and CFD data is best, as
can be seen in the cp plots presented in figure A.21 for case 17 and in figure A.22
for case 17_60. Furthermore as for the lower AOA cases, the 60 million Rec̄ case
matches best the experimental data.
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(a) case 17 vs. case 18 (b) case 17 vs. case 17_60

(c) case 17 vs. case18, apex region
up to approx. x/cr = 0.2

(d) case 17 vs. case 17_60, apex re-
gion up to approx. x/cr = 0.33

Figure A.18: Surface pressure coefficient; view on the suction side, perpendicular
above the flat delta wing central part.
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Figure A.19: Surface pressure coefficient, x-vorticity iso-contours and skin friction
lines for cases 17_60.
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Figure A.20: Skin friction lines and topological interpretation; case 17_60.
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(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.6

(d) x/cr = 0.8 (e) x/cr = 0.95

Figure A.21: Pressure coefficient plots at different chordwise locations; comparison
of case 17 with experimental data.

(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.6

(d) x/cr = 0.8 (e) x/cr = 0.95

Figure A.22: Pressure coefficient plots at different chordwise locations; comparison
of case 17_60 with experimental data.
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(a) Rec̄=2·106 (b) Rec̄=6·106 (c) Rec̄=60·106

Figure A.23: Outer primary vortex separation onset.

Primary Vortex Separation Onset

The location of primary vortex separation onset can was determined in two ways.
A simple method, when fine-grained leading edge pressure measurements are not
available, is to extend the location of the primary vortex core path upstream, to
intersect the leading edge and mark this intersection as the separation onset. An
other possibility is to visualize the skin friction lines in the vicinity of the leading
edge to identify the position, where convergence of two skin friction lines occurs
first (denoting separation onset).

For comparison, both methods were applied here to determine the separation
onset. The skin friction line convergence method is far more accurate, although
the error of the vortex core prolongation method is minimal. For all cases, both
methods gave similar results. These are compared with experimental data and
summarized in figure A.23. For case 12 the agreement is worst, where separation is
predicted by CFD data at x/cr = 0.16, whereas experimental data shows this to be
at x/cr = 0.28, with the CFD data thus being 43% off. From the 6 to the 60 million
Rec̄ cases, the agreement increases. With the 60 million Rec̄ cases fitting best, when
also considering the perceptual difference between CFD and experimental data.

Since the separation onset of the inner primary vortex is not as clear for the
α = 13.3◦ and all 2 million Rec̄ cases, only the results for 60 million Rec̄ cases
and for the higher AOA cases for 6 million Rec̄ cases are presented in figure A.24.
Comparison between computed and measured results is not possible here, due to
the unavailability of experimental data. The relatively constant distance between
outer and inner primary vortex separation onset is an indication that these vortical
systems are closely coupled.

Conclusions

In this study, first numerical results are presented and discussed allowing a deeper
and more precise characterization of the unique double vortex system, which has
been encountered on the VFE-2 blunt leading edge delta wing.
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(a) Rec̄=6·106 (b) Rec̄=60·106

Figure A.24: Inner primary vortex separation onset for 60 million Rec̄.

The calculated outer primary separation onset location is shown to match well
the data from experimental investigations at high Reynolds numbers. This enables
to gain certainty in the determination of the inner primary vortex separation, which
is shown to correlate with the outer primary vortex separation and attachment.

This is especially true for the high AOA, high Rec̄ case (case 17_60), where
the coupling between outer primary vortex attachment line (onset and length) with
the inner primary vortex separation line (onset and length) is clearly recognizable.
The primary vortex attachment line (OPVAL in figure A.20(a)) separates the di-
verging streamlines passing under the outer primary vortex on one side (headed
outboard, region “A” in figure A.20(b)) and the streamlines being diverted towards
the centerline on the other side (region “B” in figure A.20(b)). The onset of the
inner primary vortex (IPVSL in figure A.20(a)) coincides where the streamlines
diverted towards the centerline by the outer primary vortex hit for the first time
the further upstream, inboard streamlines from the delta wing apex region (“C” in
figure A.20(b)). If the inner primary vortex strength is predicted well, the attached
flow passing under the inner primary vortex core (coming from regions “D” and “E”
in figure A.20(b)) is accelerated sufficiently to trigger (inner) secondary separation.

Where the outer primary vortex attachment on the surface is not present any-
more (in case 17_60 at x/cr = 0.30), the inner vortex starts to decrease in strength
and shortly after (in case 17_60 at x/cr = 0.34) the inner primary vortex separation
stops.

Although the numerical results for the 6 million Rec̄ cases do not match well the
experimental data, the inner primary vortex separation mechanism described above
can be recognized also here (e.g., case 05). Both the outer primary vortex strength
and the outer primary vortex attachment line extent are under-predicted. In this
case the diversion of the streamlines from the outer primary vortex attachment
line towards the centerline is not as strong as it is in reality. Thus the coincidence
between these streamlines and the further inboard streamlines (in case 05 at x/cr =
0.22) induces only a weak inner primary vortex, which does not trigger secondary
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separation.
This is even clearer when analyzing the results for the lowest AOA and lowest

Rec̄ evaluated here (case 12), where the numerical results concerning primary vortex
separation onset differ from the wind tunnel data by as much as 43%.

From the above discussion, it is clear that the numerical method used for this
study is shown to perform best at the higher AOA of 23.0◦ and Rec̄ of 60 million
for resolving the double vortex system.
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Initial Steady/Unsteady CFD Analysis of Vortex
Flow over the VFE-2 Delta Wing

Simone Crippa‡ and Arthur Rizzi‡

Abstract

This study is aimed at assessing the application of the latest unstationary CFD
method, Detached-Eddy Simulation (DES), to simulate the flow-field around blunt lead-
ing edge delta wings. For this purpose, the Second International Vortex Flow Experiment
(VFE-2) 65◦ sweep delta wing model was used to perform numerical investigations at a
Reynolds number of 6 million, Mach number of 0.4 and angles of attack of 18.5◦ and 23◦.
As the nature of this study is mainly exploratory, various numerical grids have been used.
The results confirm the maturity of Reynolds averaged Navier-Stokes (RANS) methods
but also the problems of DES to predict free separation and the grid sensitivity of this
model.

Introduction

To study the behavior of high-performance aircrafts featuring delta wing planforms,
in the past the selected simplified geometry was the sharp leading edge, slender
delta wing. This geometry does not resemble one main feature of real-application
delta wing planforms, the finite radius of the leading edge. The sudden shear layer
separation present in sharp leading edge delta wings, generates distinct separated
vortex flow starting from the delta wing apex. As this distinct separation onset is
not given in case of a blunt leading edge delta wing, computational fluid dynamic
(CFD) methods necessitate to resolve the boundary layer development prior to
separation onset to accurately predict the overall flow-field characteristics. At high
angles of attack, this can be coupled to unstationary phenomena such as vortex
breakdown.

The deployment of initial hybrid RANS/LES methods, of which probably the
most widely used is DES by Spalart et al. [B.12], might be ill-posed for flow sep-
aration from blunt leading edge delta wings. This is due to Reynolds number
dependence of initial shear layer separation and vortex location/strength for blunt

‡Department of Aeronautical and Vehicle Engineering, Royal Institute of Technology (KTH)
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leading edge delta wings.[B.2, B.11] Here the underlying RANS model of DES
(Spalart-Allmaras) may not be appropriate to predict curvature-induced, free sep-
aration. Whereas on sharp leading edge delta wings, the separation line is fixed at
the leading edge. The comparison of DES with newly developed turbulence models
for RANS closure is thus needed to evaluate advantages and deficiencies of each
approach.

This need has been recognized by the NATO Research and Technology Orga-
nization (RTO) panel, which in September 2002 approved the formation of a task
group with the notation AVT-113. One of the two facets of this task group is
denominated VFE-2 following the (first) International Vortex Flow Experiment,
which was focussed on Euler code validation [B.4]. Objectives and initial results of
the VFE-2 facet are already available [B.6]. The initial wind tunnel campaign on
which this evaluation is based on, has been performed by Chu and Luckring [B.1],
NASA Langley Research Center (LaRC) in the National Transonic Facility (NTF).

Model Description

The geometry proposed by Hummel and Redeker [B.7] for the VFE-2 project is
that of a delta wing with a 65◦ leading edge sweep angle (Λ). This configuration
is the same as in the NTF wind tunnel campaign [B.1] and a sketch of the delta
wing is shown in figure B.25. A remarkable feature of the wind tunnel model is the
possibility to interchange the leading edge sections, representing four leading edge
radii (rLE), which are attached to the flat-plate central section.

The half-body, numerical geometric definition of the model is available through
a Virtual Laboratory [B.9] set up and maintained by NASA LaRC. The origin of
the right-handed, Cartesian coordinate system is at the apex of the delta wing with
the x-coordinate pointing downstream (towards the sting), the z-coordinate being
perpendicular to the flat plate section and the y-coordinate pointing in span-wise
direction. The numerical geometry features a root chord (cr) of 1m resulting in a
mean aerodynamic chord (c̄) of 2/3m ≈ 0.667m .

For the VFE-2 project, the sharp (rLE/c̄ = 0) (sLE) and medium radius
(rLE/c̄ = 0.0015) leading edge (mLE) geometries were selected for numerical and
further wind tunnel evaluations.

Test Cases

The VFE-2 task group selected a matrix of computational cases based on realistic
application problems and CFD development and evaluation needs. Each of the
two main geometry configurations (sLE and mLE) is mainly used to study distinct
effects. The conditions for the blunt leading edge geometry were chosen for studying
primarily the transition from attached flow to semi-separated vortical flow up to
fully-separated dead-water flow. The sharp leading edge free-stream conditions were
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Figure B.25: NASA’s wind tunnel model, geometry description. [B.8]

chosen for studying unsteady phenomena such as vortex breakdown and transonic
vortex-shock interactions.

For this study the subsonic Mach number (M) of 0.4, Rec̄=6·106 cases were
selected, where the reference length for the Reynolds number (Rec̄) is the mean
aerodynamic chord. The main cases for this study were initially the α=23.3◦ cases
(case 13 and 17), to explore the initial vortex breakdown conditions. Then the
computational matrix was expanded to include also a lower angle of attack (at
Rec̄=6·106 and M=0.4) of α=18.5◦, due to the increased separation onset depen-
dence on leading edge geometry.

To ease future comparison, the results shown here retain the VFE-2 test matrix
nomenclature, of which the relevant sections for this study are listed in table B.6.

Table B.6: Test cases (M=0.4, Rec̄=6·106)

Case Geometry AOA
01 sLE 18.5◦
13 sLE 23.0◦
05 mLE 18.5◦
17 mLE 23.0◦

The free-stream conditions from the experimental campaign differ slightly from
the VFE-2 computational matrix. The cases used for this comparison are summa-
rized in table B.7.

Computational Method
The flow solver EDGE [B.3] was used throughout this study. EDGE is an unstructured,
edge-based, finite volume CFD code developed and maintained by the Swedish
Defence Research Agency (FOI). KTH is one among several academic contributors
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Table B.7: Experimental cases selected for comparison from Chu and Luckring [B.1]
(Rec̄ =6·106)

Run No. Point No. Geom. AOA M
84 1834 sLE 18.4◦ 0.400
84 1838 sLE 22.5◦ 0.401
3 54 mLE 18.4◦ 0.400
3 56 mLE 22.4◦ 0.400

to the development of the code. All computations run during this study were
performed with the latest development version of EDGE, 3.3.2-r506, fully parallelized
using the Scali MPI libraries.

For the steady-state calculations, the turbulence model used for the closure of
the RANS equations is the two-equation k−ω model by Hellsten [B.5] coupled to the
explicit algebraic Reynolds stress model (EARSM) by Wallin and Johansson [B.17].
For selected cases, the Spalart-Allmaras (SA) model [B.14] has also been used.

All calculations have been performed with the assumption of fully turbulent
flow, with a free-stream turbulence intensity of 0.1%.

Time integration to steady state of the discretized RANS equations was achieved
with an explicit, three-stage Runge-Kutta scheme. For the spatial discretization,
a second order accurate, central scheme with 4th order artificial dissipation set to
0.03 was used for all cases. To speed up convergence, implicit residual smoothing
and four level FAS agglomeration multigrid were used.

The original DES formulation by Spalart et al. [B.12] is implemented in EDGE,
whereby time integration is achieved through “dual time stepping”, an implicit time
marching technique with explicit sub-iterations.

Solution based adaptive grid refinement [B.16] is also available in EDGE and
has been used to refine the initial computational grid of the steady, blunt leading
edge cases. This option was not available for the sharp leading edge cases, as
the imported computational grid was not compatible to the adaptation program.
The adaptation algorithm features three different vortex-capturing sensors [B.10]
based on total pressure ratio, entropy loss and an eigenvalue analysis of the velocity
gradient tensor. Using a flow solution mapped on the corresponding numerical grid
and a user-defined value for the selected sensor, the adaptation algorithm selects
the cell edges to be subdivided.

Numerical Grid and Boundary Conditions

Two similar numerical grid topologies have been employed within this study. Both
grids feature a half-span representation of the delta wing model with a symmetric
boundary condition applied on the symmetry plane. Furthermore, the boundary
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for the solid walls is of adiabatic, no-slip type and on the far-field boundary a weak
formulation characteristic condition was set.

The computational grid for the sharp leading edge geometry has been made
available to the parters of the VFE-2 group by the U. S. Air Force Academy (US-
AFA). A common unstructured grid is not available for the blunt leading edge
geometry, thus it was generated using either the commercially available ICEM CFD
meshing package or the FOI-internal advancing-front grid generator TRITET [B.15].
The latter is the tool of choice for generating hybrid grids for EDGE, as it is transpar-
ently interfaced to the adaptation program available within the EDGE distribution.

Sharp Leading Edge
The common sharp leading edge grid features approx. 7.89 million tetrahedral and
0.8 million prismatic cells. The surface of the half-span delta wing and the sting
fitting is discretized with 67,489 triangular elements, resulting in 19 full prismatic
layers to resolve the boundary layer. The surface mesh of the delta wing, the
sting fitting and the sting-closure as well as the symmetry mesh are visible in
figure B.26(a). Note that the sting-closure does not feature a prismatic layer dis-
cretization and is extended to the far-field outflow boundary, see figure B.26(b).
The extents of the far-field boundary-box are located at approx. 10 root chord
lengths from the delta wing surface. In y-direction (wingspan direction) the far-
field boundary is located at approx. 5 root chord lengths.

(a) Delta wing surface grid and
near-field symmetry plane, iso-
metric view

(b) Sting surface grid and sym-
metry plane up to far-field
boundary

(c) Surface grid of delta wing
apex and symmetry plane, side
view (up to x/cr ≈ 0.05).

Figure B.26: Common computational grid for the sharp leading edge cases.

Medium Leading Edge
In contrast to the VFE-2 common sharp leading edge grid, the sting closure for
the blunt leading edge cases has been chosen not to extend downstream to the far-
field boundary. The sting is represented exactly as in the wind tunnel model up
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to the position x/cr = 1.758, as recommended by Chu and Luckring [B.1]. After
this position, the sting is closed out using an elliptical revolution surface, which
is continuous through the curvature at the cut-off station. The total length (in x-
direction) of the closure surface is five times the diameter of the sting at the cut-off
position.

The far-field boundary is located at approx. 11 root chord lengths from any
wall, in all directions, resulting in a half-sphere far-field boundary with a radius of
12.5m.

RANS grids. The basic meshing strategy for the steady-state medium leading
edge cases was to first generate a volume grid with a coarse tetrahedral discretiza-
tion to yield first results, with which solution based adaptation was subsequently
possible. Based on initial results, the first cell height needed to achieve y+ values
smaller than 1, was identified to be 1 ·10−6m. The 32 prismatic element layers were
used to resolve the viscous layer up to a normal distance to the wall of 0.015m,
resulting in an exponential expansion ratio normal to the wall of 1.30. The initial
surface grid is visible in figure B.27.

(a) Delta wing surface grid and
near-field symmetry plane, iso-
metric view.

(b) Symmetry grid up to far-
field boundary.

(c) Surface grid of delta wing
apex and symmetry plane, side
view (up to x/cr ≈ 0.15).

Figure B.27: Computational grid for case 17, EARSM (initial) and DES.

As visible in figure B.27(c), the meshing approach used in TRITET automatically
generates varying numbers of prismatic elements normal to the wall, thus ensuring
a smooth volumetric transition between cell elements at the prismatic/tetrahedral
interface.

After evaluating all available adaptation sensors, the sensor based on the total
pressure ratio (p0/p0∞) was selected to refine the initial numerical grid. The thresh-
old value for p0/p0∞ used for selecting the cell edges to be split was set to 0.95.
Surface projection for new nodes on the surfaces was disabled and for limiting the
amount of selected edges, the minimal edge size to be adapted was set to 0.001m.
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The adaptation was mostly constrained to the tetrahedral elements thanks to
the definition of adaptation bounding boxes. Grid elements outside of these boxes
would not be considered for adaptation. The coordinates of the adaptation boxes
are summarized in table B.8.

Table B.8: Coordinates of adaptation boxes for cases 05 and 17 (EARSM)

xmin – xmax [m] ymin – ymax [m] zmin – zmax [m]
-11.5 – 0.63 0.0 – 11.5 0.038 – 11.5
-11.5 – 0.63 0.0 – 11.5 -11.5 – -0.038
0.63 – 1.017 0.08 – 11.5 0.038 – 11.5
0.63 – 1.017 0.08 – 11.5 -11.5 – -0.038
0.63 – 1.017 0.0 – 0.08 0.07 – 11.5
0.63 – 1.017 0.0 – 0.08 -11.5 – -0.07
1.017 – 11.5 0.11 – 11.5 -11.5 – 11.5
1.017 – 11.5 0.0 – 0.11 0.11 – 11.5
1.017 – 11.5 0.0 – 0.11 -11.5 – -0.11
2.6 – 11.5 0.0 – 0.11 -0.11 – 0.11

The resulting additional tetrahedral cells for the adaptation of case 17, as well
as the outlines of the adaptation boxes near the solid walls are visible in figure B.28.

(a) Side and top view (b) Front view

Figure B.28: Additional tetrahedral elements after adaptation; case 17.

DES grids. For the DES runs, a priori adaptation based on EARSM results was
not considered in this study as h-adaptation leads to a high number of anisotropic
tetrahedral cells. This was recognized to be undesirable for DES [B.13], thus for
case 05 a globally finer grid was generated with ICEM CFD. The use of density
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regions above the suction side of the delta wing ensures an homogeneous tetrahedral
distribution. See figure B.29. The first cell height was set to 2.7 · 10−7m at the

(a) Isometric view of delta wing surface grid
and near-field symmetry plane

(b) Surface grid of delta wing apex and symmetry
plane, side view (up to x/cr ≈ 0.22).

Figure B.29: Computational grid for case 05, DES.

leading edge and 5 · 10−6m on the flat-plate inner delta wing portion as well as
on the sting. 32 prismatic layers discretize the boundary layer region with a total
extent normal to the walls os approx. 0.02m.

For the grid of case 17 on the other hand, the same initial computational grid
as for the EARSM case was selected. This was mainly due to computational and
time constrains.

The sizes for the grids employed in this study are summarized in table B.9.

Results and Discussion

For the comparison between RANS, DES and experimental data, the unstationary
data from the DES cases was averaged over at least one full period of the monitored
force coefficients.

Time-Step
An initial evaluation of the required outer time-step for the DES cases was per-
formed for case 13. Two DES calculations were performed with an initial smaller
model (cr = 0.3048m) with both a small time-step (∆t = 5 · 10−6s) and a larger
time-step (∆t = 5 · 10−5s) to assess the tradeoff between accuracy and computa-
tional effort. The non-dimensional time-steps (∆t? = [U∞ ·∆t]/cr) are 2.252 ·10−3

and 2.252 · 10−2, respectively for the small and large time-step.
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Table B.9: Computational grid size for the cases analyzed in this study (pyramidal
elements are included in the total volume cells counts)

Grid “solid
wall” tri.
elem.

Prismatic
vol. cells

Tetrahedral
vol. cells

Total vol. cells (nodes)

Case 01/13,
RANS/DES

72,122 820,273 7,025,184 7,886,068 (1,643,487)

Case 05/17,
RANS; Initial

171,596 5,246,330 2,364,969 7,657,846 (3,093,054)

Case 05,
RANS; adapt

182,454 5,593,765 3,160,627 8,800,958 (3,405,554)

Case 17,
RANS; adapt

178,244 5,459,039 2,848,078 8,353,689 (3,283,478)

Case 05, DES 235,015 7,520,480 5,234,624 12,755,104 (4,721,858)
Case 17, DES 171,596 5,246,330 2,364,969 7,657,846 (3,093,054)

Comparing e.g., the vortex burst location between the three calculations, re-
vealed an expected increase of accuracy from the less computational intensive
EARSM (approx. 138 CPU-hours) to the larger time-step DES run (approx. 357
CPU-hours) and to the small time-step DES run (approx. 3360 CPU-hours).

These initial runs confirmed the selection of the smaller time-step for further
DES computations. Due to the larger root chord of the numerical model employed
in this study, the resulting outer (dimensional) time-step was set to 1.62 · 10−5s.

Sharp Leading Edge
Case 01

The surface pressure coefficient for this case is shown in figure B.30. Here the
match of primary vortex strength is shown to correlate well for x/cr = 0.4 and
0.6 for both EARSM and DES runs. At x/cr = 0.2, DES shows a poorly resolved
primary vortex, but at x/cr = 0.8, DES still predicts the strength of the primary
vortex accurately enough and EARSM already shows a weakening suction peak.
At x/cr = 0.95 both EARSM and DES do not show evidence of vortex breakdown.
For this condition, further analysis of the DES results confirms vortex breakdown
position to be at approx. x/cr = 0.97. The convergence history for the DES run of
case 01 is visible in figure B.31.

Case 13

For case 13, the comparison between RANS, time-averaged DES and experimental
surface pressure coefficient data at five different sections is presented in figure B.32.
For this case, the DES solution matches well the EARSM solution in terms of
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(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.6

(d) x/cr = 0.8 (e) x/cr = 0.95

Figure B.30: Case 01; pressure coefficient plots at different chord-wise locations for
the sLE geometry; comparison between RANS (EARSM), DES and experimental
data (suction side only).

Figure B.31: Residuals and force coefficients convergence; case 01, DES.
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(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.6

(d) x/cr = 0.8 (e) x/cr = 0.95

Figure B.32: Case 13; pressure coefficient plots at different chord-wise locations for
the sLE geometry; comparison between RANS (EARSM), DES and experimental
data (suction side only).

primary vortex strength and location, but the EARSM solution resolves better sec-
ondary separation. Both CFD solutions underestimate the strength of the primary
vortex downstream of x/cr = 0.6.

Medium Leading Edge
For the medium leading edge cases, previous investigations [B.8, B.2] on this geom-
etry have shown that an inner vortical system is already present when the leading
edge (outer) primary vortex is formed. This (inner) second vortical structure was
described first by Hummel [B.6]. The notation used in the following conforms to
previous definitions by denoting the inner vortical structure, inner (primary) vortex,
as the sense of rotation is equal to that of the outer primary vortex.

Case 05

For case 05 the difference between steady, unsteady and experimental data is more
pronounced than for case 17. The main discrepancy is visible at x/cr = 0.2, see
figure B.33(a). Here the experimental data shows a suction peak at approx. η = 0.5,
revealing the presence of the inner primary vortex and a stronger suction peak
between approx. η = 0.85 and η = 0.9 corresponding to the outer primary vortex.
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In contrast, the EARSM + k − ω RANS solution shows a weaker outer primary
vortex, but no visible evidence of the inner primary vortex. For this case, the
difference between SA and EARSM + k − ω model were most pronounced. In the
inner region, SA and DES match up to approx. η = 0.75, where SA starts predicting
a weak primary vortex. On the other hand, DES predicts here fully attached flow
over the entire semi-span.

At x/cr = 0.4 DES predicts separated vortical flow leading to a stronger outer
primary vortex suction peak and an inner suction peak corresponding to the inner
primary vortex.

Further downstream, at x/cr = 0.6, both CFD solutions match well the exper-
imental data.

(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.6

(d) x/cr = 0.8 (e) x/cr = 0.95

Figure B.33: Case 05; pressure coefficient plots at different chord-wise locations
for the mLE geometry; comparison between RANS (SA and EARSM), DES and
experimental data (suction side only).

Case 17

At x/cr = 0.2 both CFD solutions predict leading edge separation, see figure B.34(a).
The pressure coefficient plot at x/cr = 0.2 for this case is comparable with position
x/cr = 0.4 of case 05, where both CFD solutions predict leading edge separation.
As in the previous case, DES predicts a stronger (and further outboard) inner pri-
mary vortex compared with experimental data, whereas EARSM predicts better
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the inner primary vortex location, but under-predicts the outer primary vortex
suction peak.

(a) x/cr = 0.2 (b) x/cr = 0.4 (c) x/cr = 0.6

(d) x/cr = 0.8 (e) x/cr = 0.95

Figure B.34: Case 17; pressure coefficient plots at different chord-wise locations for
the mLE geometry; comparison between RANS (EARSM), DES and experimental
data (suction side only).

After x/cr = 0.6, no remarkable increase in accuracy is visible between DES and
EARSM. This is probably due to the coarse computational grid above the rearward
part of the delta wing, which in case of DES is not enough to resolve the relevant
turbulent structures. At x/cr = 0.8 and 0.95, the pressure signature on the surface
is flattened and broadened because of the presence of vortex breakdown. This
phenomenon is likewise predicted by EARSM and DES, although at x/cr = 0.8 the
experimental values do not display evidence of vortex breakdown.

Convergence history for the EARSM run of case 17 is visible in figure B.35.

Cross Comparison
Comparing at the same conditions the sharp and blunt leading edge cases, reveals
consistent behavior of EARSM and DES. The apex region (x/cr = 0.2) at the lower
AOA of 18.5◦ (case 01 and 05) is resolved better by EARSM rather than DES, see
figures B.30(a) and B.33(a). This trend is reversed in the rear region (x/cr = 0.8),
see figures B.30(d) and B.33(d).

The discrepancies between numerical and experimental results are alleviated by
increasing the AOA to 23◦ (case 13 and 17). Due to the forward shift of vortex
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Figure B.35: Residuals and force coefficients convergence; case 17, EARSM.

separation onset in case of the blunt leading edge case, the difference between
EARSM and DES at the apex are less pronounced; see figures B.32(a) and B.34(a).

Conclusions

The results presented in this paper are mainly going to be used for future decision-
making processes. Both for the sLE geometry as well as for the mLE geometry,
this evaluation highlights the strengths and weaknesses of DES and RANS.

DES is better suited for the sLE geometry as the separation line of the primary
vortex is fixed at the leading edge. This is in line with the original concept of DES.
One reason for the similarly bad performance of DES compared to EARSM for
case 13, might be a poorly resolved LES region in the aft vortex core path. The
discrepancy from the experimental data is even more of a concern since the VFE-2
common mesh has been used in this case. To use a computational grid generated
for RANS to perform DES calculations was recognized to be sub-optimal. This
approach is on the other hand expected, when either switching to DES as an incre-
mental step after RANS, or when having to compute with common computational
grids as in this case. Here, consistent isotropic h-adaptation would be a major
future contribution.

For this case, as well as for all other investigated cases, the DES solutions
consistently over-predict the strength of the secondary vortex and the suction due
to the initial shear layer roll-up. Based on these results no substantial benefit can
be obtained by the use of DES in regards of mean surface pressure coefficient. But
the position and topology of vortex breakdown are resolved accurately with DES,
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giving also information about e.g., the rotation frequency of the spiral-type vortex
breakdown. Unstationary surface pressure data needed for this comparison will be
available from upcoming VFE-2 wind tunnel campaigns.

The blunt leading edge cases have shown two main problems associated with
DES. In case 05, at lower AOA, advanced RANS methods guarantee a better eval-
uation of the boundary layer characteristics, leading to an increased accuracy in
primary separation prediction. This is clear when studying the apex region and
comparing the near-wall turbulence model of DES (SA) with EARSM. In this re-
spect DES might be an inappropriate choice, but the increased accuracy in resolving
primary vortex development, such as unstationary vortex breakdown phenomena,
make it a valuable tool. Unfortunately, for blunt leading edge delta wings, the
increased accuracy of DES in respect of vortex core development is negatively in-
fluenced by the model’s capability to predict vortex separation onset, location and
thus strength.

At higher AOA where the fully attached flow region is confined to the apex
of the delta wing, both DES and EARSM resolve with similar accuracy the fore
flow-field. Here, the unstationary and more accurate physical modeling of DES can
be better exploited. At downstream positions a further weakness of DES appears;
a computational grid, which is fine enough for RANS to achieve reasonable results,
is probably too coarse in the LES region and no apparent improvement over RANS
can be found.
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