Simulations of Streamwise Vortices
on a High-Lift Wing with UHBR-Engine

Tim Landa, Rolf Radespiel and Sebastian Ritter

Abstract Results of numerical simulations on a high-lift configuration with an
Ultra High Bypass Ratio (UHBR) engine are shown. In the area of the integrated
engine, a complex vortex-system develops. Different longitudinal vortices proceed
downstream on the suction side influencing the local flowfield. Steady and unsteady
numerical simulations are performed at different angles of attack. As flow solver
the DLR TAU Code is used and the Menter-SST eddy viscosity turbulence model
and the JHh-v2 Reynolds-Stress-Model are applied. The predicted vortex system is
analyzed and the effect on the flow field and the local stall behavior is shown. In
particular the effect of the turbulence models of different types on the prediction of
the vortex system and the flowfield is pesented.

1 Introduction

Airfoils of modern aircraft are designed to show good aerodynamic characteristics at
cruise speed. However, creating enough lift at low-speeds during take-off and land-
ing, high-lift systems are required. Common systems consist of slotted slats as lead-
ing edge device and slotted flaps as trailing edge device [20]. The fundamental effects
of slotted high-lift devices increasing the maximum lift coefficient are well under-
stood [22]. Nevertheless, at realistic configurations with integrated engine and finite
high-lift devices complex flow features like longitudinal vortices occur. In general,
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the three-dimensional effects lead to a loss of maximum achievable lift [8] and have
to be considered for maximum lift-prediction.

The complex flow of high-lift configurations at high angles of attack represent a
challenging task for numerical flow simulation. Nevertheless, the increasing com-
putational resources nowadays allow the simulation of complex three-dimensional
configurations. In recent years, numerous projects addressed the flow prediction of
high-lift configuration at maximum lift conditions. Within the European projects
EUROLIFT and EUROLIFT II [18] high-lift configurations with different levels of
complexity with and without engine have been investigated. The results show that the
CFD methods are able to capture the influence of geometric details on the lift behav-
ior. Nevertheless, Geyr et al. [7] show considerable differences between CFD and
PIV concerning the prediction of a strake vortex. Within these simulations, the com-
mon Spalart-Allmaras (SA) eddy-viscosity model has been applied, underpredicting
the vortex strength. Furthermore, discrepancies between numerical and experimental
data concerning maximum lift occurred. Such differences for eddy-viscosity mod-
els concerning maximum lift prediction are also observed by Eliasson et al. [6]. In
contrast, Reynolds Stress Models (RSM) show improved results. Within the research
project HINVA (High Lift Inflight Validation) [19] detailed models of the A320 at
high-lift conditions were investigated in numerical studies and compared with exper-
imental data from inflight and wind-tunnel measurements. A major objective was to
improve the accuracy of the prediction of the aerodynamic performance at high-lift
conditions. Again, the results show, that the applied numerical methods are able to
capture the important flow features for maximum lift. However, it turned out that
accurate predictions at maximum lift conditions are still a challenging task [1]. Sim-
ilar findings derive from simulations of the trap wing within the NASA High-Lift
Prediction Workshop. Significant differences between simulations (Spalart-Allmaras
and Menter-SST eddy-viscosity models) and experiments occur close to maximum
lift [21]. Further simulations (SA, SST and RSM) on this configuration show that
particularly the region close to the wing tip differs [5]. Here, the applied turbulence
model has a large influence on the prediction of the wing tip vortex. Investigations of
a wing tip vortex of a half-wing model without high-lift devices support this finding.
Craft [4] and Cécora [3] showed a rapid decay of the vortex in simulations with eddy
viscosity models. In contrast, Reynolds Stress Models are able to preserve the vor-
tex downstream corresponding to experimental data. Since longitudinal vortices are
important for stall aerodynamics, an accurate prediction of the vortices is required
for precise maximum lift predictions. Hence, the application of RSM on complex
high-lift configurations is a promising approach to improve the predictions at maxi-
mum lift conditions.

Recently, the authors presented results of simulations with the Menter-SST eddy
viscosity model and the JHh-v2 RSM on a generic high-lift configuration without
engine [10-12]. The vortex system emerging at the spanwise end faces of a finite
slat and the corresponding step of the clean nose has been investigated. The results
exhibit significant differences of the appearance and the interaction of the vortices
depending on the applied turbulence model. Within the present contribution, the
findings of the simulations on the generic configuration are transferred to a high-lift
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configuration with an Ultra High Bypass Ratio (UHBR) engine. Ritter [17] recently
performed a positioning study of the UHBR-engine on a similar configuration (with
different sweep angle and flap settings). The experiences concerning the position of
the engine are transferred without performing an additional positioning study on the
present configuration.

2 Numerical Setup

2.1 Methods

For the simulations the DLR TAU Code is used as flow solver [13]. This software
package solves the Reynolds-averaged Navier-Stokes equations (RANS) on struc-
tured, unstructured or hybrid grids based on a finite volume method. The TAU Code
provides various convergence acceleration methods, like a multigrid approach and
local time-stepping.

For the simulations presented within this contributions central flux discretization
and implicit LU-SGS relaxation are applied. Steady simulations with local time-
stepping and time-accurate simulations with a dual time-stepping approach are per-
formed. All simulations use multigrids for convergence acceleration on three multi-
grid levels. For the determination of the Reynolds stresses within the RANS equa-
tion the Menter-SST model and the JHh-v2 RSM are applied. The Menter-SST
(Shear Stress Transport) model is a two-equation eddy viscosity model following the
hypothesis of Boussinesq to approximate the Reynolds stresses [14]. It is a robust and
widely used turbulence model. However, the ability to accurately predict longitudi-
nal vortices is known to be limited [3, 4]. In contrast, simulations with the JHh-v2
RSM show significant improvements in vortex prediction [3]. This model is based on
the Jakirli¢ Hanjali¢ homogeneous (JHh) turbulence model [9]. Within this model, a
transport equation for each component of the Reynolds stresses is solved. The model
has been extended and implemented in the TAU Code by Probst and Radespiel [15]
and recalibrated by Cécora [3] resulting in the JHh-v2 RSM version.

2.2 High-Lift Configuration

The high-lift configuration (illustrated in Fig. 1) is a backward swept wing based on
the DLR F15 high-lift airfoil with periodic boundary conditions at each side of the
computational domain. At 50% of the span, the UHBR-engine is integrated. At this
position, the slat is intercepted due to the presence of the nacelle. The following
parameters define the geometry:

e Span: b =34.736 m
« Reference chord: Crop = 4.342 m (chord of clean configuration)
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Fig.1 High-lift configuration with UHBR-engine. Left top view on complete geometry, right close
up 3D-view on engine and slat interception

» Sweep angle: ¢ = 25°

* Reference area: A = b - ¢,,, = 150.824 m? (reference for C;/Cp)

« Slat: 28.8° deflection, 2.09% overlap, 2.61% gap

« Flap: 30.3° deflection, 1.52% overlap, 0.968% gap

» UHBR-engine: L=4.95m, D, .. = 2.92m, Bypass Ratio = 17.1.

2.3 Grid

The computational grid has been created using the commercial software Gridgen
(V 15.18, Pointwise, Inc.). It is a hybrid grid with structured parts (hexahedral cells
and prisms) in the near-wall region and in the area downstream of the engine in
the region of the vortex system. Detailed studies on the grid topology have been
performed on a generic high-lift configuration [10—12]. The resulting grid topology
is transferred to the configuration with UHBR-engine. To account for the increased
Reynolds number, the distribution of grid points in the structured parts is adapted
resulting in y*-values of approximately 1 largely. The computational domain is a
swept cylinder with the length equal to the configurations span (b = 34.736 m). The
side faces of the domain are assumed as periodic planes. The cylinder radius equals
150 - ¢,,; and the outer barrel surface represents the farfield boundary. In total, the
grid consist of about 100 million points.

2.4 Flow Conditions

The model size and the flow conditions for the simulations correspond to typi-
cal landing conditions. Fluid properties are taken out of the International Standard
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Atmosphere at ground level. Simulations at different angles of attack have been per-
formed with the following conditions.

o+ Re =15.687 x 10° (corresponding to Crop = 4.342m)
e Ma =0.1655

e U,=57.76 2—”

e a=6°/10°/14°

The flow through the engine was defined with a fixed massflow at an inflow plane
at the position of the fan. Two exhaust planes exist for the core flow and the flow
that bypasses the core. At this planes pressure ratio and temperature ratio are spec-
ified. For all simulations with the Menter-SST model, turbulent flow is assumed.
However, the JHh-v2 model requires transition positions to develop turbulence
within the boundary layer (see also [16]). Corresponding to common practice, the
transition positions for the JHh-v2 RSM are defined close to the suction peaks
on the upper surface of each element [2]. On the lower surfaces, transition was
set closely downstream of the stagnation line. Steady simulations have been per-
formed at all incidences with the Menter-SST model and at & = 6° with the JHh-v2
RSM. Since no satisfying results with the steady solver were achieved for higher
incidences, time-accurate (unsteady) simulations have been performed at a = 10°
and a = 14°. For these simulations, the numerical solution was first initiated using
a steady solver (local time stepping). Then, the time increment was chosen with
At =1/1000 - 1,,,, = 1/1000 - ¢,,;/U,, and the flowfield was averaged over 500

conv
L'()nV)'

timesteps (=0.5 - ¢,

3 Results

3.1 Convergence Behavior and Aerodynamic Coefficients

The steady simulations were performed until a constant behavior of the aerodynamic
coefficient has been observed. The normalized density residual levels off in a range
between 10™* and 1073, The aerodynamic coefficients exhibit a periodically oscillat-
ing behavior. However, the fluctuations are limited and rather small. For this reason,
the results with the steady solver are used for evaluation. Nevertheless, the simula-
tions with the JHh-v2 RSM at @ = 10° and a = 14° show significant non-regular
fluctuations with the steady solver. Hence, unsteady simulations were performed
for this cases. However, it has to be mentioned, that a rather short period of time
(0.5 -t.,,,) is evaluated for these simulations and still irregular changes within the
coefficients are observed. Due to limited resources of time and computational power,
a longer period of time was not taken into account. The results for the aerodynamic
coefficients are presented in Fig. 2 showing the mean values and the minimum and
maximum deviations within the considered period.
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Fig.2 Aerodynamic coefficients predicted with Menter-SST and JHh-v2 turbulence models. Left
lift versus angle of attack (lift curve), right lift versus drag (Lilienthal polar)

Significant differences between both turbulence models occur at @ = 10°. The
results show increased suction peaks over the whole span with the Menter-SST
model (not shown here) resulting in an increased lift coefficient for this incidence.
Furthermore, the unsteady JHh-v2 simulation shows rather large changes in the lift
coefficient. We note that the unconverged steady restart solution could have an influ-
ence on the unsteady flowfield. A leveled unsteady simulations over a larger period
of time would be necessary to check, if the lift coefficient further increases with time.

3.2 Streamwise Vortices and Stall Mechanism

The computations reveal a system of different vortices close to the integrated engine.
The appearance of the vortices and the effect on the flow field strongly depends on
the angle of attack. Figure 3 shows streamtraces and regions of separated flow on the
surface predicted with both turbulence models.

At a = 6° footprints of different vortices occur downstream of the side faces of
the slats and the clean nose. Furthermore, the JHh-v2 RSM predicts a small region
of separated flow on the clean nose behind the engine. In contrast, the Menter-SST
model predicts attached flow here. At @ = 10° both turbulence models predict a local
limited area of separated flow on the clean nose. The size of the area is slightly
increased compared to @ = 6°. In addition, another region of separated flow develops
downstream of the inboard edge of the clean nose. At & = 14° the separation extends
over the whole depth of the main wing on nearly the whole clean nose part. Only
a small region outboard still shows attached flow. Furthermore, the JHh-v2 RSM
predicts an onset of separation starting from the edge of the inboard slat. In contrast,
the steady Menter-SST simulation only predicts a rather small spot of separation
at this position. The differences between the predictions of both turbulence models
result from the vortices, which strongly influence the flow in this region. Figure 4
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Fig. 3 Streamtraces and regions of separated flow. Left Menter-SST (steady), right JHh-v2 RSM
(a = 6° steady, @ = 10°/14° unsteady time-averaged)

shows a visualization of the vortices predicted with both turbulence models using
the normalized Q-criterion.

Significant differences in the prediction of the vortices occur between both mod-
els. In general, the JHh-v2 RSM provides stronger vortices, which are preserved
while proceeding downstream. In contrast, the vortices dissipate faster within the
Menter-SST simulations. At @ = 6° the JHh-v2 RSM shows a distinct vortex devel-
oping above the nacelle trailing downstream above the clean nose. This vortex
appears weaker in case of the Menter-SST model at this incidence resulting in the
different effects on the surface at this angle of attack discussed above. At & = 10°
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Fig. 4 Visualization of vortices. Iso-Surfaces of non-dimensional Q-criterion (Q *
(€)*/(Ugy)* = 60) colored with non-dimensional vorticity (@ * c,,+/U,). Left Menter-SST
(steady), right JHh-v2 RSM (a = 6° steady, a = 10°/14° unsteady time-averaged)

the vortices are pronounced more clearly with the Menter-SST model. The struc-
tures close to the leading edge are predicted similar as with the JHh-v2 RSM. Hence,
the differences on the surface are rather small between the two models. Neverthe-
less, the JHh-v2 model again preserves the vortices longer. Similar findings hold for
a = 14°. Furthermore, at this incidence vortical structures occur on the inboard slat
close to the edge corresponding to the beginning separation shown above. The dif-
ferent prediction of the vortex system also influences the spanwise distribution of
the lift coefficient shown in Fig. 5.



Simulations of Streamwise Vortices on a High-Lift Wing with UHBR-Engine 47

Menter-55T  JHh-v2 RSM Menter-55T  JHh-vZ RSM

253 256 1.4F G 318 316
g 245 248 ClLwvwg 304 302
Ergee 0,08 0.08 CLErgine 0,14 0,14

c(y)/C ]

c(y)/C [
=

035 04 045 05 055 06 065 035 04 045 05 055 06 065
y/b[] y/b[]

Fig. 5 Spanwise lift-distribution of the wing (lift of engine excluded) in the area of the integrated
engine at a = 6° (left) and a = 14° (right)

At a = 6° both models predict a similar behavior. Losses of the lift coefficient
occur at the positions, where the slats end. Furthermore, the JHh-v2 RSM exhibits
a decreased lift coefficient at the inboard part of the clean nose, corresponding to
the position of the local separation shown in Fig. 3. At the outboard part of the clean
nose, both models show an increased lift coefficient. At & = 14° the large separation
on the wing behind the engine causes a significant drop of the local lift coefficient.
However, the Menter-SST model predicts stronger losses compared to the JHh-v2
RSM. Again, the lowest values of the local lift coefficient occur close to the edges
of the slats and the clean nose and at the inboard part of the clean nose.

4 Conclusion

Results of numerical simulations with the Menter-SST model and the JHh-v2 RSM
on a high-lift configuration with an Ultra High Bypass Ratio engine have been pre-
sented. The numerical settings and the computational grid have been successfully
adapted from a generic configuration analyzed recently [10-12]. In particular, the
vortex system of the integrated engine and the effect on the local stall behavior has
been investigated. Local stall is observed on the inboard part of the clean nose behind
the engine. In general, the overall stall behavior is predicted similar with both tur-
bulence models. Nevertheless, differences concerning areas of separated flows are
observed between the models. It has been shown, that particularly the prediction of
the vortices in this region differs. The JHh-v2 RSM shows vortices, which are more
pronounced. In addition, the vortices are preserved longer while proceeding down-
stream.

Unfortunately, no experimental data for both configurations with and without
engine are available at present. Hence, a statement about the accuracy of the pre-
dicted vortices is not possible at the moment. Currently, a Detached Eddy Simula-
tion is performed on the generic high-lift configuration. The results will show, if a
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scale-resolving simulation will provide a different prediction of the vortices. Further
conclusions concerning the influence of the turbulence modelling on the prediction
of the vortices will be possible.
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