Application of a statistical vortex generator model approach on
the short-chord flap of a three-element airfoil
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Summary

Current flap designs on civil transport-type aircraft coisgrapproximately 30% of the undeployed wing chord. The
objective of the short-chord flap project HELIX (Innovati@erodynamic high lift concepts, 2001-2005) within the tirift
framework programe by the European Commission was to rettiedeailing edge flaps to 20% chord or less. The benefits
of such a short-flap airfoil are e.g. increased fuel tank ciypavithin the wing, weight savings due to lighter flap track
fairings and drag reduction during cruise flight. The majualienge for a short-chord flap airfoil to overcome is thehleig

flap deflection angle during take-off and landing phasesdeioto maintain the same amount of lift as for an airfoil with
conventional flap size. Flow control devices such as statippassive vortex generators (VGs) that are mounted on such
a short-chord flap can alleviate or even totally avoid flonesapion at high deflection angles.

A sound computational fluid dynamics investigation of sudloa case requires an adequate grid with a corresponding
large number of grid points around such VGs in order to ob#iraccurate solution. This, in turn, leads to a time-
demanding grid generation which often comes along with dbtsractical challenges during the creation. An effective
way to get around this time-consuming process is to intredumodeling of the VGs and to add their physical effects
to the governing equations rather than resolving their ggoes in the computational grid. FOI, the Swedish Defence
Research Agency, and KTH, the Royal Institute of Technol8tpckholm, have developed computational tools for VG
modeling that make it possible to simulate and to add thetiaddi physical effects of modeled VGs in wall-bounded
flows whereas the need for a local mesh refinement in the tyaifisuch modeled VGs is no longer required. A method
to statistically model VGs is presented and applied in thiggn. Experimental and computational results are compared
for the HELIX short-chord airfoil take-off configurationfdifferent VG model parameter settings.

1 Introduction

The operational envelope in aeronautical and other engimgedesigns is in many cases limited by turbulent boundary
layer separation. The possibility of controlling and déhgythe separation enables more efficient designs that can be
used for improving the performance or for optimizing theigiesn order to reduce drag and weight. Turbulent boundary
layers can be energized by introducing vortices by vortexegators (VGs) that increase the mixing of momentum in the
boundary layer and, by that, increase the near-wall velo&kperimental studies as well as computations have shown
the ability of controlling separation with such devices.

Lin [7] provides a review of the research activities in thédfief passive low profile VGs. Basic fluid dynamics and ap-
plied aerodynamics research of the performance enhant@hesrious flow cases due to low profile VGs is presented.
Low profile VGs are most efficient when flow separation is reddy fixed and they produce "minimal near-wall protuber-
ances" in order to overcome flow separation. The height di s profile VGs is typically aroun.1 < h/dgg9 < 0.5



which in turn reduces drag compared to larger VGs but st8uess the low profile VGs acting as highly effective con-
trol devices against flow separation compared to convealtidesigns. Lin states that the nondimensional geometrical
device parameters such as the VG chord to height rdficand the VG pair distance to height rati®/h are increased
substantially when the height h is reduced, leading to iiffegeometrical properties than in classical design diniee

for conventional VGs. At the same time, angles of incidencghould be increased to ensure sufficient vortex strength
when LPVGs are used for flow separation control.

In computational fluid dynamics (CFD), the most straightfard way to mimic VGs is to fully resolve their geometry
within the mesh. This leads to very fine meshes in the vicioitguch VG structures in order to resolve the developing
boundary layer on the VG vane surface as well as the devegaairiex structures in its vicinity and further downstream.
Thus, fully resolved VGs lead to rather high computatioreits.

Another way to take VGs into account is rather modeling trsulteng effects of VGs in a flow field. This approach
removes the need to mesh the VG geometry. Jirasek [6] descivio types of different models for mimicing VGs: a
vortex source model, and a lifting force model. The vortexrse model needs a user input such as the initial circulation
of the VGs according to the Biot-Savart law. The lifting fenmodel, developed by Bender, Anderson and Yagle [2] and
generally called BAY model, rather uses the lifting forcattis generated by the VGs and estimated by the lifting line
theory (LLT), see e.g. [4]. The lifting force is added to thavier-Stokes equations and therefore acts directly onahe fl
and, by that, forms vortices. Jirdsek also presents a nevalted jBAY model that is developed from the BAY model.
The jBAY model removes some of the shortcomings of the BAY elatich as the lack to model the effects of multiple
VGs and the difficulty to define the grid points where the matheluld be applied.

A statistical VG model approach was introduced in [8]. Thisd®l approach describes the statistical effects of VGs on
the flow. Here, the vortex flow field is derived by only taking ipeometrical properties of VGs into account, inspired by
[11]. The circulation distributiof’(y) across one VG blade is needed as an input for the VG maylafid is estimated by
the lifting line theory (LTT), see e.g. [4], or [1]. Then, thesulting cross stream vortex velocity field is added inttlye

by means of the second order statistics of the generateexveetocity field in a small region through forcing terms in
a Reynolds stress transport (RST) model. Furthermore,rtige generation of the modeled VGs is considered by added
volume forces in the streamwise component of the momenturate&m. An advantage of this method is that no mesh
refinement is needed and that the computational costs cerspbaly with solving the Reynolds averaged Navier-Stokes
(RANS) equations, thus, enabling design and optimization® settings by CFD.

Investigations of this statistical VG model in a zero pressgradient (ZPG) boundary layer flow over a flat plate are
presented in [9]. The investigation has shown that thessiedl modeling of VGs was effectually deployed and trulg ha
the advantage of not being more computational expensiveshizing RANS equations.

The main objective of this work is to examine the capabgitié the statistical VG model in adverse pressure gradient
(APG) flow over a short-chord flap of a three-element airfbiie clean three-element airfoil at take-off configuraticasw
investigated at a rather high angle of attack. Second, thaltmensional (2D) VG model was introduced at this angle of
attack on the suction side of the short-chord flap. This itiga8on included a parameter variation study of the madiele
geometry such as the VG height, chord and shape plus thégmosftthe VG model plane.

2 Analytical and numerical methods

The modeling of the VGs in this investigation follows the vgggested in [8] who presented a model that requires neither
mesh refinements nor 3D computations. In this model apprdbelVGs are represented by a vortex source model that
uses the lifting line theory in order to estimate the genenatf circulation by the VGs. The circulation distributidity)
across a wing according to the LLT is given by
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where K is the local section lift slope of the wing (J§, = 27 rad™! according to thin airfoil theory), U(y) is the local
incoming free stream velocity, c(y) the local chord lengthihe wing, a(y) the local angle of attack, and w(y) the local
downwash due to the trailing vortex sheets. The ratio w(fg))ls the local induced angle of attack,,(y) for small
anglesa, and the local downwash w(y) reads
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Equations (1) and (2) are solved by means of a Fourier sengstz see e.g. [1]. The LLT holds for high aspect ratio
(AR) wings in free flight conditions for small angles of attag far away from obstacles in the flow. By modeling VGs
that are mounted on a wall in a boundary layer flow by meanseot tfi, some of its original assumptions are not valid
anymore as a result of:




a boundary layer velocity profile U(y) instead of a constae¢ fstream velocity U,

VGs being very lowA R wings,

possible side effects due to the proximity of neighbourirg Mades, i.e. neighbouring vortices,

e areasonable high angle of incidenedcorresponding the angle of attaakfor free flight in the LLT) of the VG
blades.

Therefore, the LLT is only used as an approximation to eg#grttee circulation distributioi'(y) across a single VG blade.

In turn, the circulation distributiof'(y) quantitatively describes the generated lift, the iretldrag and the vortex strength
which is again needed as an input for the vortex model. Thiicesrare then represented by a Lamb-Oseen vortex model
with the azimuthal velocity distribution
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whereTl,,.. is the maximum value of the circulation distributidlfy), determined from the LLT (see Eq. (1)), the
vortex core radius and r the radial coordinate from the woctnter. A limitation of this 2D vortex model is that the
velocity component in the streamwise direction is constant

A VG array consists of more than one VG so that all VGs influetheevortex flow field everywhere in the VG model
plané at the streamwise position % ..« from the flap leading edge. Due to that, a superposition ofitineex induced
velocities w(r) for each VG and their corresponding blades was needed. Wil acts approximately as a symmetry
condition for the vortices, which is simulated by introdugimirror vortices.

The concept of this VG model approach and describing itxeffen the flow is to assume that the second order statistics
of the additional vortex velocity field act like additionaéolds stresses on the mean flow. By making this assumption,
the additional spanwise averaged contributidngu’;(y) to the Reynolds stresses are
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It is sufficient to integrate and spanwise average the secmfet statistics in Eq. (4) over one VG pair distance D since
the resulting vortex flow field is periodic. Additional coibtions from Eq. (4) are only nonzero favw’v” and Aw’w’.
Moreover, a wall damping function, e.g. (1-exp(-20y/h)@eded to be introduced and applied on Eq. (4) because the
vortex velocities in the spanwise direction at the wall babany y = 0 will not cancel out and would result in a finite value

in Eq. (4).

After applying the additional vortex stresses, a RST twboé model was used to properly describe the development
of the total Reynolds stresses downstream of the VG plangh&munore and unlike simpler turbulence models, a RST
turbulence model makes it possible to account for the eneaggfer between the different components of the Reynolds
stress tensor, thus enabling production of the importagduskayeru’v’ Reynolds stresses.

3 Experimental setup

In a previous study within the HELIX project, various shoherd flap designs with different shroud lengths were in-
vestigated. Finally, the short-chord flap design in Figuneak chosen for contiuative studies. The objective was to
experimentally substantiate the performance predictioama previous studies, in particular since the performagce
hancement by flow separation control devices was estimatattlans of ealier experiences with sub-boundary layer VGs
for separation control.

Experiments including a conventional three-element éivfith a standard chord length (baseline geometry) and dve n
airfoil geometry with a 20% short-chord flap were carried bytvZLU, the Czech Institute of Aviation. An open jet,
closed-return, low-speed wind tunnel was used and 2D eag-phodels of the baseline and the short-chord geometries
were manufactured. These models allowed a variation iragkdflap deflections as well as a variation of flap lap and flap
gap positions relative to the main element. Both, the baselnd the short-chord flap configurations were optimised in
terms of the flap lap and gap position.

Generally, the investigations encompassed an angle akatage fronn = -5° to +30° and surface pressure measure-
ments at 20% model semi-span were made for 13 baseline arwtt7cdlord flap configurations by means of 128 pressure

1Throughout this paper, the VG model plane is assumed to be thesponding yz-plane at the streamwise trailing edge lonaif the modeled
VGs.
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Figure 1:The HELIX short-chord three-element airfoil geometry.

holes. The Reynolds number for all experiments was-1@5based on the undeployed baseline chqygd.cand the
freestream Mach number was Ma= 0.13.

In particular, the short-chord flap flow control experimefutstakeoff and landing configurations were carried out with
delta shape vane-type sub-boundary layer VGs attached%itfiap chord g;,, in a co-rotating configuration with a
height k¢, a chord ¢, positioned with a ¢ spanwise spacing at an angle of incidenge; towards the freestream
direction. In experiments, the flap deflection angjieof the short-chord flap was increased by 50% for the takeaff an
by 0%, 8% and 23% for the landing configuration compared tobdeeline configuration in order to match baseline
performance results.

The experiments have shown that the short-chord flap in takeofiguration with flow control devices attached could
provide the lift performance of the baseline takeoff corfégion even though the maximum lift coefficient G, could
not be achieved. Therefore, the ability of the short-chap fb replace the baseline configuration in takeoff confignma
was partly shown. The remaining part of this paper investiganly the short-chord flap takeoff configuration in order t
evaluate the statistical VG model against the experimeesallts with flow control devices.

4 Computational set-up

The circular computational domain included the HELIX ailrfo its center, surrounded by ca. 70000 nodes. The circular
shape made it possible to change the angle of attack by méahs free stream velocity components without taking
additional boundary conditions into account as for a regtiéar domain. The mesh around the airfoil was kept fine in
region of high flow curvatures, i.e. especially in the vigyrof the two gaps between the three airfoil elements. The nea
wall grid points were located at'y= O(1) in order to ensure capturing the viscous effects close tavtie Yet, there is
potential to increase the mesh density in the wall normaladion in order to resolve the near wall effects better. Hage
the mesh was fine enough for such an investigations that whaear rexamining the trends of such a VG model approach
rather than matching experimental results quantitatively

Valid throughout this paper, the HELIX airfoil computat®were carried out using a differential Reynolds stress inode
(DRSM) as a turbulence model with pressure-strain rate humieesponding to the Wallin & Johansson explicit algebrai
Reynolds stress model (EARSM) with curvature correctier, [40]. This DRSM was also linked with the Hellsterwk-
turbulence model from [5]. The DRSM turbulence model wadliagpsince the VG model was written for a usage in
combination with DRSM models, adding the additional vodtesses directly to the governing equations.
Corresponding to experiments, the Reynolds number baseg, grand the Mach number were set®e = 1.6510° and
Ma =0.13, respectively.

Figure 2:Laminar regions (blue) on the airfoil element surfaces.

First, test computations without the VG model applied waagied out with fully turbulent flow as well as with pre-
defined transition regions on the airfoil element surfadeseske was rather low and the position of the transition point
is an important aspect that neither has been triggered nasuned nor estimated. The purpose of this rather ad-hoc
procedure was to match the experimentalt@sults without VGs better than with fully turbulent flowggire 2 shows the
laminar regions colored in blue on the three elements fogh Angle of attack whereas the transition setting is alsedas
on previous experience on similar cases. The analoggudi§iribution results are given in Figure 3. Here, it can be
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Figure 3:Cp distribution plots of experiments and CFD without VGs, fully turbulent andsiition settings used.

seen how the blue curve for the computations with transgittings reproduces experimental results with high acgura
Nevertheless, it is conspicuous that the @istribution around the flap shows a peak value close to thddkding edge.
This characteristic is a result of the non-converged st&IMS computations that also indicate the shedding vorfites
time whereas the experimental data represent a time-aa:fyv regime. The result of introducing the laminar regions
was very promising and the laminar/turbulent transitiottisgs were therefore also applied for the flow cases with the
VG model.

Second, computations including the statistical VG modelen@arried out for a range of high angles of attack when
separation occurs on the flap. This part of the investigatiociuded a VG model parameter variation of its correspaadi
modeled VG geometry in terms of shape, chord length, heigtit\édG model position. These input parameter can be
simply set in a preprocessing step, keeping the originahméthout the need of any mesh refinement. In particular, all
computations were carried out with the Edge CFD code [3] ancll runs, the lift slope factor K in Eq. 1 was set to
1.87 rad™!, i.e. 10% lower than for the thin airfoil theory.

5 Results

This chapter presents the experimental data with and wiibached flow control devices and the computational result
with applied VG model. Previous runs have shown that theimalgexperimental set-up including the VG configuration
did not lead to separation prevention in computations wihen\G model was applied. At this streamwise position,
i.e. at 25% ¢, the VG model plane was consequently placed in the mean flparaton region where the model
cannot have any effect on the mean flow characteristicsk&iicomputations, such an experimental set-up can lead to
separation prevention due to the fact that the flow arounélapedevice is fluctuating and therefore flow around the VGs
is temporarily attached. This can be effectual to genehsteéeded vortex structures that ensure boundary layengnixi
and hence keep the flow attached.

It was chosen to move the VG model plane further upstreamderdp place it in a smaller as well as permantly attached
boundary layer where the VG model can successfully creatagbessary vortex stress forcing terms that act on the mean
flow. Moreover, parameter variations of the modeled gegmetiuding the modeled VG height, chord length and shape



Table 1: Positions and configuration settings of VG modehanHELIX short-chord flap.

XVG,mod/Cflap 4% 8%
CVG,mod/CVG,e:vp 50% 100%

hv G mod/Nv G esp || 100% | 150% | 100% | 150%
Shape A B A B A B AN
Configuration 11234 (5|6|7|38

as well as of the VG model plane position were carried out. fdrameters and their corresponding values related to the
experimental set-up are given in Table 1.

Figure 4 displays streamline plots including velocity miagghes in the vicinity of the main element trailing edge and
the flap for the same angle of attack. The comparison clebdws the differences between the clean and the modified
short-chord flap airfoil, here with VG model configurationRurthermore, Figures 5 and 6 show the resultingplots

of this investigation that include £distributions for all computations from in Table 1.

Figure 4:Velocity magnitude (blue: low velocity; red: high velocity) and streamline dflmts) the clean airfoil without VG model; b)
the modified airfoil with the VG model configuration 8 applied:/Csiap = 8%, G/ G, mod/Cv G, exp = 100%, Ky = 150%, rectangular
shape.

5.1 VG model variation

5.1.1 Plane variation

Figure 5 presents the different examined VG models with gondition setting 1-4, located at 4%, in addition to the
experimental results with VGs attached at 25% flap chord.eHéccan be observed that the VG model configurations
1-3 describe almost the sameg> Curves on all three elements. Configuration 4 with largetaregular modeled VGs
shows a visible decrease of-(n the suction side of all airfoil elements leading to a fdtyached flow on the flap. It
should be mentioned that the VG model is located very cloghddaminar/turbulent transition point. Figure 6 shows
the corresponding curves at 8%4,, yet with another value for the modeled VG chokekCy,04/Cv G ezp = 100% rather
than 50% as in the previous case. The reason for the smalbed eas to ensure that the modeled real VG chord did
not exceed the leading edge of the flap. The particular effedifferent chord lengths will be analyzed separately in
upcoming investigations. However, Figure 6 generally shbew the overall peak pressure distribution is decreased on
the flap. This might be the consequence of the double chogiHehat leads to a highét,,,... in Equation 1. Morevover,
two out of four configurations show almost congruent @istributions, compared to only one configuration thatyfull
ensured separation prevention on the flap. This shows teat@model position plays a role for an optimization of the
mixing effects of flow separation prevention devices.



5.1.2 Height variation

The VG model height has a major influence on the effectiveaEisw separation prevention as can be seen in Figure 6.
There, a higher VG model is preventing the mean flow from sejmar, compare configurations 5 and 7 as well as 6 and
8 with each other. This is a result of the fact that the highetG model, the higher are the velocites around the wing tip
and the higher gets,,,.,. in Equation 1, leading to larger additional forcing termstia RANS equations. Under certain
circumstances when this height difference is of relativpdntance it can have a non-negligible impact on the mean flow
field, leading to potential flow separation prevention.

5.1.3 Shape variation

Figures 5 and 6 show that the modeled VG shape can lead toatiiffes in the @ distribution, depending on where the
VG model plane is located and how tall the modeled VG is. Fdudisplays G distribution plots for the different VG
model configurations for the further upstream located VG ehpthine location at 4%¢,,. There, configurations 3 and

4, representing delta and rectangular modeled VGs, rasplgciprove to illustrate that the differences regardiniipsy
separation prevention are considerable. The configusatioand 2 do not show this sensitivity but, for this case, it is
presumed that the VG model height has more importance oftsdbsan the modeled shape. Figure 6 does not to show
any sensitivities in the & distributions at all for a shape variation, the small diieces for configurations 5 and 6 occur
from the non-converged steady computations, giving difieflow states as a result of the fluctuating and separated flow
region on the flap.

Pressure coefficient —CP

Figure 5:Cp distribution plots: experiments with VGs at 25%,¢. and computations with different VG model configurations 1-4,
see Table 1. The VG model plane is locateda&:%n04/Cfiap = 4% with a modeled chord length of-€:, moa/Cv G, eaxp = 50%.

6 Conclusions

This investigation has shown the capabilities of the apgibm of a statistical VG model approach on the short-chord
flap of the HELIX three-element airfoil to mimic the effectsam-rotating VG arrays by means of introducing additional
statistical vortex stresses to the governing mean flow @mqsat
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Figure 6:Cp distribution plots: experiments with VGs at 25%,¢. and computations with different VG model configurations 5-8,
see Table 1. The VG model plane is locateda&¥no04/Criap = 8% with a modeled chord length of €, imoa/Cv ¢ eap = 100%.

Pressure distribution plots and images of the instanta#ow regime around the three-element airfoil illustratt tine

VG model computations successfully improve the flow by medmseventing separated flow on the flap for certain VG
model configurations. In particular, Figures 5 and 6 showGpedistributions for the VG model parameter study (see
also Table 1). There, the effect of configurations 4, 7 and 8umeessfully preventing flow separation is clearly visible
Furthermore, the trends and tendencies show that thets@tigG model approach shows sensitivity for different VG
model heights, shapes and forcing plane locations. Fronethenined cases, it can be concluded that all VG model
parameters have an effect on the flow, yet with different inrgee. Especially the VG height and VG model plane
position are more relevant than the actual shape of the VGehey@n though Figure 5 shows some sensitivity according
to a delta/rectangular shape variation. Further inveitiga including the modeled VG shape and chord will be cdrrie
out in future in order to draw more consolidated conclusioos these independent VG model parameter.

In total it can be said that this investigation has shown thatstatistical VG model approach is very promising for an
application on airfoils and has the advantage of not beingermsomputational expensive than solving RANS equations
without modeled VGs, leading to much faster results tham wiinventional methods such as fully or partly resolved
VGs.
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