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Abstract. The lift of a Delta wig is produced by two counter rotating vortices, generated fronwthen g 6 s
sharp swept leading edge asesultof the unequalvi n gréssure distribution on the suction and pressure side.
As the wingb6s angle of attack (AOA) increases, the v
positive effect on the lift has a limit depending on the flow conditions, the AOA and the wing geometry. When a
critical AOA is reached, therganizedvortical structures are disintegratdeadingto lift loss and wing stall, a
phenomenon called vortdreakdown (VB). In the current papé¢he flow field over a Delta wing investigated
with Unsteady Reynold¢avierStokes Equations adoptiadow-Reynoldstress turbulence moddlwo AOAare
investigatedthe firstis at 1@ with no VBandthe secondt 3®° where VB occursThe computational results are
compared with available experimental datardingthe wakeof the 10 AOA setup The VB regiorfor the 30
AOAIis detected with the pressure and velocity distributions on the suction side of the Detaviiiagurbulent
kinetic energy distributionare provided for various stations before, inside and after the VB region.

1 INTRODUCTION

Delta wings are used in high speteainsonicaircraftsasthey provide aerodynamic superiority in relation to
conventionalwings. They present very good aerodynamic flight behavior in high Mach numbers since they are
able to weaken the compressibility effects due to theiept wing configuration andive very good flight
capability and maneuverability to the aircraft. THe ih Delta wings is achieved by the two counter rotating
vortices that are formed on the suction side of the Delta, wling to the movement dfie flow from the wing s
pressure side to the suction si@lbese vortices are well organized energetic stmagtwith an axial velocity larger
than the radial one. Thatensityand the containing ener@y thevortices increases together with the generated
lift as the angle of attack (AOA) increases. There is a critical limit to the increase of the AOA depenttieg
flow conditions and the Delta wing geometrical characteristics. Beyond this limit the vortices are disintegrated,
they are no longer attached on the wing suction side and a sudden lossazilift followed by wingtall. This
sudderdisintegraton of thevortical structureis referred in the literature asrtex breakdown (VB)The accurate
calculation of the flow fieldbver aDelta wingand the identification of the VB characteristics, onset and duration
is a very important and challenging task for Computational Fluid Dynamics (CFD) and &abfrgportance for
aerodynamica nd for the optimization of the aircraftdos perf

Thereare many previous works found in the literature that are focused on the appropriate and accurate
modelling of theflow over aDelta wingand the VBidentification anddescription usingvarious turbulence
modelling and simulation techniqud=r exampleEkaterinaris and Schiffl] investigated with the use of CFD
the effect of different turbulence modet®emputational gridandvarious AOA the structure of the vortical flow
fields over Delta wingsMuller and Hummel [2jnodelled the unsteady bursted vortical flow on a Delta wing in
high AOA with the use of one and two equatieddyviscosity models. Mary [3lised Large Eddy Simulation
(LES) combined with locagrid refinementechniquesnd implicit subgrid scale modeliirin order tanvestigate
the velocity and turbulent flow field over a Delta wing when vortex breakdown o&uahisvetta et al. [4ktudied
the VB phenomenon over different Delta wings with the use of Detached Eddy Simulation ¢D&3¢d with
the oneequation Spalart Almaras turbulent model, and Unsteady Reynolds Averaged Navier Stokes equations
(URANS) with the use of the two equation eddgcosity model ofWilcox [5]. Theyidentified the dominant
structuregrelated tothe VB phenomenomwith both URANS and DE&nd compared the results with available
experimental dataGursul et al. [ppresented a review regarding the unsteady aerodynamics of nonslender Delta
wings where there was also an investigation of the structure of th&&Bosergios et al. T], used inear and
cubic nonlinear eddyviscosity models for the modilg and investigatiorof the VB over a Delta wing and
providedqualitative comparisons with available experimental data.
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In the currenpaperthe flow field over a Delta wing is investigated with the useRéynoldsstress turbulence
modeland the VB onset and duration is identifiédiditionally, thedevelopment of théurbulert kinetic energy
on the wing suction side along the VB regisexaminedThe modding of the flowis made witha widely used
commercial CFD solveiThe adoptedDelta winggeometrywas designed in the Laboratory of Fluid Mechanics
and Turbomachinerft FMT) for experimentaineasurements to various flow ehitions In the currenstudy, o
AOAs arecomputationally investigatethe first onds at 10° were therds no VB but experimental measurements
areavailableand the second ora 30 were VBoccurs.Due to the unsteady nature of the flow figlte URANS
computational approach is followekh order to calculate the totabmputedurbulent flow field the large scale
contribution of theoroducectoherent structures had todiatistically samplednd added to thmodeledturbulent
kinetic energy of théow as will be presented to the following sectioRegardinghe experimental measurements
for the 10 AOA, the Delta wing was installed in @osedtype wind tunnel and hotwire anemometry
measurementsere performedo the wake of the Delta wing.

2 COMPUTATIONAL DETAILS

2.1 The Delta winggeometry

The Delta wing that is used in the current sthdg a 70sweepangle,a chord lengtlt=300mm a spanwise
length of 218mmand a thickness of 15mmAdditional detailsregardingthe Delta wing geometry agiven in
fig.1.
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Figurel. Delta wing geometry

This Delta wing was designed in LFMT in order to perform measurements of velocities and turbulence to
variousAOA for the determination of the VB phenomenon characteristics.

2.2 Turbulence moddling

Forthe modelling of turbulence, the leReynolds ReynoldStressy (SMC-¥) model of CFX15was used.
The SMG¥ modelof CFX, has the inBrent advantage of the Reynckisess models in motieg with higher
accuracy the turbulent characteristi€his comedrom the fact thattimodels and calculates, though with simple
linear expressions, the pressure strain correlation terms. AdditionallRXe&SMC-¥ modeladopts the exact
expression of the Reynoldsress production as it éxtractedby the Reynolds atistical averaging without the
use of an edgviscosityconcept As a result, by adopting a more sophisticdtetiulence model such as B&M,
superior resultsare providedin relation to simple eddyiscosity modelsand a better representation of the
computed flow field is achievedzor the modeing of the turbulent dissipation, ti&=X SMC-¥ model solves a
transport equation for, which is the specific turbulence dissipation and represents the rate in which turbulent
kinetic energy is dissipated anauvertedinto thermal energy. The usetbi specific dissipation ratmakes the
model capable of integrating the transport equatignto the wallinside the laminar sulayer, without the need
of additional dumping functions as in other l®eynoldsnumberturbulentmodels. The choice of a turbulence
model that is capable of integrating the transport equations up to the wall without the use of wall furastians
obligatory choicesince he precise calculation and representation ofubeex devadpment on the suction side
of the Delta wing is strongly related to the detailed and exact computation of the boundarjHayatgtion of
SMC-y turbulence moddhielped to fully describe and resolve the boundary layer interaction with the mean flow
anddescribe with a better accuracy the VB phenomenon. Howieveust be mentioned that the SMCmodel
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of CFX uses an eddyiscosity formulation for the modelling of the turbulent diffusion process of the Reynolds
stresses. Although this approach is simghat the original expression of the Relds stress turbulent diffusion
which isrelated to the triple momerasd does not incorporate the complicated diffusion interactions with pressure
and turbulence structureis,is a common modelling technique whiprovides significanimproved numerical
stability. The transport equations©FX SMC-¥ are given by egs. (1-2) and the eddyiscosity is given by eqn

3).
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is the pressurstrain correlatorc or r esponding to the #Aslowdo and
mechanism of turbulencand in CFX SMGy is modeled with linear stress and strain relatiokdditional
information regardin@ll therest of themodel constants and modeled expressiamshe found in [B

2.3 Numerical approach

As it mentioned in section 1, in the current study #@As of the Delta wing werenodeled The first one
which is 10°, was chosen in order to validate thm®ddling resultssince there were available experimental
measurementd he target was to implement the mbig approach also to the AOA where \@uld be better
investigated. It was observed from preliminaryumericalcomputationgo the current Delta winghat the VB
starts tadevelop from the trailingdge at about2(?, movesgradually tavardsthe Delta wing ape&n the suction
sideas the AOA increases affidally, results to a massive s@pation region at about ~40r'he final choice for
the second AOA wathe 30 since for this angle the VB onset was almost at the midtithe Delta wig chord
andthe flow development characteristics could be more easily examined.

The advection scheme that was selected for all the transported variables was a becoadalder upwind
discretization high resolution schemmenich is explained thoroughly in [8The higher order scheme was chosen
in order to have a more accurate solution for acity field and the Reynoldstresses distributions. The
characteristicomputational domain for the 4@80A and the implemented boundary conditions are shown in
fig.2.

Figure 2. Computational domain and boundary conditions

For thediscretization of theomputational domain twanstructuredyrids wereconstructedor eachof the
examinedAOAs. The grids had approximately 4000 tetrahedrabnd wedge element§he y for both
computational setups was kept below 2 for all the Delta wing surfaces since {Reyowlds number version of
the CFX SMGy model was implemente@haracteristidetailedviews of thecomputationagjrid for the30° AOA
are shown in fig3.

ira
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Figure3. Computational gridor 30° AOA.

In order to reduce the grid size and the required computational resources, half of the symmetric Delta wing
was modeleavith imposing symmetry conditions on the Delta symmetry plane. For the restaaiitipaitatioal
domain external boundariéise slip wallboundary condition was implemented.

It was observed that the flow fielshlculationsfor the 10 AOA resulted to assteadystate solutionThe two
counter rotatingvorticeswere attached on the suction side of the Delta vaind their unsteady motion was
negligible On the contraryfor the 30 AOA, the flow presentedinsteadinessand henceunsteady flow
computations had to be implementeith URANS. The unsteady characteristics of the flow were detected with
monitoring the lift and drag coefficients and several monitor points on the wing suction side andiveakejor
contributor to the unsteady flow motion was the disintegrateticesdue to thevVB occurrenceThe time step
for the unsteady calculations welsosen to bd0* secondsThis choicewasbased orthe calculatedelta wing
Strouhal number andn previousunsteadynumerical computationen Delta wingsas presented in7[. The
selectedransient numerical scheme for the unsteady computations was the second order backward Euler scheme
in order to havea more accurate timéiscretization For the determination of the turbulent length scale for
computing the turbulent dissipation rate the Delta wing width was selected. The inlet conditions and the
computational details for the motlef are presented in tallleThe selected values were chosen from the available
experimental data that were performed in LEMT for theAIDA.

Delta wing set up 1°AOA | 30°AOA
Velocity 6.5m/s
Turbulent intensity 0.4%
Turbulent length scalg 0.015m

VB NO YES
Unsteady calculation] Steady RANS URANS

Tablel. Inlet conditionsand URANS implementation

For the unsteady computations regarding the URANS implementtit®tyrbulent energy is divided into two
parts. As reported by Davidso3][the first part is the modeled panthich is descripted by the Reynolds averaging
technique and the adopted turbulence model, and the second part is the resolved part during the unsteady numerical
solution.Similar computations taking into account the large scale contribution wergrpedby Vlahostergios
et al. [1Q who performed URANS calculatics with a nordinear cubic eddyiscosity model and provided
qualitative comparisons with experimental data for apwessure turbine blade. In this woflr the 30 AOA
case a statistical aveyiag had to be made in order to calculateldhge scaletimeresolved Reynolds stresses and
thelargescaletime resolvedurbulent kinetic energy that are linked to the averaged large scale motionaie. uu
and kage. The total turbulent Reynoldstresses and turbulent kinetic energy is given by the summation ef thes
two parts. The calculation of the large scale turbulent parts and the total ttidudetities are given by ag-

eq.7.



D. Komnos, ZVlahostergios and K. Yakinthos

B Y Y Y Y
00 _ 4)
0O

~ P, .,
Q — 5
00 )
QO 0 ©6)
66 66 66 ™

The statisticalarge scalesampling started when a periodic signal of the quantities on the selected monitor
points which weredescribed abovevasreached The statistical sample was large enough in order to include at
list 20 periodswith a time periodf 0.03 msec

3 RESULTSAND DISCUSSION

Currently, the availablbot-wire experimental measurements that were conducted in LFMT refer oy to
degrees AOA and focus on the wake region of the Delta wingth#@anglethere is no VB and the counter
rotatingvorticesare attached along the Delta wing surfasavasalsoproven by the computationhisAOA was
modeled for validation purposes of the CFSMC-¥ modelin order to have a clear view if the selected more
advanced turbulence model is able to capture thdajewentof the vorticesSome indicative plots regarding the
velocitiesin the Deltawakein the vortex core regioare given in figd. The velocity distributions correspond to
two vertical to thedeltax-axis plane (as presented in fig.1) at x=0n andx=0.24m from the trailing edge in the
Delta wing wake.
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Figure 4 Experimental and computational results in the wake region fohQ®



D. Komnos, ZVlahostergios and K. Yakinthos

From fig4 it is shown that the computational reswte in avery good agreement with the experimental data.
Unfortunately there are no available experimental data for the turbulent quantities in order to better validate the
turbulence model behavior.

The next step of this study was to detect theoviBetfor the 30° AOA. In the literature there is a large amount
of work regarding the theoretical aspects of vortex dynamics and the VB identification. Howéyarsalset al.

[6] showed, the VB onset can be identified by examining the vortex structure on a patieathrough the vortex
core and also the jdike axial velocity distribution that is usually observed before the VB ohséhe current
paper, the identification of the VB onset was based on examining the reverse axiabiflew corevelocity
togetter with the pressure distribution variations on the suction side of the Delta wing. FoP theA@ll the
guantities that were used for the study were averagddtatisticallyprocessed for an adequate averaging time.
In figures5 and6 the pressure and the axial velocity distributions are presented for *aad B0 AOA.

Pressure Pressure. Trnavg
pressure up pressure up
0.000e+000 0.000e+000
F -1.8916+000 F -5 2638+000 VB onset
-3.781e+000 -1.053e+001
-5.672e+000 -1.579e+001
-7.563e+000 -2.105e+001
-9.454e+000 -2.631e+001
-1.134e+001 -3.158e+001
b -1:323e+001 [ -3.684e+001
-1.513e+001 -4.210e+001
-1.702e+001 -4.737e+001 -
-1.891e+001 __ . -5.263e+001 <‘
-2.080e+001 -5.789e+001
-2.269e+001 -6.315e+001 -
-2.458e+001 -6.842e+001
-2.647e+001 -7.368e+001
[Pa] [Pa]
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Figure 5. Pressure distributions on the suction sidelétt) 3C right)

VB onset

= !

Figure6. Velocity distributions on the suction side alongestical plain aligned with the vortex core region
(1 left, 3¢ right)

Fromthe abovdiguresit is evidentthat the VB onset for the 3BOA is approximatelyight afterthe middle
of the chord length at x/c=6b. From the pressure contours on fhelta wing suction sidand for the 3DA0A
the VB onsets the region where a sudden increase of pressure is observed as shownTihdiy/B onset isiot
a specific poinbn the Delta windput a regiorwith transitional characteristics sinestabiliiesin the vortex core
graduallystart to developthe velocity starts to lose its axial eneepydresultsin a cohereng loss of the vortex
core Thecharacteristiof the VB onset is that there is a stagnation pinirthe streamwise direction of the flow
in the vortex core region which is cleadlgown in fig6. For the 10 AOA such characteristicrenot present and
the flow is fully attached on the suction sid&imilar observatios regarding the VB onsekgion have been
reportedalso by Shih andDing [11] who experimentally examinetthe VB development andontrol on Delta
wings. The exact mechanismith whichthe transitional VB region starts to appear deslelop has to do with
the wing geometrythe AOAand he flow characteristics.
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The VB and thevortex core coherency loss has a straightforward impact to the Delta wilogdifThis can
be observed by examining the pressure coefficient distributibrtbe Delta wing The pressure distribution
coefficiert for the 10 and 30 AOA for various stations alontie x-axis from the apex to the trailing edgee
presented in fig. for the half of the Delta wing.
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Figure7. Pressure coefficient distributiots — (10 left, 3C° right)

Fromexamining the aboviigure it can be seen that for the® KA there isalmost no change in the pressure
coefficient® for all the stations along the winthord since there is no VB. There is1 almostsimilar 6
distributionalong thex-axisthat isthe resultof the coherent counter rotating vortices on the suction side. On the
other hand, for the 3AOA, a deferent behavior regarding thi# is observedIn particular, he lift for the 30
AOA is much higher since the AOA is higher. However, e¢gion around the station x/c#8, a decrease of the
pressure coefficiestis observed. This region is where the VB was detected from the pressure andlegial ve
distributions from figs and fig.6. It must be mentioned that for the °380A the 6 corresponds to théme
averaged pressure distributiaroundthe Delta wing.

For the visualization athe coherent vortices for the 1&OA and the VB for the 3DA0A, the Q criterion
was calculatednd it ispresentedn fig.8. Q criterion is a 3D identification vortex criterion of Huettal.[12]. It
is rdated to the strain S and voiticq anddefines a vortex asragion in space.

0 ?ss S m €S)

AOA=10°

AOA=30°

Figure8. Q criterion forl(® and 30 AOA

From fig.8it is shown that for the PROA the two formed vortices remain robpattache@nd well organized
along the wing suction sidend wake For the 30it is observed that the vorticésse theircoherencygradually
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disintegrate and result to periodically unsteady structhegsaregeneratedrom the VBregionup reaching ugo
the Delta wingwake

The unsteadinegbat is produced bthe generatedtructures and eddielsie tothe VB, has a direct impact on
theflow kinetic energyproduction. The unsteadgrge scale motiohave to be taken into consideration in order
to calculate the total kinetic energy of the flamhichis divided into a modeled part, which is the turbulent kinetic
energy calculated by the Sy model,andthe statisticallycalculatedarge scalé&inetic energy partalculated
by eqn.5. Figure9 gives the modeled, the large scale and the total kinetic ef@rggrious stations othe Delta
wing suction siddor the 30 AOA.
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Figure9. Flow kinetic energy distribution along the suction side f6tABDA

The large scale energyntributionbegins at about x/c=0.4vhere the modelled turbulence kinetic energy is
low, and takes the maximum valuas the regionaroundthe VB onset, i.e x/c=6 - x/c=08. As the flow
approaches the trailing edge, the modeled part of the kinetic energy statgetweratd sincehigh free shearis
presentue to the large scaftructures anéddies The large scale energy is graduatignsformed into modeled
kinetic energy. Similar observations can also be mmagarding the Delta wing waKler the ° AOA as shown
in fig.10.
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Figure10. Flow kinetic energy distributioim the wakefor 30° AOA
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As the flow develops acroske wake the difference between the twnds of kinetic energies diminishes
since the large scale unsteadiness gradually vanishes. The regiorcaltthatedunsteadiness closely related
to the turbulence model. Aseportedin [9], a more dissipative turbulence model e.g. an edsiyosity model,
would have computed a smaller unstea@keregionor even a steady flow fieldt should also be noted that the
values of the modeled turbulence kinetic energy for tReATDA, at simila stationsinside the vortex corand
after the VB werealsomuch lowerin comparison to theurbulent and to thiotal kinetic energyhat was calculated

for the30° AOA. Indicative plotsfor the modelled turbulent kinetic energy for the two casegpresented in figjl
for three stations along the suction side.
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Figure11. Modelled urbulent knetic enegy distribution along the suction side fo@® and30° AOA

Near the wing apex at x/c=0.the turbulent kinetic energgr both cases are similar in magnitude. After the
VB for x/c=0.8 and at the trailing edgde modelledturbulentkinetic energythat is calculated for the SBZOA
is much larger than theodelledturbulentkinetic energy fothe 10° AOA, as shown in fig.11due tothe existence
of the large scale structures produced by the VB.

For a final assessment of tbemputationaftesults regarding theB identification the axal velocity and the
total kinetic energy arplottedalong the vortex core on the suction side as shown ib2fig.
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Figure12. Left: Axial velocity inside the vortex core for 4@nd 30 AOA.
Right: Kinetic energy inside the vortex core for th8 BOA (modeled and large scales)

The conclusions of this plot ame agreement with all the above observations of the study. At a region around
x/c=065, VB appears for the 3AOA and starts to develop along the suction side. There is a gradually loss of
core vortex energy which is related with the axial velocity reduction. Additionally, the total calculated energy is
increased since turbulence and unsteady large coherertustauare generated. Regarding thé AQA, the

velocity is almostonstant along the vortex core and the turbulent kinetic energyciks smaller in relation to the
30° AOA.

4 CONCLUSIONS

In the current study, the modelling of the flow field arourgkdta wingwasinvestigated. The Delta wing was
imposed in two angle of attackBhe first ore was1(® and no vortex breakdowmaspresentand it was used only






