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Numerical Analysis of Laminar to Turbulent
Transition on the DU91-W2-250 airfoill
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Abstract—This paper presents a study of laminar to turbulent The airfoil analyzed in the present work is the DUA2-

transition on a profile specifically designed foind: turbine blades,
the DU91-W2-250, which belongs to a class of windbine
dedicated airfoils, developed by Delft Universitl Tiechnology. A
comparison between the experimental behavior ofitfeil studied
at Delft wind tunnel and the numerical predictiafishe commercial
CFD solver ANSYS FLUENT® has been performed. Thedfmtion
capabilities of the Spalart-Allmaras turbulence eloghd of they-6
Transitional model have been tested. A sensitiaitalysis of the
numerical results to the spatial domain discretirahas also been
performed using four different computational griddich have been
created using the mesher GAMBIT®.

The comparison between experimental measuremeratsC&D
results have allowed to determine the importancéhefnumerical
prediction of the laminar to turbulent transitioim, order not to
overestimate airfoil friction drag due to a fullyrbulent-regime flow
computation.

Keywords—CFD, wind turbine, DU91-W2-250, laminar to

turbulent transition

|. INTRODUCTIONAND BACKGROUND

WITH its 2020 goals to increase the share of renewable
energy in the overall energy mix to 20% and to cut

carbon emissions by 20%, the EU is leading thedvorterms
of renewable energy deployment, exports and pramoti
Today Europe gets approximately 20% of its eleityritom
renewable energy sources, including 5.3% from vinergy.
That share will increase up to 2020 when, undertéhms of
the EU’s renewable energy directive, which setsallgg
binding targets for renewable energy in Europe, 3the
EU’s total electricity consumption will come frorermewable
energy sources, with wind energy accounting for 4%In
this scenario, the continuous quest for clean gnapgears to
be connected with the development of the aerodysmrmof
actual wind turbines, in order to achieve a growththeir
performances, both for the classical horizontasaldAWT)
and also the vertical-axis (VAWT) concepts [2].

For the past years, it was common practice to wgstirgy
airfoil families, like the well known NACA seriedpr the
design of wind turbine blades, however the neeflidhering
wind turbine technologies has led to the quesaf@rnatives.
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250, which belongs to a class of wind turbine daidid
airfoils developed by Delft University of TechnolpgAt
present, DU airfoils are being used by various windine
manufacturers worldwidén many different rotor blades.

The design of the DU91-W2-250 airfoil followed wind
tunnel tests on a 25% thick NACA airfoil from th&-8xx
series, linearly scaled from 21%. To compensate tfar
resulting loss in lift of the upper surface, a agrtamount of
lower surface aft loading was incorporated, givibig91-W2-
250 the typical S-shape of the presssige. This airfoil, like
other 25% thick airfoils, has very high peak lifiedficient in
the smooth condition and presents an acceptabferpamce
in the rough situation, differently from classichlACA
airfoils. The main features of the mid span airfmié a good
maximum lift to drag ratio and a smooth stall bebr{3] [4].

Small upper surface thickness
=> reduced roughness sensitivity

NACA 63-425

S-Tail

DU 91-W2-250 => Aft-loading

Fig.1 Comparison between the DU91-W2-250 airfod arb-digit
NACA airfoil

Every flow causes pressure and friction on the bmdjace,
which result in forces and moments acting on theyhself.

Nowadays, thanks to advances in numerical methods a

computing power, the investigation and solutiontted flow
field around an airfoil has become relatively siempBy
performing CFD analysis on the DU91-W2-250, togethith
turbulence and transition modeling testing, thermmairpose
of the present work is to investigate its behaviwith
particular attention to the laminar to turbulenarsition
phenomena.

Lombardi et al. [5] tested the capability of a siaal RANS
solver of predicting the friction drag over a NAC2012
airfoil for 0 deg angle of attack and compared CfeBults
with the values given by a coupled potential/boupdayer
method. The analyzed range of Reynolds numbered/émom
300,000 to 9,000,000. As a result, being the Iskal friction
coefficient defined as:

G =1y | (Vep-cV.D) 1)
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the relative integral over the whole airfoil lengtasulted
overestimated by all turbulence models - even usiigily
refined grids - because of their inherent inabildypredict the
boundary layer transition.

Lian and Shyy [6] coupled a Navier-Stokes solved an
Reynolds-averaged two-equation closure to studyinamto
turbulent transition for low Reynolds number floaound a
SD7003 airfoil, obtaining good agreement betweemerical
predictions and experimental measurements regartieg
transition location, as well as overall flow strurets.

Menter et al. [7], [8] developed thed model, one of the
first transition prediction tools available in anemercial flow
solver, which is compatible with modern CFD appio
The model is based on two transport equations, fone
intermittency and one for the transition onsetecid in terms

free transition (it is assumed that the smoothamafdoes not
trigger turbulence until the laminar boundary lay&comes
unstable and the flow experiences free transiticiutbulence)
is an important factor to be taken into accountbl&al
summarizes the main reference values of the expetah
tests.

TABLE |
MAIN REFERENCE VALUES OF THE EXPERIMENTAL MEASUREMERS
Denomination Value
Airfoil section DU91-W2-250
c[m] 0.6
Re [] 3.0-16
o [deg] 0.49

of momentum thickness Reynolds number. A significan

number of test cases were used to validate thsitiammodel
for turbomachinery and aerodynamic applicationsluiding a
2D horizontal-axis wind turbine airfoil section [8]

Benini and Ponza [9] investigated the capabilitythe y-6
transition model in predicting the laminar to tudnt
transition in the boundary layer developing arouad
supercritical airfoil (NLR 7301). The numerical vits showed
a certain degree of sensitivity to the turbulenterisity level
set at the domain inlet, being the transition onsetved
foreward with increasing turbulence levels.

Hosseinverdi and Boroomand tested the capabifitjwo
empirical correlations (Cebeci & Smith and' enethod)

CFD analysis was performed using both Spalart-Allrea
turbulence model angl® Transitional model. The first one is a
relatively simple one-equation model that solvemeadeled
transport equation for the kinematic eddy viscogttis model
was designed specifically for aerospace applicationolving
wall-bounded flows and was shown to give good tesfdr
boundary layers subjected to adverse pressureegadil 3].

The second one is based on the coupling of the SST

transport equations with two other transport equiati one for
the intermittency and one for the transition onsderia, in
terms of momentum-thickness Reynolds number [7] [&]
main characteristic is, however, the capabilityfafeseeing

coupled to the two-equation d-SST turbulence model of laminar to turbulent transition. In fact, classidafbulence

Menter, in order to predict the incompressible sitional flow
over a S809 wind turbine airfoil, obtaining sigoént
improvements in drag prediction by using the trémsal
computation in comparison with the fully turbulesinulation
[10].

Yuhong and Congming [11] applied a two-equatiol

transition model to the flow over a wind turbinel88airfoil.
Numerical predictions were compared with the expenital
data of the National Renewable Energy LaboratoriREN)
and the simulation results using fully turbulentTS&odel.
The analysis showed that the transition model egiuce the
phenomena of transition and flow separation mofecgfely.
Under certain working conditions, the transition dab
resulted able to predict lift and drag coefficientsore
accurately than a full turbulence model.

models, although widely used to calculate the prestoads
acting on blade profiles, are unable to predict ldminar-
turbulent transition, resulting in poor predictiaf rotor
performance, caused by the overestimation of aiffation

drag due to a fully turbulent-regime flow computati[14],

especially for high values of the tip speed ratitere, due to
the low range of blade relative angles of attadle skin
friction contribution to overall airfoil drag is ga relevant
[15].

Il. MODEL GEOMETRY

The present work was performed applying both Spalar
Allmaras turbulence model andd Transitional model to four
different spatial domain discretizations createdthwihe
mesher GAMBIT®. The grids were substantially consted

The main objective of this work is a 2D numericain the same way, differing from each other by thenber of

investigation on DU91-W2-250 airfoil, performed
demonstrate how, using a numerical tool capabferesee the
laminar to turbulent transition, it is possibleawoid numerical
results being affected by the overestimation ddifriction
drag due to a fully turbulent-regime flow computati The
proposed analysis focuses mainly on three parameter

¢ aerodynamic coefficients Cy;

« thewally;

« skin friction coefficient ¢

The reference values for the considered airfoilveer from

measurements performed at Delft University Low-sp@énd
Tunnel [12] at a Reynolds number of 3.0%1®hich is typical
for wind turbine applications. In this case, lamit@turbulent

tolayers which composed the near-wall discretizatidime

computational domain was in fact subdivided in teuab-
domains:

e an external portion, comprising the whole simulatio
domain;

e an internal portion, bounding the area close to the
airfoil section. Great attention was directed tads th
element: in fact, the most important differences
between the four proposed meshes were concentrated
it.

A high-quality mesh was created close to the digoiface
with the purpose of better capturing the surfacenbary layer
and to obtain {values close to 1. This parameter is a mesh-
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dependent dimensionless distance that quantifesi¢gree of
wall layer resolution, in formulas:

Yy = (uy)/p @)

20c

Each grid was called as “Mod” followed by a humbfrem
1 to 4. Tables Il and Il summarize the main feasuof the

velocity inlet

symmetry

interior

v

\_

~—

pressure outlet

adopted grids, as well as the resultifigpgak values.

TABLE Il
MAIN MESH FEATURES AND Y VALUES OBTAINED USING THESPALART-
ALLMARAS TURBULENCE MODEL

vvvvvvvvlvv

symmetry
>

10¢ 20¢

Suction  Pressure . L . i " -
Name Firstrow  Growth  Rows side side peak Fig. 2 Main dimensions and bou_ndary conditionshefwind Tunnel
[mm] factor [-] [ peaky  y"value sub-gridarea
value -] [-]
Mod1 0.7 1.2 4 11C 11C TABLE IV
Mod2 0.05 1.2 15 7.5 7 MAIN REFERENCE VALUES OF THE NUMERICAL FLOW FIELD
Mod3 0.025 1.2 17 3.8 35
Mod4 0.0125 1.2 21 1.85 1.8 Denomination Value
p [kg/m3] 1.22¢
TABLE Il u[Pa-s 1.7894-1°
MAIN MESH FEATURES AND Y VALUES OBTAINED USING THET-© Vy [m/s] 73
TRANSITIONAL MODEL MODEL Vy [m/s] 0
Suction  Pressure
Name Firstrow  Growth — Rows  side  side peak IV. DISCRETIZATION OF THENUMERICAL FLOW FIELD
[mm] factor [-] [ peaky  y"value
value [-] [-] A totally unstructured mesh was chosen for\tiad Tunnel
Mod1 0.7 12 4 110 105 sub-grid in order to reduce the engineering time to prepae
Mod2 0.05 1.2 15 8.25 8.5 CFD simulations.
Mod3 0.025 1.2 17 35 3
Mod4 0.012¢ 1.2 21 1. 1.€

I1l.  DESCRIPTION OF THENUMERICAL FLOW FIELD

As already mentioned in the previous section, &k t
adopted grids presented common geometric featesespt
for the areas close to the airfoil. As the aimhe humerical
simulations was to explore the 2D flow field cldsea blade
profile, the computational domain was discretizatb itwo
macro-areas:

e a rectangular outer zone, determining the overa
calculation domain, with a circular opening centesd
25% of chord length, which was identified &gind
Tunnel sub-gridfixed;

e acircular inner zone, which was identifiedAigfoil sub-
grid, were grid points were clustered in order to obgain
accurate mesh setup of both the wall boundary lapdr
the airfoil wake.

Fig. 2 shows the main dimensions and boundaryitond
of the Wind Tunnel sub-gridirea. The computational domain
width was set to 20 blade chords. In order to allviull
development of the wake behind the airfoil, inleteutlet
boundary conditions were placed respectively 1@élehord
upwind and 20 blade chord downwind with respectthe
airfoil test section.

Two symmetnyboundary conditions were used for the twcZ AN
side walls. The boundary betwe&find Tunnel sub-gricand faval
Airfoil sub-grid was set as aiinterior, thus ensuring the
continuity of the flow field.
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Fig. 4 Airfoil sub-grid mesh, Mod 2
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Fig. 8 Airfoil sub-grid mesh, Mod

S

){%‘ V.SIMULATED FLOW CONDITIONS
R 'V ﬁk% Simulations were performed using the commercial BAN
A G T O solver ANSYS FLUENT®, which implements 2-D Reynclds
‘eky%gg%ﬁagg’ﬁ%%g}’ averaged Navier-Stokes equations using a finitemetinite
Aé“‘é’é!wﬁ%gﬁsgg;%% element based solver. A segregated solver, implicit
/7 ‘QV AV, - 4 formulation, was chosen for unsteady flow compatatiThe

fluid was assumed to be incompressible. As a global
convergence criterion, residuals were set 6. 10

VI. RESULTS ANDDISCUSSION

Table V shows the DU91-W2-250 reference lift andgdr
values, respectively defined as:

C =L/ (¥pcV.d) (3
v aTARgp
rgﬂﬂﬂiﬂ ‘ Ca=D/ (#pcV.?) 4

:'AVAV'A"

which were measured at Delft University Low-speeddV
Tunnel [12] for an angle of attack ef= 0.49 deg.

TABLE V
DU91-W2-250REFERENCE LIFT AND DRAG VALUES MEASURED ADELFT
'AAVAV‘A UNIVERSITY LOW-SPEEDWIND TUNNEL FORA = 0.49DEG (FROM: [12])
VAYAYY A
v%“%s 4!“‘%‘#» Denomination Value
SV ey, .
TAREA L & i

Fig. 7 Trailing edge details @firfoil sub-grid meshMod 3

With regard to theirfoil sub-grid, the computational grids
around the tested airfoil were constructed from dow
topologies to higher ones, adopting appropriate &inctions,
in order to cluster grid points near the leadingesdnd the

TABLE VI
NUMERICAL PREDICTED LIFT COEFFICIENT AND RELATIVE PRCENTAGE
DEVIATION WITH RESPECT TO EXPERIMENTAL MEASUREMENTSSPALART-
ALLMARAS TURBULENCE MODEL

. X . Denomination C[- Cyl-
trailing edge of the blade profile, so as to imgdhe CFD 't <t
code capability of determining lift, drag and treminar to Mod1 0-381076 0-015508
turbulent transition onset. Slfz'%’g (Blgfé%g)
A high-quality structured mesh was created closehe Mod2 (-9.6% (+69.5%
airfoil surface, in order to better capture the rmary layer, Mod3 0.42691 0.01307
while outside the boundary layer region a triangula 0(2192"/20)11 (8201-23’/;)
unstructured grid was created using proper sizetims. Mod4 (;10%) (+'73_8%)

Figs. from 3 to 8 show the main features of the matational

grids around the tested airfoil for the four carmdéd meshes.
Some details of the grid close to the leading aailirig edge

are also shown for Mod 3 mesh.
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Tables VI and VII show a comparison between contgputep = Y/X (5)
and measured lift and drag coefficients, as a fancof the
adopted spatial discretization, for both Spalaftmaras being X the number of grid elements having thegmprised
turbulence model andi-6 Transitional model. It clearly in the considered interval and Y the total numbérgand
appears that Mod 3 and Mod4 grids determine therbeslts elements on airfoil pressure/suction side.
in terms of percentage deviations from the experiaie
measurements. Moreover, the prediction capabilifebey-0 0,25
Transitional model appear to be quite higher wihpect to
the Spalart-Allmaras turbulence model, as far asagdr
prediction is concerned. 0,20

M Suction Side
TABLE VI
NUMERICAL PREDICTED LIFT COEFFICIENT AND RELATIVE PRCENTAGE 0,15
DEVIATION WITH RESPECT TO EXPERIMENTAL MEASUREMENTS -0©
TRANSITIONAL MODEL

M Pressure Side

p[-]

Denomination C[ Cal] 0,10
0.31888 0.01633
Mod1 (-32%) (+113.3%) oo I
Mod2 0.3367 0.01409 ’
(-28.3%) (+83.9%)
0.44596 0.00886
Mod3 (-4.9% (+15.7% 0,00
0.44381 0.00908 I I I I I R I I I N R SR
Mod4 (-5.4% (+18.5% L_Q,\" o Dj/ o~ ﬁ} o L’;‘» s "b-’\» i ﬁ"‘L o )J/Q;\L ©° p’)’ o DBQ
. , . KN L T ST g, S L L S L ST L gt ¥
FEFL PSS I ES P I ES S

1,20

Fig. 10 Graphical representation of the distribuitdd the y
parameter along blade pressure and suction sided?2 hesh,
Spalart-Allmaras turbulence model

1,00
0,80 WSuction Side 020
M Pressure Side 0,18
— 0,60 0,16
)
o 0,14
0,40 M Suction Side
012 M Pressure Side
0,20 010 |
— 008 I
o
0,00 0,06
D A D A D A D A O A A N o A D
SV SV 5V mV q¥ 4 gV oV gV 4 g 5V gV @ AV AV
I I S S 004
SSRGS S G T N L A I N
0,02
Fig. 9 Graphical representation of the distributidrthe y parameter
along blade pressure and suction sides; Mod1 n¥gsilart-Allmaras e o 5 o e o e o 6 o
turbulence model SV SN pt s gV a Y B BV N g 5 6 e AV AV
O S-S SN SO S - SO ol
& Q?)/ N '»‘/ e 'L(? o7 ,;‘,)/ 2 v?)/ & c;? < b‘/ A7 /\?,/ &
Figs. from 9 to 16 show the distribution of tHeparameter
along both airfoil pressure and suction sides toe four Fig. 11 Graphical representation of the distributis the y
candidate grid architectures. parameter along blade pressure and suction sided3 vhesh,

A statistical procedure was created with the aim of Spalart-Allmaras turbulence model

determining the optimal distribution of thé glong the airfoil:

a global interval [0;1000] was considered for thegrameter, ~ The higher quality of Mod 3 grid spacing, confirmieyithe

then the sub-interval [0;8] was subdivided inteedes of steps 900d results obtained by the computation of thederamic

of 0.25, while all values between 8 and 1000 wecken up coefficients, clearly appears from the distributiof the

together. relative y parameter between the prescribed valugg<b.
The probability for the yvalue, at any given point along theThe use of the proposed statistical methodology thee

airfoil, to be comprised inside each sub-intervaiswdefined analysis of the quality of the grid is independéam the
as: tested airfoil geometry or angle of attack and doble

generalized for the whole polar of the considerédoia
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Further work should be performed, in order to nucadly

The registered drag overestimation (+70.6%) ofSpelart-

determine the whole range of lift and drag coeffits for the Allmaras turbulence model is connected to the awsliption

considered airfoil geometry, as a function of thegla of
attack.

0,35
0,30

0,25 M Suction Side

0,15 I

0,10

M Pressure Side

pl-]

0,05

0,00

&
o S
K

QY NY W MY

Fig. 12 Graphical representation of the distribuitid the y
parameter along blade pressure and suction sided4 Mhesh,
Spalart-Allmaras turbulence model

1,20

1,00

0,80 M Suction Side

M Pressure Side
0,60

pl-]

0,40

0,20

Fig. 13 Graphical representation of the distributid the y
parameter along blade pressure and suction sides] vheshy-0
Transitional model

Finally, once Mod 3 mesh was identified as thedvetpatial
discretization, the distribution of the skin frimti coefficient
along both airfoil pressure and suction sides waestigated.

of the skin friction drag due to a fully turbulesitnulation of
the flow field close to the airfoil, being the aneader the skin
friction curve equal to the overall skin frictioonefficient. The
described phenomenon is quite relevant for th@iapfessure
side, as evidenced by the orange arrows in Fig. 18.

0,09 M Suction Side

0,08 [ Pressure Side

pl

O KD KO D A D A oA o o o oS

SV oV VN *'} o xﬁ,? 2N p¥ Y J’? o0 )},'J' o AV AN o
R N -
NN IRRN RN A N R A M R AP @7

Fig. 14 Graphical representation of the distribuitd the y
parameter along blade pressure and suction sides2 heshy-6
Transitional model

0,18

0,16

0,14

M Suction Side

0,12 .
M Pressure Side

pl-]

Fig. 15 Graphical representation of the distributid the y
parameter along blade pressure and suction sided3 vheshy-6
Transitional model

VII. CONCLUSIONS ANDFUTURE WORKS

Laminar to turbulent transition on the DU91-W2-24iffoil
was investigated by means of a CFD simulation ef ftbw
field using they-6 Transitional model. Numerical results were
compared to both wind tunnel experimental measunesrend

Figs. 17 and 18 show a comparison between the meaher Spalart-Allmaras turbulence model predictions.

predicted skin friction drag using both Spalartmdiras

A significant improvement in drag prediction wastabed

turbulence model ang-6 Transitional model. As can be by using the transitional computation (15.7% ovemestion)

clearly seen, the Spalart-Allmaras turbulence masleinable

to predict the laminar to turbulent transition, i is

in comparison with the fully turbulent simulatiory0(6%
overestimation). The analysis of the distributidntime skin

registered by they-0 Transitional model (evidenced by thefriction coefficient along the airfoil pressure asdction sides

green arrows) for nearly 35% of chord length.

confirmed they-6 Transitional model capability of foreseeing
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the laminar to turbulent transition which, for theesent case,

was estimated at 35% of the chord length.
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Fig. 16 Graphical representation of the distribnitid the y
parameter along blade pressure and suction sided4 vheshy-0
Transitional model
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Fig. 17 Numerical predicted skin friction coeffioteat suction side
for Mod 3 mesh using both Spalart-Allmaras turbag&emodel ang-
0 Transitional model (the green arrow evidencesthiat of laminar

to turbulent transition onset)

# SST transitional

= Spalart-Allmaras
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Fig. 18 Numerical predicted skin friction coeffinteat pressure side

for Mod 3 mesh using both Spalart-Allmaras turbag&emodel ang-
0 Transitional model (the green arrow evidencespthiat of laminar
to turbulent transition onset, while the orang@as evidence the
deep differences in skin friction drag predictieikeen Spalart-
Allmaras turbulence model aneb Transitional model)

Finally, grid quality was investigated by means af

statistical methodology, obtained by subdividing tilobal y
range in several sub-intervals and computing tis&atility of
the y value at any given point along the airfoil to be
comprised inside each sub-interval.

Further work should be performed, in order to edtdme

present analysis to a wider range of angles oflatta

NOMENCLATURE

c[m] chord length

Cql-] drag coefficient

C [ lift coefficient

¢ [-] skin friction coefficient

D [N] drag force acting on the airfoil

L [N] lift force acting on the airfoil

P[] probability for the ¥ value at any given point
along the airfoil to be comprised inside each
sub-interval

Re [] airfoil Reynolds number

U, [m/s] tangential wall velocity

Vy [m/s] free-stream wind velocity, x-component

V, [m/s] free-stream wind velocity, y-component

Vo, [M/s] free-stream wind velocity

X [m] curvilinear coordinate along airfoll
suction/pressure side

X T[] number of grid elements having the®y
comprised in the considered interval

y [m] wall-grid centroid distance

Yy [ wall y-plus

Y [-] total number of grid elements on airfoil
pressure/suction side

a [deg] airfoil angle of attack

u [Pa-s] dynamic viscosity

p [kg/m?] air density

Ty [N/M?] wall shear stress

(1
[2]

(3]
(4]

(5]
(6]

(71

(8]
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