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Numerical Analysis of Laminar to Turbulent
Transition on the DU91-W2-250 airfoll

M. Raciti Castelli, G. Grandi and E. Benini

Abstract—This paper presents a study of laminar to turbulent The airfoil analyzed in the present work is the DW&2-

transition on a profile specifically designed foind turbine blades,
the DU91-W2-250, which belongs to a class of windgbine
dedicated airfoils, developed by Delft Universitly Tiechnology. A
comparison between the experimental behavior ofieil studied
at Delft wind tunnel and the numerical predicti@fithe commercial
CFD solver ANSYS FLUENT® has been performed. Thedpmtion
capabilities of the Spalart-Allmaras turbulence eloahd of they-6
Transitional model have been tested. A sensitigitalysis of the
numerical results to the spatial domain discreatirahas also been
performed using four different computational gridéiich have been
created using the mesher GAMBIT®.

The comparison between experimental measuremeiatsC&bD
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 thedviorkerms

of renewable energy deployment, exports and pramoti

Today Europe gets approximately 20% of its eleityrifrom

renewable energy sources, including 5.3% from véinergy.

That share will increase up to 2020 when, undentédhms of
the EU’'s renewable energy directive, which setsallgg
binding targets for renewable energy in Europe, 3#%he

EU’s total electricity consumption will come frorerrewable
energy sources, with wind energy accounting for 14%In

this scenario, the continuous quest for clean gnapgears to
be connected with the development of the aerodycsmrof

actual wind turbines, in order to achieve a growththeir

performances, both for the classical horizontataddAWT)

and also the vertical-axis (VAWT) concepts [2].

For the past years, it was common practice to uistirgg
airfoil families, like the well known NACA seriedpr the
design of wind turbine blades, however the neeflifiering
wind turbine technologies has led to the quesaf@rnatives.
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250, which belongs to a class of wind turbine dattid
airfoils developed by Delft University of TechnologAt
present, DU airfoils are being used by various winbine
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 pressside. This airfoil, like
other 25% thick airfoils, has very high peak liiefficient in
the smooth condition and presents an acceptabferpemce
in the rough situation, differently from classiclACA
airfoils. The main features of the mid span airfmié a good
maximum lift to drag ratio and a smooth stall beba{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 airfoll

Every flow causes pressure and friction on the mdface,
which result in forces and moments acting on theéyhtself.
Nowadays, thanks to advances in numerical methods a
computing power, the investigation and solutiontteé flow
field around an airfoil has become relatively simpBy
performing CFD analysis on the DU91-W2-250, togethith
turbulence and transition modeling testing, thermairpose
of the present work is to investigate its behaviwith
particular attention to the laminar to turbulenantition
phenomena.

Lombardi et al. [5] tested the capability of a slaal 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 humbersd/éiom
300,000 to 9,000,000. As a result, being the Iskal friction
coefficient defined as:

C = 1w/ V2p-cV.9) 1)
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the relative integral over the whole airfoil lengthsulted free transition (it is assumed that the smoothamgrfdoes not

overestimated by all turbulence models - even usiigiply trigger turbulence until the laminar boundary layp&comes

refined grids - because of their inherent inabild@ypredict the unstable and the flow experiences free transiticiutbulence)

boundary layer transition. is an important factor to be taken into accountbl&al
Lian and Shyy [6] coupled a Navier-Stokes solved @an summarizes the main reference values of the expetah

Reynolds-averaged two-equation closure to studyinamto tests.

turbulent transition for low Reynolds number floamound a

SD7003 airfoil, obtaining good agreement betweemerical TABLE |
predictions and experimental measurements regartlieg MAIN REFERENCE VALUES OF THE EXPERIMENTAL MEASUREMERS
transition location, as well as overall flow sturets. Denomination Value

Menter et al. [7], [8] developed thed model, one of the
first transition prediction tools available in ancmercial flow Airfoil section DU91-W2-250
solver, which is compatible with modern CFD apptesc ;g‘r[‘!] g'g_m
The model is based on two transport equations, fone o [deg] 0.49

intermittency and one for the transition onsetetid in terms
of momentum thickness Reynolds number. A significan
number of test cases were used to validate thsiti@mmodel
for turbomachinery and aerodynamic applicationsluiing a

CFD analysis was performed using both Spalart-Altrea
turbulence model ang® Transitional model. The first one is a
2D horizontal-axis wind turbine airfoil section [8] relatively simple one-equation model that solvemadeled

Benini and Ponza [9] investigated the capabilitythe y-6 transpor'_[ equation f_o_r the kinematic eddy V‘SC_"“*_'iS quel
transiton model in predicting the laminar to tuemt was designed specifically for aerospace a_ppllcatlnmolvmg
transition in the boundary layer developing arouad \évall-k;ounclied flowsb.and (\;vas s;jhown to give good tesfdr
supercritical airfoil (NLR 7301). The numerical v#ts showed OUE ary ayeorls su chteb to 3 versehpressurle.egllsqiml]q.

a certain degree of sensitivity to the turbulenterisity level The secon _one 1S based on the coupling 0 the SST
set at the domain inlet, being the transition onseved transport equations with two other transport equmsti one for
foreward with increasing turbulence levels the intermittency and one for the transition onsgeria, in

Hosseinverdi and Boroomand tested the capabifitiwo terr_ns of mome_nt_um-thickness Reynolds nl_Jr_nber [71 [@
empirical correlations (Cebeci & Smith and' enethod) main characteristic is, however, the capabilityfafeseeing
coupled to the two-equation d-SST turbulence model of laminar to turbulent transition. In fact, classidarbulence
Menter, in order to predict the incompressible sitonal flow mo_dels, although W|d_ely used to calculate th? pmmt_oads
over a S809 wind turbine airfoil, obtaining sigoiht acting on blade profiles, are unable to predict [Hmainar-

improvements in drag prediction by using the trtmsal turbulent transition, resulting in poor predictiaf rotor

computation in comparison with the fully turbulesitnulation performance, caused by the ove_restimation of ehiffh_u'tion
[10] drag due to a fully turbulent-regime flow computati[14],

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

Yuhong and Congming [11] applied a two-equatiol
transition model to the flow over a wind turbinel88&airfoil.
Numerical predictions were compared with the expental
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 mofectfely. The present work was performed applying both Spalar
Under certain working conditions, the transition dab Allmaras turbulence model andd Transitional model to four
resulted able to predict lift and drag coefficiemsore different spatial domain discretizations createdthwihe
accurately than a full turbulence model. 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 tlhenber of
investigation on DU91-W2-250 airfoil, performed tolayers which composed the near-wall discretizatidme
demonstrate how, using a numerical tool capabferesee the computational domain was in fact subdivided in teuab-
laminar to turbulent transition, it is possibleateoid numerical domains:

Il. MODEL GEOMETRY

results being affected by the overestimation dbdifriction e an external portion, comprising the whole simulatio

drag due to a fully turbulent-regime flow computati The domain;

proposed analysis focuses mainly on three parameter  an internal portion, bounding the area close to the
« aerodynamic coefficients,Cy; airfoil section. Great attention was directed tads th
+ thewally; element: in fact, the most important differences
« skin friction coefficient ¢ between the four proposed meshes were concentrated

The reference values for the considered airfoilveer from it.
measurements performed at Delft University Low-shb@énd A high-quality mesh was created close to the didoiface

Tunnel [12] at a Reynolds number of 3.0%1Which is typical Wwith the purpose of better capturing the surfacendary layer
for wind turbine applications. In this case, lamitmturbulent and to obtain yvalues close to 1. This parameter is a mesh-
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dependent dimensionless distance that quantifeesiégree of symmetry
wall layer resolution, in formulas: ,
>
-
y = (p'UI'y) /H (2) : interior
Each grid was called as “Mod” followed by a numbrem LS | im,< L>
1 to 4. Tables Il and Ill summarize the main feasuof the - E - g
- . ——
adopted grids, as well as the resultifigpgak values. .
—»
TABLE Il "
MAIN MESH FEATURES AND Y VALUES OBTAINED USING THESPALART- symmetry
ALLMARAS TURBULENCE MODEL 10¢ 20c
Suction  Pressure . e . " .. —
Name Firstrow  Growth  Rows side side peak Fig. 2 Main dimensions and boqndary 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 I u[Pas 1.7894.1°°
MAIN MESH FEATURES AND Y VALUES OBTAINED USING THEL-@ Vy [m/s] 73
TRANSITIONAL MODEL MODEL Vy [m/s] 0
Suction  Pressure
Name Fistrow  Growth  Rows  side  side peak IV. DISCRETIZATION OF THENUMERICAL FLOW FIELD
[mm] factor [-] [ peak y y" value )
value [-] [] A totally unstructured mesh was chosen for\t¥fied Tunnel
Mod1 0.7 1.2 4 110 105 sub-grid in order to reduce the engineering time to preplae
Mod2 0.05 1.2 15 8.25 8.5 CFD simulations
Mod3 0.025 1.2 17 3.5 3 ’
Mod4 0.012¢ 1.2 21 1.8 1.6
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As already mentioned in the previous section, ak t
adopted grids presented common geometric feateraespt
for the areas close to the airfoil. As the aim e humerical
simulations was to explore the 2D flow field cldsea blade
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continuity of the flow field. Fig. 4 Airfoil sub-grid mesh, Mod 2
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Fig. 5Airfoil sub-grid meshMod 3 Fig. 8 Airfoil sub-grid mesh, Mod 4

V.SIMULATED FLOW CONDITIONS

Simulations were performed using the commercial BAN
solver ANSYS FLUENT®, which implements 2-D Reynolds

”*“‘4§' averaged Navier-Stokes equations using a finitemelfinlite .
VAAVAWAV&&»«;N; element based solver. A segregated solver, implicit
AV AR : :

AV Ay AT
“‘Vﬁ‘ﬁﬁ%‘%{ﬁ'&w’” formulation, was chosen for unsteady flow compatatiThe
“ﬂﬁiﬁ%%fé‘ﬁﬁgg fluid was assumed to be incompressible. As a global
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Table V shows the DU91-W2-250 reference lift andgdr
values, respectively defined as:
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AVAV%'%"' which were measured at Delft University Low-speedhdV
Tunnel [12] for an angle of attack ef= 0.49 deg.
TABLE V
=== DU91-W2-250REFERENCE LIFT AND DRAG VALUES MEASURED ADELFT
i 55% 5 UNIVERSITY LOW-SPEEDWIND TUNNEL FORA = 0.49DEG (FROM: [12])
VA S o
%Egé;:uﬁé'é\;EE Denomination Value
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Fig. 7 Trailing edge details dfirfoil sub-grid mes

. S . . . TABLE VI
With regard to the\irfoil sub-grid, the computational grids NUMERICAL PREDICTED LIFT COEFFICIENT AND RELATIVE PRCENTAGE

around the tested airfoil were constructed from €PDw  DEVIATION WITH RESPECT TO EXPERIMENTAL MEASUREMENTSSPALART-
topologies to higher ones, adopting appropriate &inctions, ALLMARAS TURBULENCE MODEL

in order to cluster grid points near the leadingesdnd the
trailing edge of the blade profile, so as to immdhe CFD
code capability of determining lift, drag and treminar to Mod1 0.38176 0.01558

Denomination Ci[] Cal]

turbulent transition onset. (c_)lfz'i(?g (Blgf‘gg"

A high-quality structured mesh was created closeht® Mod2 (-9.6% (+69.5%
airfoil surface, in order to better capture the rary layer, Mod3 0.42691 0.01307
while outside the boundary layer region a triangula 0(;192"/20)11 (87001-2?
unstructured grid was created using proper sizectiums. Mod4 (llo%) (+.73.8%)

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

grids around the tested airfoil for the four camdélmeshes.
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 VIl show a comparison between congputep = Y/X (5)
and measured lift and drag coefficients, as a fancof the
adopted spatial discretization, for both Spalaitearas being X the number of grid elements having thegmprised
turbulence model andi-60 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 expertale
measurements. Moreover, the prediction capabildfabey-0 0,25

Transitional model appear to be quite higher wébpect to
the Spalart-Allmaras turbulence model, as far asgdr
prediction is concerned. 0,20
M Suction Side
TABLE VIl M Pressure Side
NUMERICAL PREDICTED LIFT COEFFICIENT AND RELATIVE PRCENTAGE 0,15
DEVIATION WITH RESPECT TO EXPERIMENTAL MEASUREMENTS -0 —_
TRANSITIONAL MODEL -
Q'010 I
Denomination Gl Cal] '
0.31888 0.01633
Mod1 (-32%) (+113.3%) - I
Mod2 0.3367 0.01409 '
(-28.3%) (+83.9%)
0.44596 0.00886
Mods3 (-4.9% (+15.7% 0,00
0.44381 0.00908 O K D K K K DD D o P
Mod4 (-5.4% (+18.5% AT A A A A
— - BB BB BB RS EE S
QQ"\/,\/‘WW‘?")%‘Vv“’)‘o“ob‘ﬂmcb/

1,20

Fig. 10 Graphical representation of the distribuitid the y
parameter along blade pressure and suction sided2 hesh,
Spalart-Allmaras turbulence model

1,00
0,80 M Suction Side 0,20
M Pressure Side 0,18
0,60 0,16
0,14
0,40 M Suction Side
o M Pressure Side
i
0,20 0,10
— I
— 0,08
o
O
N
>

pl-]

0,06

& 0,04
SAFCES

0,02

Fig. 9 Graphical representation of the distributidnthe y parameter
along blade pressure and suction sides; Mod1 nsgsdart-Allmaras

0,00

NI T B B I I I I 2 e - I I ) N
turbulence model & SV AV A AV Al 2 SN 2 AV P
N A N N A
. o o N X X o LY o A @7
Figs. from 9 to 16 show the distribution of theparameter
along both airfoil pressure and suction sides fug 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 thepgrameter, ~ The higher quality of Mod 3 grid spacing, confirmieylthe

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

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<5.
The probability for the yvalue, at any given point along theThe use of the proposed statistical methodology tfue

airfoil, to be comprised inside each sub-intervalsvdefined analysis of the quality of the grid is independémtm the
as: tested airfoil geometry or angle of attack and dotle

generalized for the whole polar of the considerédoia
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The registered drag overestimation (+70.6%) ofSpalart-

determine the whole range of lift and drag coedfits for the Allmaras turbulence model is connected to the aestiption

considered airfoil geometry, as a function of thegla of

attack.

pl-]

pl-]

parameter along blade pressure and suction sided} vheshy-0

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

0,35

0,30
0,25 M Suction Side
M Pressure Side

0,20

0,15

0,10

0,05

Fig. 12 Graphical representation of the distributid the y
parameter along blade pressure and suction sided4 vhesh,
Spalart-Allmaras turbulence model
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Fig. 13 Graphical representation of the distribuiid the y

Transitional model

of the skin friction drag due to a fully turbulesimulation of
the flow field close to the airfoil, being the angder the skin
friction curve equal to the overall skin frictionefficient. The
described phenomenon is quite relevant for th@idpfessure
side, as evidenced by the orange arrows in Fig. 18.
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Fig. 14 Graphical representation of the distribuitid the y
parameter along blade pressure and suction sided? vheshy-6

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

VII. CONCLUSIONS ANDFUTURE WORKS

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

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

predicted skin friction drag using both Spalartrddiras

A significant improvement in drag prediction wagtaibed

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

clearly seen, the Spalart-Allmaras turbulence mdsieinable
to predict the laminar to turbulent transition, giis

in comparison with the fully turbulent simulatioryQ;6%
overestimation). The analysis of the distributiohtlee skin

registered by the-6 Transitional model (evidenced by thefriction coefficient along the airfoil pressure asdction sides
green arrows) for nearly 35% of chord length.
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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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XL‘ X
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QY N e Y

M Suction Side

M Pressure Side

pl]

Fig. 16 Graphical representation of the distributid 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 turbakemodel ang-

6 Transitional model (the green arrow evidencepthiat of laminar

to turbulent transition onset)

_ 4 SST transitional

® Spalart-Allmaras

¢ [-]

x/c[-]

Fig. 18 Numerical predicted skin friction coeffinteat pressure side

for Mod 3 mesh using both Spalart-Allmaras turbaemodel ang-

0 Transitional model (the green arrow evidencesttiat of laminar
to turbulent transition onset, while the orang@as evidence the

deep differences in skin friction drag predictiatween Spalart-
Allmaras turbulence model aneb Transitional model)
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Finally, grid quality was investigated by means af

statistical methodology, obtained by subdividing tilobal y
range in several sub-intervals and computing tlodatoility 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 edtéme

present analysis to a wider range of angles olatta

NOMENCLATURE

c[m] chord length

Cal] 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 y 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

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

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

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

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

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

y [m] wall-grid centroid distance

vy 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

o [N/M?] wall shear stress

(1
(2

(3]
[4]

(5]
(6]

(8]
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