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A new correlation-based transition model has beenaVeloped, which is built strictly on
local variables. As a result, the transition modeils compatible with modern CFD techniques
such as unstructured grids and massively parallelx@cution. The model is based on two
transport equations, one for intermittency and onefor a transition onset criterion in terms
of momentum thickness Reynolds number. The propodetransport equations do not
attempt to model the physics of the transition proess (unlike e.g. turbulence models), but
form a framework for the implementation of transition correlations into general-purpose
CFD methods. The transition model was initially deeloped for turbomachinery flows. The
main goal of the present paper is to validate the odel for predicting transition in
aeronautical flows. An incremental approach was el to validate the model, first on 2D
airfoils and then on progressively more complicatedest cases such as a 3-element flap, a 3D
transonic wing and a full helicopter configuration. In all cases good agreement with the
available experimental data was observed. The aubhns believe that the current formulation
is a significant step forward in engineering trandion modeling, as it allows the combination
of transition correlations with general purpose CFDcodes. There is a strong potential that
the model will allow the F' order effects of transition to be included in eveyday industrial
CFD simulations.

Nomenclature

AoA = Angle of attach (deg.)

C = skin friction coefficient, /(0.5 Uyef)

FSTI = freestream turbulence intensity (percet@(2k/3%/U e
k = turbulent kinetic energy

Re, = Reynolds number] U/

Re = momentum thickness Reynolds numbet]y/

Re; = transition onset momentum thickness Reynoldaber (based on freestream conditions))y/
ﬁem = local transition onset momentum thickness R&snumber (obtained from a transport equation)
Rr = viscosity ratio

Ry = wall-distance based turbulent Reynolds nemmb

Ry = vorticity Reynolds number

S = absolute value of strain rate,;&$"

S; = strain rate tensor, 0.5( x; + u/ x;)

Tu = turbulence intensity, 100(2kf3U

U = local velocity

U, = local freestream velocity

Ures = inlet reference velocity

u’ = local fluctuating streamwise velocity

x/C = axial distance over axial chord

y = distance to nearest wall

y* = distance in wall coordinatey, /

boundary layer thickness
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momentum thickness

pressure gradient parameter?( )(dU/ds)
molecular viscosity

¢ eddy viscosity

density

wall shear stress

absolute value of vorticity, (2 ;)
i = vorticity tensor, 0.50/ x; - u/ x;)

1/2

w = specific turbulence dissipation rate
Subscripts
t = transition onset
S = streamline
[. Introduction

HE location of the onset and extent of transitiom @ major importance in the design and performarfamany

aerospace devices where the wall-shear-stresslbhea transfer is of interest. The transitionqass can also
have a strong influence on the separation beha¥iboundary layers. As a result, transition caveha large effect
on the performance of airfoils and bluff bodiesatidition, the transition on any hypersonic vehi@s a significant
influence on the design of the thermal protectigateam and the allowable flight trajectori@ghompson et al.,
1998). For all these reasons, the performanceghweind costs associated with many aerospace gslien be
affected by transition.

There are a number of different transition mecharsisiepending on the turbulence level of the extdtoa, the

pressure gradient along the laminar boundary laliergeometrical details, the surface roughnesstentteestream
Mach number. It is generally assumed that the mostmon transition mechanism on a vehicle in flighbhatural

transition, which occurs due to the growth of ubkal ollmien-Schlichting waves. A transition mentsm that has
also received heightened attention - is the s@®ddllypass transition. Bypass transition is impasethe boundary
layer by high levels of turbulence in the free-stre This can occur when an airfoil encountersvihi&e from an
upstream device. Examples of bypass transitiond#a occur in flight are on the tail surfaces tedain the wake
of a fuselage, or on flaps of a multi-element dlirfoBypass transition is a complex phenomenon tiegiends
mainly on the turbulence intensity and the statuthe boundary layer due to pressure gradientssaparation.
There is also some empirical evidence suggestiagttie structure of the turbulence (length scate) bave an
impact on the transition location (Mayle, 1991)s lkear methods cannot be applied to bypass transthere is
only a limited range of predictive engineering ®alvailable, most of which are empirical (SavilB9B, Savill

1996).

At present, there are mainly three concepts usedatel transition in industry. The first is the &pation of low-
Reynolds number turbulence models. However, thigtyabf low-Re turbulence models to predict traimsit seems
to be coincidental. This is because the calibnatib the damping functions is based on reprodutivegviscous
sublayer behavior, not on predicting transitiomiraminar to turbulent flow. It is now generallycapted that the
use of turbulence models without any coupling tara@rmittency equation appears to be a very ddiead often
unreliable method of predicting transition. In addi, low-Re turbulence models can only be apptedypass
transition and are therefore not suitable for agnadic flows.

The second approach is the so-call®anethod. It is based on the local, linear stabtlieory and the parallel flow
assumption in order to calculate the growth ofdisturbance amplitude from the boundary layer ragioint to the
transition location (Smith and Gamberoni, 1956 &ad Ingen, 1956). Once the disturbance amplitadie (€')
exceeds the limiting N factor transition is assurteedtart. The limiting N factor is not known idvance and must
be determined by calibration to wind tunnel or litigests, hence thé' epproach is considered a semi-empirical
method. For isolated airfoils, th& emethod has been shown to produce very good tramsitedictions compared
to wind tunnel measurements (Stock and Haase, 2080)vever, there remain some formidable barrieveatds
applying the B method to general aerospace applications. Theifirthat since the“emethod is based on linear
stability theory it cannot predict transition dwerton-linear effects such as high freestream terimé or surface
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roughness. In addition, typical industrial Navi&tckes solutions are not accurate enough to ewathat stability
equations. As a result, the Navier-Stokes solutust be coupled to an accurate boundary layer q&leck and
Haase, 2000). Finally, the need to track the gnoafitthe disturbance amplitude ratio along theastiine results in
a significant issue for 3-dimensional flows wheme streamline direction is not aligned with thedgri Because of
this limitation, the present authors are not avedrany instance in the open literature where thenethod has been
successfully applied to predict transition on d 8atlimensional aircraft configuration. This istrio argue against
methods based on the stability analysis of the Bapnlayer. They are a central approach in theiredwspectrum
of transition models. However, they are not conipatiwith general-purpose CFD methods and cannalydas
applied to arbitrary geometries.

The third approach to predicting transition, whistfavored by the gas turbine industry, is the afsexperimental
correlations. The correlations usually relate tteefstream turbulence intensifiy, and the local pressure gradient
to the transition momentum thickness Reynolds numbdypical example is the Abu-Ghannam and Sha98Q)
correlation, which is based on a large number geermental observations. While this method prougficgently
accurate, it poses numerical and programming algdie in Navier-Stokes codes. For classical coroslatased
transition models, it is necessary to compare tbieigh momentum-thickness Reynolds numbers )(Re the
transition value from the correlation (Re This is not an easy task in a Navier-Stokes renment because the
boundary layer edge is not well defined and thegrdation will therefore depend on the implementatd a search
algorithm. The difficulties associated with nondbformulations are exaggerated by modern CFD nusthioat are
based on unstructured grids and massive parallecution. Unstructured grids do not easily provide t
infrastructure needed to integrate global boundaygr parameters because the grid lines normaheosurface
cannot be easily identified. In the case of a galnaarallelised CFD code, the boundary layer caspié between
different CPUs making the integration tedious tofqmen in parallel. The use of correlation baseadhsrion criteria
is therefore incompatible with modern CFD codes.

In the present paper, a recent method for tramsgirediction (Menter et. Al. 2002, Menter et al02QLangtry et al.
2004) will be described and extended to aeronduflicas. The model is based on two transport equstiusing
only local information and is therefore fully contiide with modern CFD codes. One of the centralaldes in the
formulation of model is the strain-rate (or sometinwvorticity, Van Driest and Blumer (1963)) Reyrftumber:

2

2
ry"fu _r
mYy m
wherey is the wall distance; is the density/mis the molecular viscosity arflis the absolute value of the strain
rate. The importance &g, lies in the relation of its maximum value inside tboundary layer to the momentum
thickness Reynolds number R®f Blasius (or more generally Falkner-Skan) pesfiMenter et al. 2002):

Rey (X, ¥) max ~ 2.193Re, (X) 2)

where Vis the location where Rehas its maximum. The functioRe, can be used on physical reasoning, by
arguing that the combination gtSis responsible for the growth of disturbancesdeghe boundary layer, whereas
n=nlr is responsible for their damping. ASS grows with the thickness of the boundary layer arstays

constant, transition will take place once a crlticalue ofRe, is reached. The connection between the growth of
disturbances and the functiéte, was shown by Van Driest and Blumer (1963) in comngpa with experimental
data. The model proposed by Langtry & SjolandeO@and Walters & Leylek, (2002) uske,in physics-based
arguments. These models appear superior to coonahtiow-Re models, as they implicitly contain infation of

the thickness of the boundary layer. Neverthelg®s close integration of viscous sublayer dampind tansition
prediction does not allow an independent calibragibboth sub-models.

In an alternative approach, Menter et al. (2002gnMr et al. (2004) and Langtry et al. (2004) pemoba
combination of the strain-rate Reynolds number itperimental transition correlations using staddaansport
equations. Due to the separation of viscous sublagenping and transition prediction, the new metlad
provided the flexibility for introducing additionatansition effects with relative ease. Currenthge main missing
extensions are cross-flow instabilities and highezp flow correlations and these do not pose anmifgignt
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obstacles. The concept of linking the transitiordelownith experimental data has proven to be anntiséetrength
of the model and this is difficult to achieve witlosures based on a physical modeling of thesestiyehenomena.

The present transition model is built on a transpquation for intermittency, which can be usetrigger transition
locally. In addition, to the transport equatiom fbe intermittency, a second transport equatiogoised for the
transition onset momentum-thickness Reynolds numibéis is required in order to capture the noraldnfluence
of the turbulence intensity, which changes duehtodecay of the turbulence kinetic energy in tleeftream, as
well as due to changes in the free-stream velanitgide the boundary layer. This second transppragon is an
essential part of the model as it ties the empigoarelation to the onset criteria in the interemiicy equation. It
thereby allows the models use in general geomediieisover multiple airfoils, without additional arimation on
the geometry. The intermittency function is coupléth the SST kw based turbulence model (Menter 1994). It is
used to turn on the production term of the turbulénetic energy downstream of the transition pdiased on the
relation between transition momentum-thickness stndin-rate Reynolds number. As the strain-ratgnBlgls
number is a local property, the present formulatiwaids another very severe shortcoming of theetation-based
models, namely their limitation to 2D flows. It tieéore allows the simulation of transition in 3@wWs originating
from different walls. The formulation of the intgittency equation has also been extended to acdoutite rapid
onset of transition caused by separation of thenanboundary layer. In addition, the model carildly calibrated
with internal or proprietary transition onset anahsition length correlations. The correlations atso be extended
to flows with rough walls or to flows with crossfli instability. It should be stressed that theposed transport
equations do not attempt to model the physics efttansition process (unlike e.g. turbulence mqggdéist form a
framework for the implementation of correlation-edsmodels into general-purpose CFD methods. leroral
distinguish the present concept from physics baseport modeling, it is named LCTM — Local Coatain-based
Transition Modeling.

The present transition model was first presenteti@lGTI 2004 conference in two separate papeen(bt et al.,

2004 and Langtry et al., 2004). The first papercdbed the mathematical formulation of the modal anme of the

basic building block experiments for its calibratid’he second paper detailed many of the indust&lcases that
were used to validate the model including 3D anstesdy test cases, which before have been outsdealm of

empirical correlation based transition models. Mdghese test cases where for turbomachineryiegijans where

bypass transition was the dominant transition mode.

The goal of the present paper is to demonstrates snadifications that have been made to the tramsitiodel that
have improved the predictions of natural transitéord to validate the model for predicting transition full 3-
dimensional aerospace vehicle configurations.

Il.  Transition Model Formulation

The present transition model formulation is desatilvery briefly for completeness, a detailed desiom of the
model can be found in Menter et al., 2004 and Lgngft al., 2004. It should be noted that a fewngjess have been
made to the model in order to improve the preditiof natural transition. These include:

1. An improved transition onset correlation thatulés in improved predictions for both natural doygphass
transition.

2. A madification to the separation induced traositmodification that prevents it from causing garl
transition near the separation point.

3. Some adjustments of the model coefficients ideorto better account for flow history effects dwe t
transition onset location.

It was expected that different groups will make eoous improvements to the model and consequemignang
convention was introduced in Menter et al. (200dpider to keep track of the various model versidiee basic
model framework (transport equations without angrelations) was called thgRe, transition model. The version
number given in Menter et al. (2004) was called @FX0. Based on this naming convention, the presdel
with the above modifications will be referred to tas g-Re, model, CFX-v-1.1. The present transition model is
briefly summarized in the following pages.
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The transport equation for the intermittengyreads:

ru.
1(rg) , 1 Jg)ngl_ PR TR R R @)
fit T, 9, s, T
The transition sources are defined as follows:
Pgl = Flengthcalrs[g:onset]ca ; Egl = Celpglg (4)

where S is the strain rate magnitudeengls is an empirical correlation that controls the lgngf the transition
region. The destruction/relaminarization souraesdefined as follows:

sz = CaZng:turb ; EgZ = Cez szg (5)
whereWis the vorticity magnitude. The transition onisetontrolled by the following functions:

&

Rey ==+ R = ©
& m R mw
Re _ ,
F - v - F = min |ma F F 20 7
onsetl 2193 XReqc ) onset2 | ( X( onset1 Fonset1 )’ ) ( )
R R
Fonsee =max 1- E 03 Fonset = maX(FonseQ - FonseB 'O)v I:turb =e * (8)

Rey is the critical Reynolds number where the intetenity first starts to increase in the boundary lay&his
occurs upstream of the transition Reynolds numiRe, , and the difference between the two must be obtain

from an empirical correlation. Both thefg,and Re correlations are functions (ﬁem .
The constants for the intermittency equation are:

Cy =10, ¢, =20, c,=05 <¢,=50 c,=006 s,=10; 9)
The modification for separation-induced transitien

. Re, , .
gsep =min 2xmax M - 110 Freattach ’2 th' Freattach =€ 2 1 et = max(g’gsep) (10)

The model constants in Equ. 10 have been adjusted those of Menter et al (2004) in order to immrdhe
predictions of separated flow transition. The mifiference is the constant that controls the retabetween Re
and Rg; was changed from 2.193, it's value for a Blasiosrigary layer, to 3.235, the value at a separat@mnt
where the shape factor is 3.5 (see for exampler&igun Menter et al, 2004). The boundary conditior gat a
wall is zero normal flux while for an inlet is equal to 1.0.
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The transport equation for the transition momenthickness Reynolds numbeRe  , reads:

1 Re,), AU Rea) 1 () yIRe, an
qt 1%, 1% x;

The source term is defined as follows:

r ~ 500 n

P, = C, —(Re - Reg )(1.0 - Fa) t= (12)
t ru
= /c, °
F, =min max F,,.» ¢ 10- 9% 49 (13)
10- 1/c,,
Re, m 15 50Wy
s =_/“lﬁJ_' 2/ =?qBL' dzTXOIBL 14)
/.Wyz _ Re, 2
Re, = . F.=€ 7 (15)
m
The model constants for th—éem equation are:

¢, =003 s5,=20 (16)

The boundary condition foﬁeqt at a wall is zero flux. The boundary conditiom fféeqt at an inlet should be
calculated from the empirical correlation basedhaninlet turbulence intensity.

The model contains three empirical correlationsy Rethe transition onset as observed in experimédriis has
been modified from Menter et al. (2004) in orderingprove the predictions for natural transitiort id used in
EQ.12. Rngnis the length of the transition zone and goes ifdo4. Re.is the point where the model is activated in
order to match both, Reand Fngn it goes into Eq. 7. At present these empiricatelations are proprietary and
are not given in the paper.

Rey, = F(Tu/), Fepgn= f(l?zeq) Re,, = f(lith) (17)

The first empirical correlation is a function oktlocal turbulence intensity, Tu, and the Thwaifggssure gradient
coefficient! 4 defined as:

= ( ¥ )du/ds (18)

where dU/ds is the acceleration in the streamwigeiibon.
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The transition model interacts with the SST turbakemodel (Menter, 1994), as follows:

IS Tk
ﬂixj(rujk)_Pk Dk+ﬂXj (m+skn?)ﬂxj

1111(”() +
|5|‘( = geff Pk’ 6k = mln(max@eff )O:DJ-O)DK

RY
F,= e_ 120 ; R= ma><(F1orig , Fg)

R = ryJk

m 1
where R and Q) are the original production and destruction tefarsthe SST model and,f is the original SST
blending function. Note that the production ternthie w-equation is not modified. The rational behind #imve
model formulation is given in detail in Menter &t@004).

In order to capture the laminar and transitionalrimtary layers correctly, the grid must have afyapproximately
one. If the y is too large (i.e. > 5) than the transition onlgetion moves upstream with increasing yAll
simulations have been performed with CFX-5 usingoanded second order upwind biased discretisatorihie
mean flow, turbulence and transition equations.

[1l.  Results and Discussion

The rest of the paper describes the numericaltsesul
for a wide variety of 2D and 3D aeronautical flows.

The 2D test cases include the Aerospatiale A irfoi Case Re | Mach | Chord | FSTI | m/m
a GE wind turbine airfoil and the McDonnell (x109) (m) | (%)

Douglas 30P-30N 3-element flap configuration. For

the wind turbine airfoil the transiton model | Aerospatialel 2.1 | 0.15 0.6 02| 10
predictions have been extensively validated agains A

the well-known X-Foil (Drela and Giles, 1987) code Wind

and the available experimental data at variousesng| Turbine 40 | 0.22 0.8 01 | 10
of attack. X-Foil uses anemethod for transition Airfoil

prediction and is widely regarded as one of the bes| 30P-30N 9.0 0.2 | 05588 0.6| 2.5
tools available for predicting transition on aitoi Flap,

The 3D test cases will include the transonic DLR F- | AcA=8.1°
5 wing (shock induced laminar separation/turbulent| DLR F-5 15 0.82 0.15 0.5 10
reattachment, Sobieczky, 1994) and qualitative Wing
results will also be shown for a full helicopterdyo AOA = 2°
(natural transition on the fuselage, bypass tramsit

on the tail surfaces buffeted by the fuselage wake) E;Jirr(f)r(;(;s;er 30 0.12 1 0.05 1.0

The transition model has been found to have goorhble 1 Inlet conditions for the test cases
convergence behavior in the underlying flow solver

and convergence plots for the complex 3D

helicopter body will be shown and compared to faillsbulent simulations. A summary of the inlet ditions for

all the test cases described in this paper is gimehable 1. Where possible, the inlet turbuletexels were
specified in order to match the experimentally miead freestream turbulence intensity (FSTI). H fheestream
turbulence was not known in the experiment thaedurcated guess was made for the inlet values &athat the
leading edge of the body the values were represemtaf a typical wind tunnel. It should also heted that due to
the decay of freestream turbulence as it convemtendtream from the inlet to the body, the localueahear the
leading edge of the body is usually about halhefinlet FSTI value quoted in Table 1.
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A. Aerospatial A Airfoll

The Aerospatial A airfoil was designed at
Aerospatiale in 1986 and was tested in the
ONERA F1 1.5x3.5 m wind tunnel (Chaput,
1997). This experiment is a particularly
interesting test case for a transition model bezaus
there were no boundary layer trips placed on the
suction side of the airfoil. Consequently, a
laminar boundary layer develops and terminates

in a laminar separation bubble at 12 percent of
chord (see Figure 1) near the suction peak. This
separation bubble causes separation-induced
transition resulting in a turbulent boundary layer
developing downstream. At the trailing edge, the
turbulent boundary layer eventually separates due
to the large adverse pressure gradient there. What
is particularly interesting is that the laminarvilo o ) ) )
on the leading edge alters the development of {ﬂ_gur_e 1 Skin friction on the suction side of the &rospatial A
boundary layer momentum deficit over the entifrfoil
length of the airfoil. As a result, the fully
turbulent solution actually under predicts the skin
friction compared to the experiment. This also
results in an early separation on the trailing edge

It can be seen in Figure 1 that the transition rhode
does predict the separation-induced transition at
12 percent chord. In addition, the subsequent
increase in skin friction and the size of the
separation at the trailing edge also appear tmbe i
good agreement with the experiment.

B. Wind Turbine airfoil

The testcase geometry is a 2D airfoil section, as
typically used for GE wind-turbine blades. It
operates in a low FSTI environment with a
turbulence intensity of only around 0.1 percent at
the leading edge. As a result, natural transition
occurs on both the suction and pressure surfaces.
This test case was already computed in Langtry et
al (2004) with some deviations from the
experiments. The main problems in the previous
study were that the transition location was too far
upstream by about 5 percent chord and the drag
was poorly predicted, particularly at the higher
angles of attack. The deficiency in the onset
predictions was largely related to the empirical
correlations for transition onset in the low
turbulence intensity regime.  This was not
surprising, as the transition model was original
developed primarily for predicting bypass
transition in turbomachinery flows. In order to
improve the predictions of natural transition the

empirical correlation for transition onset in the , " , -

transition model has been re-calibrated for bdfure 2 Predicted transition location (top) and dag coefficient

low and high turbulence intensities. The po&pottom) as a function of angle of attack for the wwd turbine
airfoil.
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predictions of the drag coefficient were causednaglequate grid resolution in the trailing edgear@f the airfoil.
In the present paper a refined grid has been wesdlting in much better drag predictions for aljes of attack.

The inlet conditions fok andwhave been selected as to match the transitiotidoctor zero angle of attack. They
have than been kept at these values for all othgleaof attack simulations. This is a similar cedifion for wind-
tunnel conditions as typically also used for tHemeethod. The transition locations vs. angle ofcittaredicted by
the transition model are shown in Figure 2 (top)ndtunnel results and XFOIL (v6.8) predictions @sb transition

is predicted by theMemethod) are plotted for comparison. The experialedata were obtained using a stethoscope
method. With the new empirical correlations, ttansition model captures the dependence of thsitiam location

on the angle of attack in good agreement with #ita.d Figure 2 (bottom) shows the predicted dragffiient as a
function of angle of attack. Included are restitsn a transitional computation using the XFOIL eoagnd from
fully turbulent simulations. Clearly, the drag cli&ént predictions from the transitional computattiare in good
agreement with the experimentally measured drag.

C. McDonald Douglas 30P-30N Flap

The McDonald Douglas 30P-30N flap configurationg{ife 3) was originally a test case for the High-Lif
Workshop/CFD Challenge that was held at the NASAdlay Research Center in 1993 (Klausmeyer and Lin,
1997). ltis a very challenging test case foramgition model because of the large changes ispregradient and
the local freestream turbulence intensity arourgdutarious lifting surfaces. The experiment wadgrered in the
Langley Low Turbulence Pressure Tunnel and thesitian locations were measured using hot films toa upper
surface of the slat and flap and on both the uppdrlower surfaces of the main element (Rumsey, 4988). The
skin friction was also measured at various locaiosing a Preston tube (Klausmeyer and Lin, 199r the
present comparison the Reynolds number of Re=8a!6 an angle of attack aE8° was selected.

Main lower transition:
CFD = 0.587
Exp. = 0.526
Error: 6.1 %

Flap transition:
CFD = 0.909
Exp. = 0.931
Error: 2.2 %

Slat transition:
CFD =-0.056
Exp.= -0.057
Error: 0.1 %

Main upper transition:
CFD = 0.068
Exp. = 0.057
Error: 1.1 %

Figure 3 Contour of turbulence intensity (Tu) arourd the McDonald Douglas 30P-30N flap as well as threeasured
(Exp.) and predicted (CFD) transition locations (x¢) as a function of the cruise airfoil chord (c = 5588 m). Also
indicated is the relative error between the experirant and the predictions.
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A contour plot of the predicted turbulence
intensity around the flap is shown in Figure 3.
Also indicated are the various transition
locations that were measured in the experiment
(Exp.) as well as the locations that were
predicted by the transition model (CFD). As no
information was available on the freestream
turbulence level in the experiment, the inlet
turbulence values for this case were estimated
so that the slat transition location matched the
experiment. The transition locations on the
main element and the flap are the outcome of
selecting that freestream turbulence level. In
the computations, the onset of transition was
judged as the location were the skin friction
first started to increase due to the production of
turbulent kinetic energy in the boundary layer.
In general the agreement between the measured
and predicted transition locations is good. The
worst error was on the lower surface of the
main element were the predicted transitiqgfgure 4 Skin friction on the upper surface of theMcDonald
location was too far downstream bwouglas 30P-30N flap.
approximately 6 percent of the cruise airfoil
chord,c.

The predicted skin friction on the upper surfacehaf flap is compared to the experimentally measwadue in
Figure 4. The predicted transition location appetar be in reasonably good agreement with the é@xpet
however the turbulent skin friction appears to h&ween slightly over predicted. This could be thsult of
transition being predicted slightly too far dowestm on the flap surface, thereby shifting the dirtorigin of the
turbulent boundary layer.

D. DLR F-5 wing

The DLR F-5 geometry is a 20° swept wing with a eyitrical airfoil section that is supercritical afraestream
Mach number of 0.82. The experiment was performiethe DLR by Sobieczky (1994) and consists of agwi
mounted to the tunnel sidewall (which is assumetiawee transitioned far upstream of the wing). Hé toot the

wing was designed to blend smoothly into the wallst eliminating the horseshow vortex that usua#yedops

there. The experimental measurements consistif wiounted static taps at various spanwise loca@od flow

visualization of the surface shear using a sublonaechnique.

The experimental flow visualization of the 2° angleattack case is shown in Figure 5 (right). Blkea the flow

visualization and the pressure measurements aatliagf the flow field around the wing was constrdcéad can be
seen in Figure 5 (middle). The measurements itglitzat the boundary layer is laminar until abo@tpg&rcent
chord where a shock causes the laminar boundaey tayseparate and reattach as a turbulent boutalgey The
contours of skin friction and the surface streassipredicted by the transition model are shownigurié 5 (left).

From the skin friction the laminar separation antbtlent reattachment positions can be clearly seehboth
appear to be in very good agreement with the expmrial diagram from about 20 percent span outdanming tip.

The predictions appear to differ from the experitn@énthe wing root region as shown in Figure 6.tHa CFD
predictions there appear to be two distinct trémsitegimes. The first regime is transition dueattachment line
contamination where the turbulent boundary layemftthe tunnel wall essentially convects along #eling edge
of the wing and results in a fully turbulent bound&yer downstream of this stagnation region. sTikiin fact a
very difficult phenomenon to predict with a trafmit model because it is essentially a convectiomidated
process. The transition model was able to pretistbecause it is based on locally formulatedspant equations
and local values for the transition indicators. asesult it can naturally account for the convettid a turbulent
boundary layer and it's effect on transition.
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Shock Induced
Laminar

Separation \

Turbulent
Reattachment

Cf

Figure 5 Contour plot of skin friction (Cf) predicted by the transition model (left), experimental digram of the flow
field (middle) and experimental flow visualizationof the surface shear on the DLR-F5 wing (right). Eperimental

figures reproduced from Sobieczky (1994).

The second transition regime is caused by a shock
induced laminar separation and there is an abrupt
switch between the two modes in the CFD
predictions. However, based on the experiment,
the transition line appears to smoothly switch
from the separation induced mode to the
attachment line contamination mode. It is
possible that this smooth change is actually
crossflow induced transition as the angle between
the surface streamlines and the freestream
velocity is significant in this region. As the
current empirical correlations do not account for
crossflow effects, it is not surprising that
differences occur in this region. Note that this is
not a conceptual weakness of the LCTM
approach, as crossflow instability can in principle
be included in the correlations.

Transition Line in the
Experiment
(Crossflow transition?)

Separation inducec
transition

Attachment Line
Contamination

Transition Line in the CFD

Figure 6 Surface streamlines at the DLR-F5 wing robcolored by
the local intermittency: blue = laminar, red = turbulent.
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E. Eurocopter Airframe
Red: Isosurface o
The Eurocopter airframe is a 3-dimensional reverse flow
helicopter configuration that would typically be
used to investigate the drag coefficient of a
proposed helicopter design (minus the influence of
the rotor blades). At present, there is no
experimental data available in the open literature
this geometry. Nevertheless, it is still an ingtirey
test case for the transition model because of it's
complexity and because it represents an actual
industrial geometry.  Our main interest is in
comparing the fully turbulent solution to the
transitional solution and in demonstrating that the
transition model does not adversely affect the
convergence and robustness of the underlying flow
solver. The grid for this case consisted of at®ut
million nodes and each solution was run overnight

in parallel on a 16 CPU Linux cluster. Laminar Flow

The predicted skin friction for a fully turbulenhé

transitional solution is shown in Figure 7. Theima

differences in the transitional solution are thae t

front part of the fuselage, the two outside veftica

tail surfaces and the outer half of the horizortedl

surface are_Iammar. The fact that the transition Transition
model predicted turbulent flow on the middle 4-/

vertical stabilizer and the inner part of the horital

stabilizer was unexpected. Further investigation

revealed that this was caused by the turbulent wake

that was shed from the fuselage upstream of the 1i‘é'ljgure 7 Contour plot of skin friction for a fully

This is best illustrated in Figure 8. The top piet "
shows an iso-surface of the turbulent flow. Tri(l%rbulent (top) and transitional (bottom) Eurocopter

turbulent wake is clearly visible and can be seerﬁframe'

passing over the middle vertical stabilizer anditimer part of the horizontal stabilizer. Consetlye the transition
model predicts bypass transition on these surfdaesto the high local freestream turbulence intgrfsom the

wake. Outside the wake, the local freestream tarme intensity is low and as a result the modetjgts natural
transition. This is clearly a case where the lldoamulation of the transition model is a sign#itt advantage
because it allows the model to automatically actdon large changes in the freestream conditionthauit

requiring any outside input from the user.

The convergence of lift and drag is shown in Fig@rdor the fully turbulent (top) and transitiondyoftom)
solutions. The transitional flow on the fuselage #ails resulted in a 5 percent drag reduction canex to the fully
turbulent solution. A slight oscillation of thepsration zones behind the engine compartment predem full
residual convergence. However, the force convematmmonstrates that the transition model does aot lany
adverse effects on the convergence. Similar oatens were made for the other testcases. The eadrbf the
transition model is typically around 17%.
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IV. Conclusion Blue = Laminar
Red = Turbulent

The concept of the LCTM approach has been extended

and demonstrated for aerodynamic flow simulatigxs.

overview of the model formulation was given and

numerous aerodynamic testcases have been computed

successfully. The agreement with the experimerdéd d

is generally good, considering the complexity af thst Turbulent Wake
cases and the different physical phenomena involved

The authors believe that the current model is a

significant step forward in engineering transition

modeling. Because it is based on transport equagtioNatural transition

the model formulation therefore offers a flexibl@utside the wake!
environment for engineering transition predictiomat is \
fully compatible with the infrastructure of mode@D

methods. As a result, the model can be used in any

general purpose CFD method without special promsio

for geometry and grid topology.

Bypass transitior
inside the wake

The transition model accounts for transition due to

freestream turbulence intensity, pressure gradiants

separation. It is fully CFD-compatible and does nbigure 8 Iso-surface of turbulent flow (top) and suface value
negative|y affect the convergence of the solvere @Grea of intermittency (bOttom) indicating the laminar (blue) and
were the model could be of further improved is Byrbulent (red) regions on the Eurocopter airframe.
including a correlation for predicting cross-flow

transition, as this mode of transition is presenhaghly

swept bodies such as transonic wings or fuselages a Fully Turbulent

high angles of attack. This will most likely besthext

step in the model development. It is the author’s

opinion that the LCTM concept of combining trariti

correlations with locally formulated transport etjoas

has a strong potential for including the' brder Lift Drag
transitional effects into today's industrial CFD \
simulations.
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