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ABSTRACT S
Tu
This paper deals with the development and validation U
of the Menter and Langtry correlation-based transition model in @
the RANS code&lsA. Two types of experimental linear cascades vy
of low pressure turbine (LPT) airfoils having different loading Re
distributions have been considered for the validation: the Re,
T106C and T108 blades. Experimental data have been providedRem
by the Von Karman Institute in the framework of the European
program TATMo. Different Reynolds numbers varying from 80
000 to 250 000 and different freestream turbulence intensities
have been investigated. The results obtained for the T106C
blade are in good agreement with the experimental data: the
bubble size and the kinetic energy losses are well predicted.
Sensitivity to freestream turbulence is also well demonstrated .+
for the considered Reynolds numbers. However the results forj
the T108 blade show the limitations of the current version.
These limitations are explained and discussed in this paper. The
second part of this paper deals with the numerical and physical
aspects of periodical unsteady inlet conditions which are 5‘
introduced in order to take into account the incoming wakes. ,
The original Menter and Langtry transition model has required
a modification for performing correct unsteady computations of
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INTRODUCTION phenomenon is still not completely understood and source of
numerous studies [11].

Typical Low Pressure Turbine (LPT) of modern bypass Transition prediction is a main challenge for LPT
turbofan engines are composed of several stages and contributeaerodynamics but the simulation of the phenomenon remains a
around 1/3 of the engine overall weight. In order to reduce the major challenge in Computational Fluid Dynamics (CFD).
weight of the LPT, the trends have been toward decreasing theObviously Direct Numerical Simulation would be the best
number of blades while maintaining the same amount of stagesolution for describing accurately transitional flows but, due to
work. Reduction of blade number also permits a reduction of the extensive computational effort required, its use on real
the manufacturing and maintenance costs. As a consequence thgeometries or problems of practical relevance is years away.
loading per blade has been increased leading to the well knownLarge Eddy Simulation [12-14] have been performed for
concept of “high lift design” [1]. Because an increase of 1% of transionnal LPT flows but it is still limited to two dimensional
the LPT efficiency or a decrease of 8% of weight leads to a (2D) or quasi three dimensional experimental configurations.
reduction of 1% of the specific fuel consumption (SFC) the RANS and URANS methods remain the only presently
concept of “high loaded blade” has been, for several years, aapplicable method in an industrial context when dealing with
subject of main interest for LPT designers [1]. transitional flows such as LPT flows. Most modern RANS

At altitude cruise conditions the LPT turbine works at codes include transition prediction capability by the mean of
relative low Reynolds numbers. Typically, Reynolds numbers transition criterion coupled with turbulence model. However the
encountered at cruise altitude are about 100 000 [2]. Such lowuse of transition criterion in RANS codes is still problematic
Reynolds numbers result in a laminar boundary layer forming from a numerical point of view. The- Re,, model proposed by
on the suction side of the blades. It is well known that a laminar Menter and Langtry [15,16] overcomes these difficulties by
boundary layer is unable to overcome an important adversepredicting transition only by the use of local quantities. The
pressure gradient. Due to the high lift concept and the resultingmodel does not attempt to model the physics of transition but
intense adverse pressure gradient, the laminar boundary layeproposes a framework for implementing empirical correlations
presents on the suction side may separate. Downstream thdyased transition criteria in a general purpose flow solver with
separation point boundary layer transition is triggered and, in structured or unstructured parallelized solver. Because the
the most favorable case, the boundary layer rapidly reattaches irmodel is only based on local quantities it represents a promising
a turbulent state. A short laminar separation bubble thereforeway to include possible transitional effects to be automatically
exists on the blade. The phenomenon of transition triggered bytaken in account in complex three dimensional RANS
separation bubble was described by Horton [3] and by Hatmansimulations. The model is based on two transport equations: one
and Wang [4-6] in a general scope. The role of laminar to for the intermittency and the other one for the transition onset
turbulent transition in gas turbines engines was described moreReynolds number based on the momentum thickRegsThe
precisely by Mayle [7]. Horton and Howell have described the model has been initially incompletely published by Menter and
specificities of laminar to turbulent transition in LPT [2]. The Langtry [15], two functions were missing for proprietary
size of the bubble depends on the relative Reynolds number, theeasons. Several research groups have paid attention to the
freestream turbulence level intensity, the adverse pressureMenter transition model and have proposed their own
gradient and other physical parameters. For constant freestreantorrelations for the missing functions [17-27]. Finally Langtry
conditions (turbulence intensity and adverse pressure gradient)and Menter published in 2009 the model accompanied by the
when lowering the Reynolds number the bubble size increases.closure functions [28].

Firstly, the passage of a short bubble to a long bubble, also The y - Rey model has been implemented in the RANS
named bursting, is observed. Then, for extreme low Reynolds code elsA developed at ONERA [29]. A calibration of the
numbers massive separation takes place and the boundary layemissing functions has been performed at ONERA by Content et
does not reattach. This situation is the most unfavorable al [27]. In the first part of this paper a description of the Menter
because the losses are directly linked to the bubble size: theand Langtry transition model is given. The model is completed
losses will be higher according to the length of the bubble. by the correlations of Content et al [18] which are also

However, in real environment, flow field in a turbine stage presented. When dealing with unsteady wake induced transition
is essentially unsteady due to the relative motions betweenit has been noticed that the model might require a slight
rotors and stators [2]. Unsteady wakes shed coming from themodification. This modification is discussed and reported in this
upstream stage strongly affect the separation induced transitionpaper. In the second part of this paper the validation of the
process: the periodical incoming wakes, which are zones of model for two LPT test cases is presented: steady two and three
high turbulence level intensity, promote the transition process. dimensional results obtained for the T106C [9,30] and T108
The incoming wakes can cause beneficial effects by reducing a[31] blades are presented completed by unsteady quasi three
long separation bubble to a small bubble or, eventually, dimensional results obtained for the T106C test case.
completely suppressing separation of the boundary layer [8-10].

After the passage of the wake, calming phenomenon is observed
and the bubble re-forming is more or less rapid. This MODEL DESCRIPTION
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The transport equation for the intermittency is formulated

as follows:
9 (o,
('Oy)+ ('OUJy):P_E +i #.}.i ﬂ (1)
ot 0x, Ll ox o, )ox

In Eq. 1, P, and E, are source terms which control the
production and destruction of intermittency and defined as
follows:

0.5
Py = Flenglhcalps[yFunse!] (1_ y) (2)

Ey = aZpQFturb(Cezy_l) (3)
with S the strain rate and? the vorticity magnitude. The
constants used to tune the Eq. [1-3] are defined as follows:
Ce1=1.0; ¢y =2.0; ¢ =50.0; c» = 0.06 ;0; =1.0. The function
Furnpresents in Eq. 3 is defined as:

Flurb = ei(RT/4)4 (4)
= p_k (5)
Hew

Van Driest and Blummer [32] have highlighted that for Blasius
laminar boundary layer:

Re,
Re = v 6
? 2193 ©
whereRe, is the local vorticity Reynolds number defined as:
2 2
H oy u

By comparing locallyRe, and a critical local momentum
thickness Reynolds number for the transition onset the
intermittency production can be possibly turned on. The
function Fq.e Which triggers the intermittency production is
based on that assumption and defined as:

Re,

Frog =——— 8-a
o= 2.193Re, (8-2)
F ez = Min[ max(F, .. F,..*),2.0] (8-b)
3
F e =max| 1- R ,0.0 (8-c)
2.5
Fonset = rnax( Fonsaz - FonsaS 'OO) (8_d)

The aim of the second transport equation is to obtain locally

this critical momentum thickness Reynolds numiRey, to
compute Foe. The transport equation for the transition
momentum thickness Reynolds number reads:

a(pﬁeﬂ)Jra(,onf{eﬂ):Pﬂ+i{%(ﬂ+ﬂt)a§e{l ©)

ot 0X. 0X. oX.

] ]

P, =c, %(Rea— Re, )(1-F.) (10)

500u
,0U2
t is a time scale present for dimensional reasops, 0.03 and
oa= 10.0.F4 is a blending function which is equal to 1.0 in the
boundary layer and null outside [15]. The definitionFgf is
given and discussed latter in this paper. This function aims at
distinguishing the boundary layer from the freestream. In Eq. 10
Rey is obtained from transition onset correlation like the Abu-
Ghannam and Shaw [33] or Mayle [7] correlations. Typically
Rey is a function of the local turbulence intensity leVeland

the Thwaites pressure gradient paramggemhe correlation of
Langtry et al [16] has been employed in this study. Outside the
boundary layetRe, matchesRe, while in the boundary layer
the values oRe, at the edge of the latest are diffused. Since at
the edge of the boundary layBe, is equal to the transition
onset momentum thickness Reynolds number computed from a
correlation Rey, in the boundary layer the latter is known
locally through Rey. It is desirable for modeling aspect to
slightly shift the critical transition onset Reynolds number used
in Fon COMputation to the value obtained directly fréi®y

that is whyRe,. is determined as a function Bé&, (Eg. 12) and
employed in Eq.8-a.

(11)

Re, = f (Fieﬂ) 12)

To close the transition model two functions had to be
determined until Menter and Langtry published them: the
function which linksRey. to Rey (Eg. 12) and the functioBiength
employed in Eq. 2:

F

o = (R, ) (13)
The results presented in this paper are based on the ONERA in
house correlations obtained by Content et al [27]:

Re, =min(1.0,1 62310 Re; - 1228 10Re, + .084%e, (14)

F

length

8 Da3 A2
_ exp(—l.szsmo Rel + 7 42110Re (15)

+8.16[10°Re, + 2 565;

The transition model is coupled to thew SST turbulence
model [34] by modifying the production and destruction terms
in the turbulent kinetic energyk— equation:

R =Vak (16)
D, = min(mex(y,,0.1),10D, (17)
Y =mex(y.y.,) (18)

whereP, and Dy on the right hand side of the Eq. [16-17] are
the original production and destruction terms of ithe SST
model [34]. The effective intermittencyy (Eg. 18) which is
employed in the turbulence model couldjbihe intermittency
obtained from the transport equation g, (Eg. 19) an
intermittency function introduced by Menter and Langtry [28]
in order to model separation induced transition. It has been
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observed that, when dealing with separation induced transition boundary layer. This shortcoming derivates from the definition
issues with thek-w SST model, production of turbulence of Fy:

downstream the transition onset may not permit a reattachment [yf y

of the boundary layer [28]. Therefore thg, function has been E =mi o y—-¥c,

. . =min| max| F, e 1.0-| ——=||,1.0 21
introduced by Menter and Langtry [28] in order to detect * ke 1.0-Zc, (1)
laminar boundary layer separation and to permit locally an over

production of turbulent kinetic energy which will promote a (Re, P 5

reattachment of the boundary layer. This local over production g _go [ﬁj . Re = Py w (22)
of turbulent kinetic energy is achieved by allowing valueggf el ' © U

to exceed 1.0 _ 375Iieﬁ uyQ

o=k (23)
Y., = Min{s [inax Re, -1.0|,00|F_.,2\F, (19) As it.is pointed out by Eq. 23 the ratyy (Eq 21) i§ only a
3.235Re,, function of the local velocity and the vorticity magnitu@e If
. the vorticity becomes sufficiently large, which may happen in

F atacn :exp(—(R/ZO) ) (20)  the blade channel when an upstream incoming wake is passing

[10,13], Fy can switch to 1.0 outside the boundary layer and
dstrongly affect theRe, equation (Eq. 9). Activation of over
0oroduction of turbulent kinetic energy (Eq. 19) may also happen
outside the boundary layer.

This discrepancy has been corrected by defiiag follows:

Separation of the laminar boundary layer can be detecte

because when a laminar boundary layer separates the rati

Re,/2.193Rey. goes to large values. The functiBpgi.cn makes

the over production of turbulence energy being null when -

enough eddy viscosity is produced. 5= RGN (24)
The constans, (Eg. 19) controls the values af, and oJ

has a strong influence on the reattachment point because it willwith t previously defined in Eq. 11. Therefore in Eq. 21 a

directly influence the over production of turbulent kinetic dependency on the wall distance has been introduced for the
energy. As recently demonstrated by Corral and Gisbert [24] ratioy/d and for the blending functiofy,.

and other research groups [25,26][35,36] who employed the
Menter transition model for modeling separation induced
transition a constant value fax will not permit a satisfying NUMERICAL METHOD
modeling of separation induced transition in a general

framework. The reattachment point of the boundary layer is The results discussed in the following parts of this paper have
different from a test case to another one depending on severaheen obtained with the ONERA in house code Navier-Stokes
physical parameters such as the freestream turbulence intensity|sa [29]. This code solves the unsteady 3D RANS equations
or the adverse pressure gradient. While adopting a constantyith a finite volume method based on a multi-domain approach
value fors, it seems to be impossible to model the complex on structured and chimera grids. The convective fluxes are
phenomenon of separation induced transition for a large rangediscretized with the upwind method of Roe and diffusive fluxes
of different freestream conditions. Corral and Gisbert [24] tried gre discretized with a second-order accurate central-
to introduce a dependency sfto Rey in order to obtain the differencing scheme. A Backward-Euler time integration
closest possible agreement between CFD results andscheme has been employed for both steady and unsteady
experimental data for the T106C and T108 test case. Howevercomputations. For the steady computations local time step with
the Fs, function published by Corral and Gisbert [24] is in fact g scalar LU-SSOR implicitation method has been also
constant and equal to 3.0 so no real dependency has beegmployed. Concerning the transition variables, as proposed by
introduced. They succeed in matching experimental data with Menter and Langtry [28]y is set to 1.0 at the inlet of the

CFD predictions for the T108 test case but unfortunately the computational domain ar’lﬂfegl is set according to Langtry’s
numerical results remained unsatisfying for the T106C test case.correlation [28] with2,=0.0. At wall boundaries zero flux

In this study we used, as published by Menter and Langtry [28], condition is applied for both andRey
a constant value fa;=2.0. The blending functiofi, is present

in Eg. 19 in order to assign the possible over production of STEADY FLOW RESULTS
turbulence kinetic energy only inside the boundary layer where

per definitionF,=1.0. T106C Cascade

Modification of Fy The T106C blade is a LPT “ultra high lift" blade

) ) . ) profile [9,30]. This blade section has been widely studied in
It has been noticed when dealing with unsteady wake inducedpoth experimental and numerical investigations. The

transition computations th&t may be equal to 1.0 outside the
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experimental data used here have been provided by Arts et al
[30] who experimentally investigated the blade performance in
the framework of the European project TATMo. The
characteristics of the T106C cascade are summarized in Tab. 1

Chord ¢ (mm) 93.01
Pitch to chord ratio (g/c) 0.95
Inlet flow angle (deg) 32.7
Outlet flow angle (deg) 60.58
Mois 0.65

Tab. 1 T106C Main characteristics

Figure 1 shows the blade geometry and the 2D computational
grid which consists in a classical O4H grid. This grid has been
obtained by De Saint Victor [38] following a study concerning
the error estimate due to the grid. The total number of grid
nodes is about 36 600; ynaximum values are below 1 along Fig. 1: 2D Computational Grid for the T106C cascade

the blade. The number of grid points has been on purpose

limited for maintaining reasonable CPU costs and short |owest Reynolds numbeRe,;=80 000. The reattachment point
resulting calculation time compatible with an use in an s also well captured. In the separated flow region the isentropic
industrial context. Two inlet turbulence intensity lev@lshave Mach number distributions obtained numerically match very
been considered: 0.8% which corresponds to the measurementgell the ones obtained experimentally. A decrease of the
performed at the VKI [30] with the natural turbulence intensity Reynolds number leads to an increase of the pressure plateau
level of the facility and 1.8% which corresponds to a level sjze which corresponds to a growth of the bubble. The results
reached downstream a turbulence grid introduced in the facility obtained with they - Re, reproduce quite well this tendency.
upstream the blade leading edge. Reynolds nuniegeshased According to Arts et al [30] bubble bursting occurs for
upon the isentropic exit Mach numbepMand the blade chord Re; =140 000 while forRe,s < 120 000 an open bubble takes

c range between 80000 and 250 000. At the inlet of the place on the suction side. As it is visible in Fig. 3 the bubble

computational domain a turbulent to laminar viscosity rafjo topology is well predicted by CFD computations.
= 0.1 has been imposed for the test case with a turbulence

intensity levelTu=0.8% andu/u = 10.0 has been imposed for
the test case with a turbulence intensity letet1.8%. This 'f T
ratio can have a strong influence on the CFD results as |
mentioned by Spalart and Rumsey [39]. For the highest
turbulence intensity level test case, measurements of turbulence ,°°f
decay upstream the blade leading edge provided by Arts et al *,f
[30 ] allow to set a credible value pfu in computations. For
the lowest inlet turbulence level a low value of 0.01 [28] has °7
been imposed. .

08

06

Mis

elsA Tu=0.8%
 Exp.Tu=08%

olSA Tu=0.8%

0.4 Exp. Tus0.8%

0.2

| 1 1 1 |
0.2 0.4 0.6 0.8 1 0.2 0.4 056 0.8 1
x/Cax x/Cax

Reynolds number effect (a) Res=250 000 (b) Re&=160 000

Figure 2 shows the midspan isentropic Mach number 'f s
distributions along the blade for the considered Reynolds
numbers. For all considered Reynolds numbers boundary layer
separation occurs on the suction side in the adverse pressur ost
gradient region. Separation is well visible on the isentropic =
Mach number plots: a small to long plateau appears in the
decelerating region. The experimental data and the CFD results oz}
are in very good agreement. The isentropic Mach number peak [T RN
is well captured as well as the separation point except for the L B Ve ]
(c) Res<=100 000 (d) Re»s=80 000
Fig. 2: Comparison between experimental and numerical values of
M for the T106C cascade Fu=0.8%

08 08

0B

Mis

olsA Tu=0.8%
Exp. Tu=08%

6isA Tu=0.8%

B Exp.Tu-08% 04

0.2
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(a) Rg=100 000 (b) Rey=120 000

Fig. 3: Contours of non-dimensional turbulent kinetic energy for
the T106C cascade Fu=0.8% - Bubble topology

with 0=1.4

A very good agreement is obtained between the numerical and
the experimental results. The differences between the numerical
and the experimental results are less than 10% except for the
lowest Reynolds numberRe;=80 000 for which the
discrepancies are more pronounced. The abrupt increase of
losses forReys < 140 000 due to the bubble growth is well
predicted. The outlet flow angle is over predicted but the

Figure 4 compares measured and calculated distributions oféxperimental tendency is well captured: when the Reynolds

total pressure defedPy-Pq,)/Po; as a function of the position

number is lowered the bubble size increases which will reduce

along the blade pitch half a chord downstream the blade trailing the deviation of the flow. The differences between the numerical
edge. The peak value is under estimated in CFD but this and the experimental results are about 1 degree except for the
discrepancy tends to be less important when the Reynoldslowest Reynolds numbeRe;<=80 000 for which the difference

number is lowered. The wake width is quite well estimated.

—— Exp. Tu=0.8%
6lsA Tu=0.8%

—— Exp. Tu=0.8%
6lsA Tu=0.8%

(P0O1-PO2)/PO1
(P0O1-PO2)/PO1

1 1
0.2 04 0.8 1 0.2 04 0.8 1

06 ¥
pitch pitch

() Rgi=250 000 (b) Re160 000

—=— Exp.Tu=08%
oISA Tu=0.8%

—— Exp. Tu=0.8%
olsA Tu=0.8% 0.08

(PO1-PO2)/PO1
(P01-P02)/PO1

T o 1
) 0.6 08 1 02
pitch

.
06 08 1
pitch

(c) Rex=100 000 (d) Rg=80 000

Fig. 4: Comparison between experimental and numerical values of
the total pressure defects ak/Cax=1.5 for the T106C cascade —
Tu=0.8%

is about 2 degrees.

Turbulence intensity effect

Increasing the turbulence intensity leValhas an evident effect

on the isentropic Mach number distribution [30]: the transition
process is promoted and the flow reattaches before the trailing
edge. Bubble bursting is shifted to a lower critical Reynolds
number and massive separation of the boundary layer is
prevented. This beneficial effect is well visible on the
experimentally measured Kkinetic energy losses which are
significantly reduced for the lowest Reynolds numbers. For the
range of studied Reynolds numbers the simulatiofisi=t.8%

with the Menter transition model under predict the bubble size
as illustrated in Fig. 5 which presents the isentropic Mach
number distributions along the blade for a median and a low
Reynolds number. The flow reattaches more rapidly in the
computation than it is suggested by the experimental data.

0.8

0.6

Mis

elsA Tu=1.8%

oIsA Tu=1.8%
Exp. Tu=18%

® Exp.Tu=18%

0.4

0.2

0.2 0.4 08 0.8 1 0.2 0.4 08 0.8 1
x/Cax x/Cax

(a) Re=160 000 (b) Rg=100 000

Figures 6 and 7 compare experimental and numerical mass-Fig. 5: Comparison between experimental and numerical values of

averaged values of kinetic energy losses and the outlet flow
angle atx/Cax=1.5. The kinetic energy loss coefficient is

defined as:

Ms for the T106C cascade Fu=1.8%
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loaded which as a consequence leads to a gradual diffusion

10r downstream the velocity peak and thus to a lower adverse
[ pressure gradient.
8 X —a—— Exp. Tu=0.8%
FA) T Emuew The blade characteristics are given in Tab. 2 below.
B L — —A— - @lsATu=1.8%
<
< Chord ¢ (mm) 93.01
Wal Pitch to chord ratio (g/c) 1.05
I Inlet flow angle (deg) 32.7
2r Outlet flow angle (deg) 60.5
Mg 0.6
T moes  soeas Tab. 2 T108 Main characteristics
Fig. 6: Mass-weighted kinetic energy losses as a function of e The flow conditions are similar to those employed in the T106C
for the T106C cascade cascade study: Reynolds numbRes, ranging from 200 000 to

80 000 have been considered for an unique turbulence intensity
level Tu=0.08%. Since the Menter transition model is dedicated

T s to an intensive use in engineering in an industrial context, three
g T BT T dimensional (3D) computations have been performed for the
g | oo an g AR - T106C and T108 test cases. We have been able to verify, but
e . not reported here, that isentropic Mach number distributions
g | and kinetic losses remain unchanged at mid-span between the
3 sor 2D and 3D simulations. The following results for the T108
R blade are based on three dimensional computations. A blade to
§ blade view at mid-span of the T108 geometry and the
I computational grid is visible in Fig. 8. The 3D mesh grid has
BBE. about 1 876 00 nodes.

Re,,

Fig. 7: Mass-weighted outlet flow angle as a function of Rgfor
the T106C cascade

When looking at the kinetic energy losses in Fig. 6 the
beneficial effect of a turbulence intensity increase is well
captured by calculation and the computational results are in
good agreement with the measured values except for the lowest
Reynolds numberRe;s=80 000. In fact the production of
turbulence kinetic energy vige, is too important which causes

an early reattachment of the flow. However this has a priori here
no consequence on the losses prediction. Arts et al [30]
investigated three different inlet turbulence intensity levels:
Tu=0.8%, Tu=1.8% and Tu=3.2%. The numerical and
experimental results fofu=3.2% are not presented in this Figure 8- Blade to blade view at mid span of the T108
paper. Arts et al [30] experimentally noticed that the kinetic geometry and computational grid

energy losses are quite similar fw=1.8% andlu=3.2% which

may explain why, even if the bubble size 1F=1.8% is under  rigyre 9 compares calculated and measured isentropic Mach
predicted in the computations with respect to the experimental ,,mber distributions for various Reynolds numbers. For the

data, the losses remain well predicted. high Reynolds numbeRe,=200 000 the peak velocity is well
computed as well as the isentropic Mach number until boundary
T108 Cascade layer separation. The experimental results suggest the presence

) ) ) ] ] of a very small bubble betweedCax=0.75 andx/Cax=0.85
The T108 cascade is a high lift configuration also eyen if no real plateau is visible on the isentropic Mach number
tested at the VKI in the framework of the European research gistripution (Fig. 9-a2). The numerical results show a noticeable

program TATMo [31]. The blade loading of the T108 is sma|l plateau located atCax=0.85 and a reattachment point at
different from the blade loading of the T106C: the blade is front y/cax=0.9. In fact it has been noticed that in computations

7 Copyright © 2011 by ASME



separation of the boundary layer occursv/@ax=0.75 but a These discrepancies in terms of bubble topology strongly
small separated flow region remains confined in the vicinity of impact the prediction of downstream mass averaged kinetic
the wall. Therefore transition onset and reattachment are latelosses: the losses are strongly over-estimated in CFD compared
predicted by the model. As a consequence the predicted bubbldo measurements for the considered Reynolds numbers (Fig.
is thicker and longer which explains the discrepancies in terms 10). The differences between the numerical and the
of isentropic Mach number. Finally, the predicted mass averagesexperimental results are about 10% for the higher Reynolds
losses forRe,=200 000 are more important compared to the numberRe,;=200 000 but become more pronounced when the
measured losses (Fig. 10). When the Reynolds number isReynolds number is lowered and reach 150%. The experimental
gradually lowered the bubble becomes more apparent on thetendency is not captured in CFD: when lowering the Reynolds
experimental isentropic Mach number distributions which number the measured losses remain quasi constant whereas the
display a small plateau. Therefore the experimental and numerically evaluated losses strongly increase. These
measured Mach number distributions are in better agreement fordiscrepancies are also noticeable in Fig. 11 which compares
the lowest Reynolds numbers than for the highest ones except irmeasured and calculated outlet flow angle as a function of the
the separated flow region. The numerical distributions indicate Reynolds number: the differences are about 1 degree and
a pronounced bubble size while in the experimental data thebecome more pronounced at relative low Reynolds numbers.
bubble remains as short type and no bursting is observed. For

the lowest Reynolds numbeRey=80 000 the boundary 8
separation is important in CFD computations. i

| — = Exp.Tu=0.8%
1 61 — —A— - elsA Tu=0.8%

o8l 08 | \

06
S8
=

0.4

0.2

0 L L L L 1 L ! ! L
0.2 0.4 0.8 0.8 1 0.7 0.8 0.9 1

TR (NNTT R ATR NN T N ST S |
1.0E+05 1.5E+05 2.0E+05 2.5E+05

x/Cax “x/Cax
(a-1) Re;s=200 000 (a-2) Re200 000 . ) " )
Fig. 10: Mass-weighted kinetic energy losses as a function of ,Re
1 1 for the T108 cascade
0.8 08
06 06
0.4 04
0.2 0.2+
0 0{2 0!4 OfB 018 ; 0 022 Of4 0:5 028 ;
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(d) Re, =100 000 (€) Re80 000 The results obtained with the Menter transition model for these

two different blades, the ultra high lift TL06C and the front
. . . . loaded high lift T108, show two opposite tendencies. For the
Fig. 9: Comparison between experimental and numerical values of T106C Tu=1 8% th dicted bubble | Il whil

M. for the T108 cascade Fu=0.8% T1 case afu=1.8% the predicted bubble is too small while
it is too large for the T108 test case hi=0.8%. These
considerations suggest, in the bubble zone, an increase of the
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values forys, for the T108 test case and a decrease of the
values for the T106C test case compared to those obtained with
the current definition Ofysp. The definition ofys, (Eq. 19)
provided by Menter and Langtry [28] is not able to distinguish
these two different bubble dynamics because it is only based on
Rey. and constant definitions fa; and Freaach (EQ. 19). For
achieving a better modeling of separation induced transstion
and/or Freatach have to be tuned and re-defined as functions of
physical parameters. Another solution could consist in defining
a new correlation foRe, compared to the one proposed by
Langtry [28] taking in account bypass and separation induced
transition modeling which would lead Re,. values well suited

for both transition phenomenon modeling. Same conclusions
have been formulated by other research groups which studied
separation induced transition with the use of the Menter
transition model [24-26] [35-37]. This is the next step of the
current work performed at ONERA with the Rey, model.

UtUref §

o

1 1 1 n 1 J
04 02 04 08 08 1
pitch

Figure 12: Prescribed inlet velocity profile for the unsteady
computation on the T106C blade

Figure 13 visualizes the convection of the wake through
the blade channel at four equally spaced time steps during one
wake passage period. The distortion of the wake [41][13,14] is
well captured and, as visible in Fig. Rk, values are also well
convected in the blade passage. Since the wake is a zone of high

. . ) turbulence level intensity relative low values f&e, are
In order to simulate the effect of incoming wakes on the gn-ountered in this zone.

T106C blade performance unsteady computations have been
performed. The question of modeling the upstream
experimental circular moving bars as part of the computational
process of prescribing inlet-flow conditions has been treated by
Lardeau and Leschziner [40]. They demonstrated the seriou
problems associated with vortex shedding treatment in the
RANS approach and the implied numeral issues. They suggest
if experimental data describing the wake are available, to
prescribe these latest as inlet-flow conditions. Prescribing the
incoming wakes as part of the flow-inlet conditions upstream
the blade passage is a simple way to simulate the influence o
the upstream wakes shed. This strategy has been adopted in the tT=0
present study and periodic profiles along one pitch of velocity,
turbulent kinetic energy and total pressure have been prescribed
at the inlet plan of the computational domain. Experimental data
provided by the VKI during the European research program
UTAT have been used to characterise the wake. The velocity
deficit imposed is visible in Fig. 12 which displays the inlet
velocity in the computational domain as a function of the pitch
position. Computations have been performed for a Reynolds
number Rey;=100 000. Outside the wake the turbulence
intensity level has been maintainedTiz=0.8%. The bar pitch
matches with the cascade pitch leading to a reduce blade t/T=0.75
passage frequency=0.68. All the computations have been  rigyre 13: Non-dimensionalised turbulent kinetic energy
carried out as quasi three dimensional calculations since we areé cqontours in the T106C cascade through the wake passing
only interested in the influence of the incoming wakes at mid-

span. The same mesh as for the steady computations (Fig. 1) hags mentioned in the first part of this paper the computations
been used. Lardeau and Leschziner [40] have recommended t¢aye been performed with a functiéi, (Eq. 21) which was

use at least 800 time steps per wake period to reach an accuratggified compared to the function of Menter and Langtry [16].
description of the wake kinematics and the interactions betweenyyhen using the original functioRy, Re, values in the blade

the wake and the boundary layer. In this study 1600 time stepSshannel became completely wrong and did not permit a good

per period have been imposed. representation of the wake kinematics as it is visible in Fig. 14
which shows the contours dte, att/T=0.25 obtained with the

UNSTEADY FLOW RESULTS
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original definition forF4 . When looking at turbulent kinetic
energy contours a&T=0.25 (Fig. 13), one may notice that the
wake is not well modeled in terms B&y values (Fig. 14). On
the other hand, the use of the modifieg function leads to a
well representation of the wake kinematics in termsRej
values as it is visible in Fig. 15.

rtheta

Figure 14: Rey contours in the T106C cascade atT=0.25
obtained with the original definition of F

Figure 15: Re, contours in the T106C cascade through the
wake passing obtained with the modified functior

Figure 16 presents space-time plot of the skin-friction
coefficient on the blade suction side fBe;s=100 000. The
black lines materialise the separation and reattachment points.
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Figure 16: Space-Time plot of skin friction along the T106C
cascade suction side dRe,<=100 000

The periodic wakes interact with the boundary layer in the
decelerating zone where for the steady case an open bubble is
observed (Fig. 2-c). Compared to steady state results the
periodic wake passage provokes a reattachment of the boundary
layer before the trailing edge. The presence of an open bubble is
not observed anymore. The bubble size, which is periodic,
remains as long type and no total suppression of the bubble is
reached. As suggested by Hodson and Zhang [9] on this ultra-
high-lift blade incoming wakes may not be enough to suppress
the bubble.

Figure 17 shows the computed and measured isentropic Mach
number distributions for steady and time averaged-unsteady
distributions. The periodic impact of the wakes at the blade
leading edge causes a shift of the angle of attack. This shift is
quite well captured by the computations even if small
discrepancies are visible. On the other hand the peak of velocity
is clearly not well captured. De Saint Victor [38] reported that
1.5° deviation in the angle of attack largely affects the peak of
velocity which may explain this discrepancy. Downstream the
peak of velocity, even if the previously mentioned shift remains,
the experimental tendency is quite well captured by the
computation. The unsteady time-averaged experimental curve
suggests the presence of a bubble between x/Cax=0.65 and
x/Cax=0.90 which is also the case for the curve obtained by
computation (see also in Fig. 16). The beneficial effect of the
incoming wakes on the bubble is well visible on the isentropic
Mach number distributions when comparing steady and
unsteady results: massive separation of the boundary layer is
prevented.
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