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Accurate Numerical Simulation of Compressible Transitional
Flows in Turbomachinery

P. De Palma*
Politecnico di Bari, 70125 Bari, Italy

An accurate and efficient methodology is provided for computing turbulent and transitional flows by solving
the compressible Reynolds-averaged Navier-Stokes equations with an explicit algebraic stress model and k-w
turbulence closure. The space discretization is based on a finite volume method with Roe’s approximate Riemann
solver and formally second-order-accurate MUSCL extrapolation. Second-order accuracy in time is achieved
using a dual time-stepping technique combined with an explicit Runge-Kutta scheme and multigrid acceleration
to converge the false transient at each physical time level. The turbulence model has been validated computing
the vortex shedding behind a two-dimensional turbine cascade. Furthermore, the transition model of Mayle for
separated flow has been combined with such a turbulence model; this methodology has been validated computing
the flow through the T106 low-pressure turbine cascade with separated-flow transition at the suction-side boundary
layer. Finally, the three-dimensional flow through the T106 linear cascade has been computed providing the analysis
of the loss-coefficient distribution downstream of the cascade and the description of the interaction between the
secondary flow pattern and the suction-side separation bubble.

Introduction

HE fundamental role of laminar-turbulent transition in gas-

turbine engines has been widely recognized, for example, see
the review by Mayle.! Although the main flow, in such engines,
is highly turbulent, the flow regions close to the solid surfaces
may be either laminar or turbulent. In turbomachinery flows, the
transition may occur mainly in three ways. For high freestream
turbulence levels, which are typical of gas-turbine engines, the de-
velopmentand amplification of Tollmien-Schlichting waves, which
characterizes the natural transition process, is bypassed and turbu-
lent spots are directly produced within the boundary layer due to
the freestream disturbances. This first transition mode is known
as bypass transition. The second transition mode may occur when
a laminar boundary layer separates. In this case, transition oc-
curs in the free-shear-layer-like flow close to the surface and a
laminar-separationturbulent-reattachmentbubble is created at the
wall.! Such a transition mode, known as separated-flow transi-
tion, may occur in adverse pressure-gradient regions, which can
be found in both compressor and turbine cascades. Finally, transi-
tion in gas-turbine engines may be induced by the periodic passing
of wakes (also trailing shock waves if the engine operates at tran-
sonic regime) from upstream blades and is called wake-induced
transition.

In particular, the present paper deals with separated-flow transi-
tion. To obtain areasonablepredictionof losses and heat transfer for
gas-turbine engines, numerical methods must be able to model the
development of boundary layers through transition. Using the low
Reynolds number k-w model,? the author has developed a method-
ology for the solution of the Reynolds-averaged Navier-Stokes
equations,> which then has been improved* by using the explicit
algebraic stress model (EASM) of Ref. 5. In the present work, this
methodology has been supplied with the model for separated-flow
transition proposed by Mayle.! First, the EASM has been validated
vs unsteady flows computing the vortex shedding behind the two-
dimensional turbine cascade of Ref. 6. Then, the two-dimensional

Received 5 July 2001; revision received 13 November 2001; accepted
for publication 19 November 2001. Copyright © 2002 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies
of this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0001-1452/02
$10.00 in correspondence with the CCC.

*Associate Professor, Dipartimento di Ingegneria Meccanica e Gestionale,
Centro di Eccellenza in Meccanica Computazionale, Via Re David 200;
depalma@poliba.it. Member AIAA.

flow through the T106 turbine cascade’ has been computed, with
and without transition. Such a test case is suitable for validating the
proposed methodology due to the separated-flow transition, which
occurs at the rear part of the suction side of the blade. Finally, the
three-dimensional flow through the T106 linear cascade has been
computed comparing the results obtained employing the standard
k- turbulence model and the EASM, with and without transi-
tion. In particular, the loss-coefficient distribution downstream of
the cascade has been studied to demonstrate the effectivenessof the
proposed approach.

In the following, the governing equations are given together with
the details of the turbulenceand transition models. Then, the numer-
icalmethodologyis briefly described. Finally, the resultsconcerning
fully turbulent and transitional-flow computations are discussed.

Governing Equations

The Reynolds-averaged Navier-Stokes equations, closed by the
k-w turbulence model? are given by
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Ff, F', and § are the components of the convective and viscous
fluxes and the vector of the source terms, respectively,
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In Egs. (1-3), u; are the components of the velocity vector, p and
p are the pressure and the density, k is the turbulence kinetic en-
ergy, and w is the turbulence specific dissipationrate. Furthermore,
E=e+k+uu;/2 and H=h+k+u;u; /2 are the specific total
internal energy and the specific total enthalpy, respectively. Finally,
1 is the dynamic viscosity coefficient and u, is the eddy viscos-
ity coefficient. Also, 7;; is the tensor of the viscous and Reynolds

stresses:
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where 7;; is the Reynolds stress tensor given as

1( ou; ou; 1 duy 2
=] =S ) ks |~ Zoks G5
tij “’[2(3)9, + axi) 3 9%, l-’} 3Pk )

Furthermore, the energy fluxes are given as
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where Pr and Pr, are the laminar and turbulent Prandtl numbers,
respectively. With regardto the two viscosity coefficients, j is evalu-
ated using Sutherland’s law, whereas u; = a* pk /w. The six closure
parameters o*, , B*, B, 0*, and o are computed according to the
low-Reynolds-numberk-w turbulence model*:
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where Re; is the turbulentReynoldsnumber, Re, = pk/w. Finally,
the equation of state forperfect gaseshas beenemployedto complete
the governing equations.

Standard characteristic boundary conditions are imposed at in-
flow and outflow boundaries. For the case of subsonic flow, which
is consideredin the present work, total enthalpy, total pressure, flow
angle, turbulencekinetic energy, and turbulence specific dissipation
rate are imposed at the inlet, whereas pressure is prescribed at the
outlet. Furthermore, at the solid wall, the no-slip wall boundary con-
dition is used, and the turbulence kinetic energy is set to zero. The
pressure and the temperature at the wall are computed by forcing
zero normal gradients. For the value of w at the wall, the follow-
ing condition has been employed (see Ref. 8): w,, = 60v/B(Ay,)?,
where v is the kinematic viscosity coefficient and Ay, is the dis-
tance between the wall and the first grid point away from the wall.
In the present work, nonperiodic C grids are employed, namely,
the two edges of the branch cut have a different number of cells.
This feature enables the reduction of the distortion of the mesh in
the blade channel. A conservative treatment of the boundary con-
ditions at the branch cut is applied by using two rows of phantom
cells, overlapping to the grid, in which the dependent variables are
evaluated by linear interpolation.

Explicit Algebraic Stress Model

The explicit nonlinear constitutive equation, obtained by Gatski
and Speziale,’ has been considered for the Reynolds stress tensor:
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where §;; and W;; are the mean rate of strain tensor and the mean
vorticity tensor, respectively. In Eq. (10),
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The closure coefficients, a;- a5, are evaluated as follows:
a = (4 -C)g/2). =2 —C)* (g4
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withC, =3,C,=0.8,C; =1.75,C, =1.31, and Cs =2. Such val-
ues correspondto the pressure-strain correlation model of Launder
et al.,’ already employed by Gatski et al.!” in conjunction with the
EASM of Ref. 5.

Transition Model

The present paper focuses on separated-flow transition, under-
standing of which can be crucial for improving the performance
of compressors and turbines (especially low-pressure) at off-design
conditions. The base mechanism of the separated-flow transition
has been described in detail in Ref. 1. The essential features are
shown in Fig. 1, which provides a time-averaged representation of
the transitionregion. After flow separation, there is a low-pressure-
gradient region (upstream region) followed by a pressure recovery
(downstreamregion). The upstreamregionis composed of a laminar
shear flow, between the abscissas x, (separation) and x, (transition
onset), and a transition region, between the abscissas x; and xr
(end of transition). At the downstream region, the flow is turbulent
and reattaches at x,. When different sets of experimental data were
considered, Mayle' proposed the following correlation:

(Re,)s: = 1000ReS] (12)
where the Reynolds numbers are defined as
(Rex)st = Us (X, - xs)/vw Re@s = Uses/vs (13)

where Uj, 6, and v, are the freestream velocity, the momentum
thickness, and the kinematic viscosity at the separation point. When
Eq. (12) is used, it is possible to evaluate the distance between
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Fig.1 Flow around a separation bubble (from Ref. 1).
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the transition and the separation point, x, — x,, provided that the
conditions at the separation point are known. Furthermore, Mayle
provides a second experimental correlation,

(Re,)ir = Us(xy — x,)/v, = 400Re)] (14)

whichenablesto estimate the length of the transitionregion, x; — x,.
In such a region, the intermittency factor / is evaluated as

(x — xr)z
I=1- -0412 —m8 ™ —— 15
exp|: (x75 — x25)2i| (19

where x5 and x75 correspond to the locations where / is equal to
0.25 and 0.75, respectively, and I =0.99 corresponds to the ab-
scissa xr (Ref. 1). When such a value is inserted in Eq. (15) with
knowledge of (x; —x,) from Eq. (14), the difference (x75 — xy5) is
evaluated. Therefore, for transitional-flow computations, the eddy
viscosity is defined as pyan, = I 14,. Equation (15) is an experimental
correlation due to Dhawan and Narasimha,'! which describes the
growth of turbulence near walls. In the present work, no attempt
has been made to improve the model recalibrating the preceding
correlation for each turbulence model employed. Finally, for the it-
eration procedure employed in the present work, the computations
start with the intermittency factor equal to zero everywhere. At the
beginning, the flow separatesfrom the blade surface near the trailing
edge. When the flow characteristics at the separation point, that is,
U, 0, and v, are known, it is possible to compute x,, using cor-
relation (12) and the length of transition, x; — x,, from correlation
(14). With iteration, the separation point shifts upstream along the
suction side until it reaches a stable location; hence, the separation
bubble, transition point, and transition length become stable.

Space and Time Discretizations

A strongly coupled approach is employed for solving Eq. (1),
that is, the Navier-Stokes equations and the turbulence model equa-
tions are solved as a unique set. A finite volume method is used,
based on the flux difference splitting technique proposed by Roe!?
for the discretization of the convective terms. Initial data for the
Riemann problem at each interface are computed using a formally
second-order-accurae, fully upwind MUSCL extrapolation with
minmod limiter. The diffusive contributionsare discretizedemploy-
ing centraldifferencing: At eachinterfacethe derivativesof the prim-
itive variables are computed using Green’s theorem and a dual cell
centered at the interface, whereas the dependent variables are ob-
tained averaging adjacentcell-center values. Finally, the derivatives
employed to evaluate the source terms are obtained using Green’s
theorem over each cell.

For the present computations, an explicit (four-stage) Runge-
Kuttatime integrationschemeis employed, with coefficientso; = f,
@, =1, and a3 = £. Furthermore, to increase the efficiency, three
well-known methods are used, namely, local time stepping, im-
plicit residual smoothing (IRS), and multigrid strategy. The time
stepis evaluatedas At* = Courant-Friedrichs-Lewy number (CFL)
(At At*Y) /(At* + At*Y), where the convective, At*¢, and diffu-
sive, At*", time steps are computed as provided in Ref. 13. At each
stage of the Runge-Kutta scheme, the IRS with variable coefficient'
is employed. In the present work, such a procedure allows the use
of CFL =3-4, depending on the test case. Finally, a standard full
approximation storage (FAS) multigrid strategy'® is employed to
drive the residual of the governing equations to machine zero. A
V-cycle has been used, with three or four grid levels, depending on
the mesh size. Linear interpolations are employed to transfer the
corrections from each coarse grid to the finer one.

For unsteady-flow computations, a dual time-stepping techni-
que'® is employed, the time derivative being discretized using a
three-level backward formula. Between two physical time steps, the
solutionis advancedin the fictitious time by means of the preceding
Runge-Kutta scheme with multigrid acceleration and IRS.

Turbulent-Flow Computations

The unsteady turbulent flow through a large-scale nozzle guide
vane has been considered for validating the EASM. The blade has
a thick, rounded trailing edge, which causes the formation of a

von Kdrman vortex street due to the unsteady separation of the
boundary layers. The main geometrical features of the cascade and
the blade coordinates are provided in Ref. 6. Because of the rela-
tively small aspect ratio, two fences were placed close to the end-
wall boundary layers to prevent the formation of secondary flows.
In this way two-dimensional flow conditions exist over approxi-
mately 75% of the blade height, and for this reason, only two-
dimensional flow computations are presented. The flow conditions
are as follows: inlet total temperature 7;; =293 K, inlet total pres-
sure p,; = 1.178 bar, isentropic exit Mach number M, ;, = 0.4, tur-
bulenceintensity 7u = 1.15%, Reynolds number, based on the axial
chord and on outlet flow conditions, Re = 2.8 x 10°.

Unsteady computations, employing the EASM, have been per-
formed using three C meshes with 256 x 32,384 x 48,and 576 x 72
quadrilateralcells. The grids have 128, 192,and 288 cells on the pro-
file, respectively. The corresponding average y* values at the first
cellcentercloseto the blade profileare 2.3, 1, and 0.5. Computations
were performed using three time-step sizes, correspondingabout to
40, 60, and 90 divisions of the shedding period, for the three grids,
respectively. The L! norm of the residual of the continuity equation
was reduced to 107> between two consecutive physical instants,
requiring from 10 to 25 multigrid V-cycles depending on the grid
employed.

A global view of the flow is providedin Fig. 2, where the instan-
taneous Mach number contours, computed using the fine grid, are
shown.

The pressure time histories at two locations on the blade,
s/D =—1.7and 1.67, are providedin Fig. 3. The parameter s is the
curvilinear abscissa along the blade profile starting at the trailing
edge (negative and positive values indicate the suction side and the
pressure side, respectively), whereas D is the trailing-edge diame-
ter. After an initial time interval, a well-defined cyclic behavior is
reached. The pressure fluctuations induced by the vortex shedding
propagates far upstream in the boundary layers, as also found by
experiments &!7

For the experimental unsteady flow data provided in Refs. 6
and 17, the pressure signal at s /D = 0.48 has been recorded. The
associated dominant frequency is 2.65 kHz, which corresponds to
a Strouhal number (based on the trailing-edge diameter and on the
isentropic exit velocity) equal to 0.297. The computed dominant

Fig.2 Mach number contours on the fine grid (AM =0.02).
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frequencies are 1.81, 2.15, and 2.32 kHz for the coarse, medium,
and fine grid, respectively, which correspond to Strouhal numbers
equal to 0.2, 0.238, and 0.258. Such values are close to the ones
obtained employing the standard k- modeP® and are slightly lower
than the experimentalone; nevertheless,they fallin the typicalrange
of blades with fully turbulent boundary layers on both sides of the
trailing edge.

The isentropic Mach number distributions along the blade profile
are shown in Fig. 4. The symbols refer to the experimental data
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of Ref. 6, whereas the lines refer to the computed results (time
averaged over 50 cycles). The numerical results agree quite well
with the experimental data. The lines corresponding to the medium
and fine grid are coincident within plotting accuracy, demonstrating
grid convergence. The curve correspondingto the coarse grid is very
close to the earlier ones except at the trailing-edgeregion, where an
unphysical sudden overcompression is predicted due to the poor
grid resolution.

Figure 5 shows the boundary-layer velocity distributions at two
locations correspondingto s /D = £1.75. The symbols refer to the
experimental data, the squares and the circles indicate the suction
side and the pressure side, respectively. The numerical results ob-
tained using the standard k- model and the EASM have been re-
portedin Fig. 5 for comparison. The lines, referring to the numerical
results, show a convergence of the profiles toward the experimental
distributions, which are very close to the fine grid results. A com-
parison between experimental and numerical data, obtained using
the EASM, for the characteristicsof the boundary layers at the same
locations are given in Table 1. In particular, Table 1 gives the thick-
ness §, the displacement thickness §*, the momentum thickness 6,
and the shape factor H, where §, 6*, and 6 are nondimensional-
ized with respect to the trailing-edge diameter D. The data clearly
indicate that both boundary layers are turbulent. Furthermore, the
numerical data, obtained using the fine grid, agree fairly well with
the experimental data.

Transitional-Flow Computations

The linear turbine cascade T106 has been considered as a suit-
able test case for two-dimensional and three-dimensional compu-
tations (see Ref. 18 for geometrical details). The flow is subsonic
with isentropic exit Mach number equal to 0.59; Reynolds number
equalto 5 x 10°, based on the chord length ¢ and on exit conditions;
inlet flow angle equal to 37.7 deg (with respect to the horizon-
tal line); and inlet turbulence length scale equal to 0.02¢ (Refs. 7
and 18). Experimentsindicatethata separated-flow transitionoccurs
for freestream turbulence levels 7u in the range 0.8% < Tu <7.1%
(Ref. 7). For the case with Tu = 0.8%, two-dimensional turbulent
unsteady-flow computations have been performed, employing the
EASM without transition model. Three C grids have been consid-
ered with 256 x 32, 384 x 48, and 576 x 72 cells. The grids have
128, 192, and 288 cells along the profile, respectively, the corre-
sponding average nondimensional distances of the first cell center

Table1 Boundary-layers characteristics

Pressure side Suction side

Characteristic =~ Experiment 576 x 72 Experiment 576 x 72
8/D 0.134 0.139 0.277 0.292
8*/D 0.0167 0.0160 0.0405 0.0389
0/D 0.0102 0.0094 0.0288 0.0266
H 1.64 1.70 1.41 1.46
576x72 e 576X72
_______ 384x48 — — — - 384x48
-------------- 256x32 ¥ —m—em~ 256x32
=] experiment ot} O experiment
j D
i P
/I, b

1 0 025 0.5 0.75 10 025 0.5 Q.75 1

U/Ue (suction side, stand.) U/Ue (pressure side, stand.) U/Ue (suction side, EASM) U/Ue (pressure side, EASM)

Fig. 5 Boundary-layer velocity profiles at S/D = — 1.75 (+ ) and S/D = 1.75 (O), for the standard k-w model and the EASM.
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from the wall, y*, being about 2, 1, and 0.5. The computations
provide only small-pressure oscillations in time around the trailing
edge, which do not affect the shape and position of the bubble. All
results presentedin the presentsection are averagedin time. Figure 6
provides the comparison between the computed and experimental'®
distributions of the pressure coefficient C, = (p — p,)/(pi1 — P2),
where p,; and p, are the inlet total pressure and the exit static
pressure, respectively. The four distributions are very close to each
other except at the rear part of the suction side where the solution
obtained using the coarse grid does not predict separation. This is
also clearly shown in Fig. 7, where the comparison between nu-
merical and experimental boundary-layer profiles at five locations
along the suction side of the blade are provided. The medium-grid
(dashed line) and the fine-grid (solid line) solutions are very close
to each other and agree fairly well with the experimental data in-
dicating the presence of the separation bubble. Examination of the
skin-friction coefficient distribution (not shown) shows that a large
partof the suction-sideboundarylayeris laminar, in agreement with
the experimental data.” When the fine and medium grids are used,
the (free) transitionis located aboutat x /c =0.85 and 0.84, respec-
tively, whereas when the coarse grid is used, transition is shifted
upstream at about x /c =0.65. Note that, when using the standard
k-w turbulence model (without transition model), the separation
was not obtained even on the medium and the fine grids, due to
the higher extension of the turbulent boundary-layer region along
the suction side of the blade. Moreover, when the EASM (with-
out transition model) is used and the freestream turbulence level is
slightlyincreased, the separationbubble disappears,in contrast with
the experimental data.
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576x72
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O
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L
0 0.25 0.5
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Fig. 6 Pressure-coefficient distribution.
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To capture the separation bubblein the range 0.8% < Tu <7.1%,
it was necessary to employ the transition model described earlier.
Figure 8 provides the comparison between the experimental data
and the numerical data obtained using the EASM with the transi-
tion model and the medium grid. The three solid lines represent the
experimental data, namely, the abscissaalong the chord, x /c, corre-
spondingto the point on the suctionside at which separation (bottom
line), transition (center line), and reattachment (top line) occur, re-
spectively,vs the freestreamturbulencelevel. The symbolsrepresent
the present numerical data computed with four levels of Tu, namely,
0.8, 2.7, 5.1, and 7.1%, which correspond to the conditions of the
experimental data provided in Ref. 7. The agreement between the
two sets of data can be considered fairly good. Note that the predic-
tions of the separation, transition, and reattachment points obtained
using the standard k-w are very close to the ones shown in Fig. 8
obtained with the EASM. Moreover, in Fig. 9, the distributionof the
boundary-layermomentum thickness (nondimensionalizedwith re-
spectto the chord) along the suction side is provided, this parameter
being relevantfor the prediction of the transition. The symbols refer
to the experimental data with 7u=0.8% (circles) and Tu=5.1%
(squares), whereas the lines represent the corresponding numerical
results (solid line and dashed line, respectively). Also, in this case,
the agreement is fairly good especially at the transition region.

Finally, the three-dimensionalflow throughthe linear turbine cas-
cade T106 has been consideredto study the secondary flows and the
losses. Steady-flow computations have been performed with inlet
turbulence intensity equal to 5.8% to compare the results with the
experimental data reported in Ref. 18. Moreover, the measured'®
total-pressure spanwise profile has been prescribed at inlet points.

% 05 experiment
— —O— — numerical
0.4
s = separation
0.3 to = transition onset
0.2 r = reattachment
Re2 = 5e5
0.1
O|||v1||||||||||IV|r||||||||vv'||||||
1 2 3 6 7 8

4 5
Tu [%]

Fig.8 Effect of the inlet turbulence intensity on separation, transition,
and reattachment at the suction side.
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Fig.7 Suction-side boundary-layer profiles.
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Fig.9 Boundary-layer momentum thickness along the suction side.
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Fig. 10 Loss-coefficient con-
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A C grid has been employed with 384 x 40 x 48 cells, which was
proven adequate for the present calculation The average nondi-
mensional distance of the first cell center from the blade surface is
about y* =1, whereas at the sidewall y* =2. Four computations
have been performed employing the standard turbulence model and
the EASM, with and without transition. Figures 10-12 show the
contours of the loss coefficient defined as ¢ = (p;1 — p;) /(P11 — P2),
where p;, is the total pressure and the subscripts 1 and 2 indicateinlet
and outletconditions,respectively.Figures 10-12 all refer to a plane
located at x /c,, = 1.5. Figure 10 provides the experimental data'®:
The distribution of the loss coefficient clearly shows a large two-
dimensional flow region at midspan and is characterized by three
loss cores (LCs). The principalone (LC1) originatesbetween the the
suction-side branch of the horseshoe vortex and the passage vortex;
LC2 is directly related to the passage vortex, whereas LC3 is due
to the counter-rotating corner vortex induced by the passage vor-
tex in the corner between the sidewall and the suction side.'® All of
these features are well captured by the numerical solutions shownin
Figs. 11 and 12. Note that all computations overestimate the losses.
Nevertheless,employing the EASM, the local peak value of the loss
coefficient in the wake is closer to the experimental data. More-
over, a further improvement in the prediction of the loss-coefficient
distribution is achieved when the transition model is employed. In
fact, the contours provided in Fig. 12b, which refer to the solution
obtained with the EASM, are in good agreement with the experi-
mental data of Fig. 10. Figure 13 provides the pitchwise-averaged
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Fig. 11 Loss-coefficient contours (A¢ =0.03): turbulent-flow compu-
tations with a) standard model and b) EASM.
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Fig. 12 Loss-coefficient contours (A = 0.03): transitional-flow com-
putations with a) standard model and b) EASM.
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Fig. 14 Stream traces at the suction surface: EASM a) without and
b) with transition model.

loss-coefficient distributions, defined as £ = (p,; — D)/ (P — P2),
where p, is the mass-averaged total pressure, vs the blade height.
The numerical results agree reasonably well with the experimental
data and are very close to the numerical results of Ref. 18 (trian-
gles), obtained using a finer multiblock grid (1,138,000 points) and
a low-Reynolds-number k-¢ turbulence model without transition
model.

Finally, Fig. 14 provides two three-dimensional views of the
streamtraces close to the suction-sidesurfaceof the blade, computed
employing the EASM withoutand with transition,respectively.The
main difference between the two solutions is the separation bub-
ble, which is clearly detected when employing the transition model.
Both solutions show the evolution of the passage vortex and of the
suction-side branch of the horseshoe vortex along the suction sur-
face. Furthermore, the transitional-flow computationalso shows that
the suction-sideleg of the horseshoe vortex interacts with the sepa-
ration bubble. This is a typical flow configuration for low-pressure
turbine cascades in which high-loss fluid is fed into the separation
bubble, whereas the rest is convected downstream with the vortex.

Conclusions

A methodology for computing transitional flows through turbo-
machinery cascades is provided. The Reynolds-averaged Navier-
Stokes equations for compressible flows are solved together with
an EASM and k-w turbulence closure. Furthermore, the model
for separated-flow transition proposed by Mayle' has been em-
ployed. The governing equations are solved by an efficient numeri-
cal methodology, which is second-orderaccurate in space and time.
First, the turbulence model has been validated computing the vortex
sheddingbehind a two-dimensional turbine cascade. Then, the two-
dimensionaltransitionalflow throughthe T106 low-pressureturbine
cascade has been computed to study the separated-flow transition
that occurs at the suction side of the blade. Numerical results for
the transition onset and the length of the separation bubble have
been compared with experimental data for different values of the
inlet turbulence intensity. The following conclusions can be drawn.
1) When the k- EASM without transition model was employed,
the separation bubble could be predicted only for low inlet turbu-
lence intensities (7Ti < 1%). 2) When the transition model of Mayle
was employed, the bubble has been detected in all of the investi-
gated range of the inlet turbulence intensity (0.8% < Tu < 7.1%),
with the numerical results being in fairly good agreement with the
experimental data. 3) Better agreement between the numerical and
the experimentaldata is found for low-medium levels of 7u. Finally,
the three-dimensional flow through the T106 linear turbine cascade

has been computed, providing a description of the interaction be-
tween the secondary-flow pattern and the separation bubble. Note
that an improved prediction of the loss-coefficient distribution has
been achieved performing transitional-flow computations with re-
spect to fully turbulent-flow computations.
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