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ABSTRACT

A numerical study was performed to investigate unsteady
flow transition under the effect of periodically passing wakes
on a highly loaded low-pressure turbine cascade. The simula-
tion was done by a time-accurate 2D Navier-Stokes solver,
which was developed at the Institute for Thermal Turbo-
machinery and Machine Dynamics. The transition process was
modeled by coupling a baseline two-equation k- turbulence
model with an intermittency transport equation via the turbu-
lence production term.

The experimental investigations on the highly loaded low-
pressure turbine cascade, called T106D-EIZ were carried out at
the Institut fiir Strahlantriebe der Universitit der Bundeswehr
Miinchen (Germany). The available experimental data contains
three test cases by varying the isentropic exit Reynolds number
from 200.000 to 60.000.

The objective of this paper is to show the ability of an
intermittency transport equation to model unsteady wake in-
duced transition and separation mechanisms. The numerical
results are compared by the pressure distribution, shape factor
and loss behavior to the experiments.

INTRODUCTION

In turbomachinery and especially in aircraft engines the
Reynolds numbers that determine the evolution of the boundary
layers are relatively low. So a large part of the flow along the
blade surfaces is laminar or transitional. The boundary layer
development, losses, efficiency, heat transfer and boundary
layer separation are greatly affected by laminar-to-turbulent
transition. A great overview of the transition phenomena in
turbomachinery was presented in the work of Mayle [1]. He
recognized that three different modes of transition to turbulence
may occur in boundary layer flows, natural, bypass and free
shear layer transition above a laminar separation bubble. Due to

the highly unsteady features in turbomachinery, Mayle speaks
about “multi-mode” transition, induced by periodically passing
wakes. This kind of unsteady transition is one of the main chal-
lenges for researchers.

The efficiency of the gas turbine critically depends on the
low-pressure turbine (LPT). Hodson [2] reported that an in-
crease in the efficiency of the LPT by 1% would improve the
engine’s fuel consumption by 0.5%. A further target is to re-
duce the blade count of a LPT, which also implicates reduced
manufactured costs and decreased of engines weight. Cobley et
al. [3] have shown that the blade count can be reduced by 20%,
considering the unsteady transitional boundary layer, without
significant efficiency losses. Therefore many experimental
investigations were done on low-pressure turbine cascades with
passing bar wakes to get an understanding of the flow physics.
Experimental work was done by Stieger [4], who investigated
the transition phenomena between wake passing events on a flat
plate with a pressure gradient similar to the T106 LP cascade
and on the LPT cascade itself. This work gives a detailed ex-
perimental insight into the unsteady transition mechanisms.
Also DNS [5] on a flat plate with passing wakes and LES [6]
on the T106 LPT cascade computations have supported a de-
tailed insight into this flow.

The aim is now to incorporate these findings into Reynolds
Averaged Navier-Stokes (RANS) solvers to improve the transi-
tion to turbulence predictions for engineering applications. The
ability to accurately predict the transition process is crucial for
the design of efficient and reliable machines. Considerable
effort has been spent in improving the ability of different turbu-
lence models to predict transition for various flows, by adding
equations to e.g. standard k-& turbulence models [7]. Beside
these "pure" turbulence models, an increasing number of transi-
tion models are being developed from empirical correlations
[8]. They are used to modify the turbulence models to better

| Copyright © 2004 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



predict the transition process. Most transition models are de-
rived from boundary layer measurements on a flat plate and
transition is described by an intermittency factor y, which gives
the fraction of time when the flow is turbulent. Whereas some
numerical solvers incorporate algebraic intermittency models,
recent approaches simulate transition to turbulence with inter-
mittency transport equations [8][9]. These approaches allow to
model transition for more general flows.

The objective of this work is to show the ability of an
intermittency transport equation, originally developed by Stee-
lant and Dick [8], for predicting unsteady transition on a highly
loaded LPT cascade. Before investigating unsteady wake in-
duced transition, two steady flat plate test cases were calcu-
lated. The turbulent quantities were calculated by the Menter
SST [10] turbulence model. Laminar to turbulent transition was
modeled by coupling the intermittency model with the produc-
tion term of the Menter SST turbulence model. Two different
approaches were investigated to overcome the excessive over
prediction of turbulent kinetic energy at the stagnation point.
The behaviors of these different approaches in conjunction with
the intermittency model were evaluated by means of the skin
friction distribution ¢, over the first investigated flat plate case
with zero pressure gradient. For the second flat plate test case
with a non-uniform pressure gradient the authors postulate, that
by matching the distribution of the free stream turbulence and
the pressure gradient compared to the experiments, the transi-
tion model is able to predict the transition process correctly
without a transition onset criterion.

For the unsteady simulations the LPT cascade T106D was
chosen, where the numerical data are compared with the meas-
urements provided by Stadtmiiller [11] at the Institut fiir Strah-
lantriebe der Universitit der Bundeswehr Miinchen (Germany).

NOMENCLATURE
A" = Van Driest constant, A’=26
¢ = chord length
¢, = skin friction, ¢, =7, /(O.SpwUf))
H;; = shape factor
IM = intermittency model
k = turbulent kinetic energy [m?/s*]
M = Mach number
Ao = turbulent spot growth parameter
P, = turbulence production term [kg/m/s’]
PRC = pressure correction parameter
Re = Reynolds number
S = magnitude of the strain rate [s"]
SST = Menter SST turbulence model
T = time scale bound
Tu = turbulence intensity, Tu =100 /2/3 k /U [%]
U = amplitude of the velocity, U = Vu’ +v* [m/s]
y" = dimensionless wall distance
Greek Letters
y = intermittency factor
o = Dboundary layer thickness [m]
A = acceleration parameter
g = momentum thickness
Q = magnitude of the vorticity [s']
w = specific turbulent dissipation

Subscripts

1 = inlet

2 = outlet value

is = isentropic

le = leading edge

st = start of transition

w = value taken at the wall

ZPG = zero pressure gradient

00 = freestream, edge of the boundary layer
NUMERICAL METHOD

The flow solver used in this investigation was developed
by Gehrer [12] and is a full Navier-Stokes code. The time itera-
tion of the mean-flow and turbulence equations is done by an
implicit scheme based on a Newton procedure and applying
local time stepping. The Euler fluxes are discretized using a
third-order TVD-upwind, cell-centered scheme based on Roe's
approximate Riemann solver. The viscous fluxes are evaluated
by central differencing.

TURBULENCE MODELING

The turbulent viscosity is modeled by the Menter shear
stress transport (SST) k- turbulence model [10]. To avoid the
excessive generation of turbulent kinetic energy in regions with
large rates of strain (stagnation point), the turbulent time scale
bound of Medic and Durbin [13] was applied, instead of the
Kato and Launder [14] modification of the turbulent production
term P,={4,SQ. The magnitude of the strain rate is defined as
|S|’=2-S;-Sy, with S;=1/2(cy/x,+u/x;) and the magnitude of
the vorticity as |Q|=2-Q; Q; with Q;=1/2(u/x;-u/x;). Medic
and Durbin summarized that this anomaly can be solved by
modifying the turbulent production term, as proposed by Kato
and Launder, or the turbulent dissipation. For the latter method
the standard formulation of the turbulent production term is
used, which leads to better behavior in simulating transition to
turbulence with an intermittency model (see section below).

The turbulent viscosity is calculated by:

H, =C,pkT (1)

where the time scale bound is defined as:
T =min| — 06 2)
€, Jac,Is

The main feature of the Menter SST model is the consid-
eration of the transport of the shear stress in adverse pressure
gradient boundary layers using the original correlation for the
eddy viscosity. By applying the time-scale bound of Medic and
Durbin the transport of the shear stresses would not be consid-
ered correctly. This aspect was not investigated in this work.
Further by implementing the time scale bound into the turbu-
lence model the dissipation equation changes, whereas the
equation for the turbulent kinetic energy remains unaltered:
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TRANSITION MODELING

The transition is modeled by coupling the turbulent
production term P, of the k and w equations with the
intermittency factor ). Based on the idea of Lodefier et al.[15]
following function was used:

Pk*:(a+(l_a)y)Pk 4
where the boundary layer detector a is defined as:
v Y
a=min| L ———1| |; b=20 (&)
vQ10

This detector switches rapidly from zero within the bound-
ary layer to one in the free-stream. In contrast to the sugges-
tions of [15] the boundary layer detector a (Eq. 5) was modified
by replacing the magnitude of the strain rate S with the magni-
tude of the vorticity ©. As close to the stagnation point of the
LPT blade the strain rate shows higher values in a more ex-
tended region, the boundary layer detector predicts a much
thicker boundary layer. The substitution of the strain rate by the
vorticity avoids this over-prediction of the boundary layer
thickness at the stagnation region.

The intermittency model given in Eq. (6) corresponds to
the equation, which is explained in detail in [8,15], except for
the term R, which was added by the authors as a first attempt to
model relaminarization.

The transport for the intermittency equation reads:

apyﬁpufy_aﬁy Jay
g
14

1-a)(C,P, = CuR
o ox, ox ax}( 2 /)

(6)

The source term of the intermittency model is multiplied
with (7-a) to apply the growth of the intermittency only within
the boundary layer, where a equals zero. By means of numeri-
cal calculation on the flat plate test cases the constant Cp was
optimized to Cp=1.35, instead the original value of Cp=2.0
[15]. The intermittency production term P, was developed by
Steelant and Dick [8] and was left unaltered in this work. Stee-
lant and Dick derived the term P, from the intermittency distri-
bution of Dhawan and Narasimha [16]. To further incorporate
the effects of varying free-stream turbulence intensities and
varying pressure gradients during transition, two widely known
concepts can be applied. Solomon et al. [17] used a correlation
for the variation of the half spreading angle and the propagation
rate of the turbulent spots from experimental obtained data of
the leading and trailing edge velocities of these turbulent spots.

J

These correlations prescribe the growth of the intermittency
during transition and depend on the pressure gradient parameter
As The second approach to incorporate varying pressure gradi-
ents was proposed by Steelant and Dick [8] on basis of Mayle's
data [1] and is used in this investigation. They suggest a modi-
fied spot production rate in the production term P, according to
following equation (7). The turbulent spot growth parameter for
zero pressure gradient flows as proposed by Mayle [1] with
RO pe =1.25%107" Tu!'* is modified using the acceleration

parameter K.

~ - —exp(2x10° K)
PRC = 4’/’0- = (474T 192‘”9) K < 0 (7)
ﬁJZPG 10_3227](05985 K> 0
__ M, Op
- 02U’ o (3)
0~ 0 j

The quality of transition predictions depends on determin-
ing the start of transition and thus on the correct determination
of the local free-stream turbulence intensity. Compared to Stee-
lant and Dick [8], we have taken the free-stream turbulence
intensity direct from the turbulence model at the edge of the

boundary layer by Tu, =,/2/3[k, /U, in order to account the

decay of turbulence in the free-stream. A further reason to tak-
ing the turbulence intensity direct from the turbulence model at
the edge of the boundary layer is to take into account the pass-
ing wakes for unsteady wake induced transition.

A difficult task in modelling the transition process with
intermittency equations arises in determining the edge of the
boundary layer. As most of the transition onset criteria are
based on integral parameters, such as the momentum thickness
Reynolds number, it is necessary to determine the boundary
layer thickness. This makes the implementation into 3D Navier-
Stokes codes or into commercial flow solvers difficult. In this
work we determine the edge of the boundary layer with follow-

ing relations [18]:
l ‘[ Q 1—-exp| - b dy
v A* )

0=1.145y,; where G - G,

If y denotes the distance normal to the wall, the value y;, at
which the function G, reaches its maximum is assumed as
turbulent length scale. The boundary layer thickness is then
obtained by o=1.145- y;.. All other flow quantities, which are
needed by the transition model at the boundary layer edge (in-
dicated by “ ), were approximated by isentropic relations.

As was mentioned before, the term for relaminarization
was added by the authors as a first attempt to model the decay
of the intermittency in highly accelerated boundary layer re-
gions. This term is not supported by experimental results yet,
but it will be a chance for future improvements. Fernholz and
Warnack [19] have experimentally investigated accelerated
turbulent boundary layers around axisymmetric bodies in a
wind tunnel. The data are available at the ERCOFTAC data-
base. This work could by a basis for the empirical modeling of
the intermittency decay in strongly accelerated regions. How-
ever, we propose following term for relaminarization:
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where Kpe.,n corresponds to the relaminarization accelera-
tion parameter, as proposed by Mayle [8]. The constant Cy was
set to 25, determined by numerical optimizations. We observed
that this term should also depend on the free-stream turbulence
intensity, the acceleration parameter and the Reynolds number.
The primary function of R, is to reduce the intermittency down-
stream of the stagnation point of a LPT blade, where the model
predicts high production of y due to the high turbulence inten-
sity up to 20%. Downstream of the stagnation point of a turbine
blade the acceleration parameter is much bigger than K., and
thus the relaminarization start.

FIRST STUDIES

Before simulating unsteady wake passing transition, pre-
liminary studies were performed on adiabatic flat plate test
cases with sharp leading edges obtained from the ERCOFTAC
SIG10 [20] database. The transitional boundary layer was cal-
culated for two test cases, the T3A case with zero pressure
gradient and the T3C2 case with a non-uniform pressure gradi-
ent. The data of the cases are summarized in table 1, where U;
is the inlet velocity, Tu,, the free-stream turbulence intensity at
the flat plate leading edge. To match the decay of turbulence
with the experimental data the mixing length /m,,, given in the
last column of table 1, was specified.

| Ui [ms] Tue [%]  Imy [mm)]
T3A 5.4 3.35 0.94
T3C2 53 2.8 0.77

Tab. 1: Calculated flat plate test cases
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Fig. 1: Skin friction distribution and intermittency for T3A

Figure 1 shows the obtained results of the skin friction dis-
tribution for the T3A test case with the intermittency model
coupled with the Menter SST k-w model. The intermittency
distribution (black solid line) agrees very well with the experi-
mentally obtained distribution of ). The Mayle [1] criterion was

used to determine the start of transition, Re,, =420 (Tu %’ .

le,o
By coupling the Menter SST turbulence model via the produc-
tion term with the calculated ydistribution, the different behav-
iors of the production terms can be seen very clearly. The red
line shows the result with the applied time scale bound on the
turbulence model and the standard production term, where the
computed result matches the experimental values of the skin
friction very well. By coupling the Kato and Launder turbu-
lence production term with the same distribution of the inter-
mittency, the skin friction shows a delay of the transition onset
and a remarkably longer transition zone. Therefore the ap-
proach of Medic and Durbin was applied to the turbulence
model, to overcome the stagnation point anomaly at the later
investigated turbine cascade.

The second investigated case with a varying pressure gra-
dient over the flat plate is shown in Fig. 2. In comparison to the
T3A test case we modeled the test case T3C2 without a transi-
tion onset criterion. For the T3A test case with a zero pressure
gradient distribution along the flat plate, an onset criterion is
indispensable. But if the plate is subjected to a pressure gradi-
ent we observed that the intermittency model is able to capture
the transition process correctly without a transition onset crite-
rion. This is made possible by the pressure correction parameter
PRC, which dampens the spot production rate in accelerated
flow regions and thus causes that the intermittency growth
slowly. In a decelerated flow region the spot production rate
increases strongly, leading to a fast transition to turbulence as
shown in Fig. 2. This approach worked also well for the cas-
cade test cases with their rapidly changing pressure gradients.
Further investigations will be performed to verify the applica-
bility of this approach. Due to this good agreement for the
T3C2 test case we also simulated the latter test case without a
transition onset criterion.
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Fig. 2: Skin friction and intermittency distribution for T3C2

DESCRIPTION OF THE TEST CASE T106D-EiZ

The final numerical investigation of the ability to predict
unsteady wake-induced transition with an intermittency trans-
port model was done at the test case T106D-EIZ. This case was
experimentally investigated in the high-speed cascade wind
tunnel of the Universitit der Bundeswehr Miinchen. The cas-
cade profile represents the mid-span section of the PW2037
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LPT rotor blade. At the experiment the pitch-to-chord ratio was
increased from ¢//=0.799 (original design) to ¢//=1.05, in order
to obtain a larger separation bubble on the suction side at ap-
proximately x//,,=0.6 for more detailed investigations. The
main aim of the test rig is to study the influence of unsteady
inflow conditions on the cascade blade row. The unsteady in-
flow is provided by moving bars, located 70mm upstream of
the cascade inlet. The bar diameter corresponds to dp//,, = 0.02
and the speed of the translation parallel to the cascade inlet
plane equals 21.4 m/s.

The available test case documentation [11] contains three
different operating points by varying the exit chord length Rey-
nolds-number and the isentropic outlet Mach number. In this
work the operating point 1 was simulated. The most important
data are given in table 2.

| Re,. Mayi Uy [m/s] Py [bar]
Point 1 ’ 200000 04 21.4 0.2596

Tab. 2: Numerically investigated operating condition

Without the moving bars at this operating point the ex-
periment indicates a large separation bubble, after x//,, = 0.6 as
already mentioned before. By unsteady inlet conditions an up
and downstream migration of the separation bubble was ob-
served.

For the numerical investigations the geometric inflow an-
gle [, was taken from Cardamone et al. [21] with $,=41.6 for
steady and unsteady simulations (see Fig. 3). Some difficulties
arise by identifying the free-stream turbulence intensity Tu,. By
the simulations of Cardamone et al. the background turbulence
level was set to Tu;=0.8%, whereas in the test case documenta-
tion the turbulence level is given by Tu;=2.5%. After commu-
nication with Hilgenfeld from the Universitit der Bundeswehr
Miinchen we define Tu; to 2.5%.
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Fig. 3: Computational domain for T106D-EIZ

The computational grid is shown in Fig. 3. In each direc-
tion every fourth node is shown for the complete computational

domain for visibility. The cylindrical bar, the leading and the
trainling edge are shown largely magnified. Similar to Car-
damone et al. the bar pitch ¢, was reduced to 35mm (original
40mm) to obtain a multiple of the blade pitch of 105mm. The
computational domain contains 12 blocks with a total of 49584
cells. The maximum value of ", at the first cell-row at the
walls is less than 0.4. The unsteady calculations were carried
out using a second-order-accurate implicit time integration
scheme. For passing of three bars 45000 time steps were ap-
plied.

RESULTS OF THE CASCADE TEST CASE T106D-EiZ

Figure 4 shows the distribution of the turbulent kinetic en-
ergy close to the leading edge and at the suction side from
x/1,,=0.62 till to 0.76 for the steady simulation without moving
bars. The streamlines indicate four separation bubbles (marked
with black arrows) in quick succession on the leading edge. The
large separation results as the intermittency model predicts no
transition onset. Because the first approach for the
relaminarization term suppresses the growth of the
intermittency in this region too much. Therefore in the free
shear layer at the leading edge no increase of turbulent kinetic
energy is noted. The black arrow in the right part of Fig. 4
indicates the separation bubble on the suction side, as was
already observed at the experiments. This shows the ability of
the transition model to predict a correct transition to turbulence,
even in a separated shear layer, without a transition onset crite-
rion.

Fig. 4: steady distribution of the turbulent kinetic energy k [m%s?]

Compared to the experiments by means of the isentropic
Mach number distribution in Fig. 5 the steady numerical distri-
bution deviates at the leading edge due to the afore mentioned
large separation region. This prediction affects the pressure
distribution downstream of the leading edge, whereas the isen-
tropic Mach number distribution is predicted too low. The kink
in Ma,, provoked by the separation bubble at x//,,=0.7 matches
the experimental values well. On the pressure side both simula-
tions (steady and unsteady) capture the measured data in good
agreement. On the suction side the unsteady time averaged
distribution of Ma;, deviates remarkably from the measured
one. The reason for this disagreement will be discussed later

(Fig. 7).
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Fig. 5: Calculated isentropic Mach number distribution for steady
and unsteady simulations

Figure 6 shows the wall shear stress at the blade profile
along the suction side. As there are no measured data available
a comparison between the computation and the experiment
cannot be done. For the steady calculation the intermittency
model predicts the onset of transition at approximately
x/1,=0.62. Before the transition onset the laminar boundary is
not able to withstand the adverse pressure gradient, which re-
sults in a detachment of the shear layer. This can be seen
clearly by the negative values of the wall shear stress (red line).
After this position the intermittency model predicts an increas-
ing of ) to a fully turbulent solution at x/,,=0.8 (dashed blue
line). The resulting increase of the turbulent kinetic energy
causes a turbulent reattachment of the detached shear layer, at
approximately x//,,=0.76. If the blade is subjected to wake
passing, the time averaged wall shear stress (blue line) shows
nearly a complete suppression of the separation. As would be
expected the corresponding time averaged intermittency distri-
bution ) for the unsteady simulation shows a slightly more
downstream transition, compared to the steady simulation. Also
the leading edge separation bubbles (x//,<0.1) vanish due to
the periodically incoming wakes. Additionally the time aver-
aged intermittency distribution shows a local peak of )=0.1 at
the leading edge, also caused by the wakes.
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Fig. 6: Wall shear stress distribution for steady and unsteady
simulations

Figure 7 shows the temporal development of the turbulent
kinetic energy k for eight time instants during a bar passing
period. The turbulent kinetic energy is drawn in the z-axis,
giving a more vivid display of &, shown on the coordinate sys-
tem on the last slide at the left upper corner. The arrows on the
left of the first slide marked with “1” indicate two cylinder bars
and their wakes, which convects downstream into the blade
passage. The arrow marked with “2” shows the local peak of £,
caused by the transition onset, on the suction side of the turbine
blade. The time development of turbulent kinetic energy within
the boundary layer on the suction side shows the decrease of
the &£ maximum in magnitude and a migration downstream, as
the influence of the wake vanishes. By the next wake passing
event the turbulence of the wake diffuses into the boundary
layer and this moves the transition onset upstream and increases
the maximum of the turbulent kinetic energy again. This more
upstream transition onset results in a complete suppression of
the separation bubble, as will be shown later.

Fig. 7: temporal development of the turbulent kinetic energy

The computed wake development trough the blade passage
agrees qualitatively to the experimental result of Stieger [4],
who measured the turbulent wake convection through the T106
turbine cascade. The bowing, elongation and stretching of the
wakes as predicted by the numerical solver agree well with the
reported experimental data. The two arrows denoted with “3”
indicate the local maxima of k, associated with the counter-
rotating vortices.

The disagreement in the unsteady averaged isentropic
Mach number distribution on the suction side, as mentioned
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before (Fig. 5), may be explained by the too low turbulent ki-
netic energy behind the cylinders (arrow “4”). This results from
the applied time scale bound of Medic and Durbin [13], which
calculates significantly lower turbulent kinetic energy k& com-
pared to a calculation with the modified turbulent production
term of Kato and Launder (not shown). It is interesting that
with increasing distance behind the cylinder the turbulent ki-
netic energy k remains constant or even increases (arrow “4”).
However the large extended region of the wake in stream direc-
tion yields in the wrong prediction of isentropic Mach number
in Fig. 5. A further uncertainty, which can also cause an under-
prediction of the eddy viscosity, results from the estimation of
the mixing length /m at the inlet. At the current simulation /m
was determined to 1% of the blade pitch.

Figures 8 a, b and ¢, give a detailed insight into the com-
puted time resolved distributions of the turbulence intensity 7
at the edge of the boundary layer, the intermittency ) and the
time development of the skin friction coefficient ¢ for the suc-
tion side of the blade. In order to facilitate interpretation the
data for one wake passing period was copied onto the ordinate
for three periods, whereas the abscissa corresponds to the non-
dimensionalized axial chord length. As mentioned before the
boundary layer edge turbulence intensity in Fig. 8a was directly
obtained from the turbulence model by the relation,

Tu_=1000/2/3 k_ /U, . The incoming wake hits the leading

edge and is easily identifiable by the local maximum of the
free-stream turbulence intensity (A). This is also apparent in
Fig. 8c as the two small separation bubbles (B) disappear when
the wake is present. The temporal distribution predicts, that the
wake affects the boundary layer for more than half a wake
passing period, as can be seen by the broad green region in Fig.
8a. Between the wakes in the mid of the suction side the turbu-
lence intensity reaches its minimum of 7u,~1.0. The curved
dashed line indicates approximately the maximum of the turbu-

Fig. 8a: S-T diagram of FSTI

lence intensity (labeled with wake path). This wake path was
transferred onto the figures on the right side. The time devel-
opment of the intermittency )shows a variation of the transition
onset location between 0.56 and 0.62 chord length and is thus
earlier than in the measurements of Stadtmiiller et al. [22],
although the range of the onset location variation is very simi-
lar. A very different result is published by Cardamone et al.
[21] (not shown) who predict transition onset between 0.62 and
0.95 axial chord length. If the wake is present the transition
onset occurs approx. at x//,=0.6 and the reattachment location
of the separation bubble (E) moves upstream until the separa-
tion bubble completely disappears. The black lines in Fig. 8c
correspond to the qualitatively obtained time distribution of
separation point (SP) and the reattachment point (RP) of the
separation bubble from the experiments. The calculated posi-
tion of the separation bubble agrees to the experiment, although
the measurements do not show a disappearance of the separa-
tion bubble. Furthermore, the intermittency distribution shows
an earlier laminar-to-turbulent transition in the time interval
after the wake passing (labeled with “C”), which is approxi-
mately bounded by the wake path and the above dashed line
(trailing edge of turbulent spots). Not well pronounced, but also
visible in Fig. 8c is the region of the calmed boundary layer
(labeled with “D”), where the intermittency shows a down-
stream movement of transition. This region is characterized by
a laminar like but more stable velocity profile.

The serrated contours of the computed free-stream turbu-
lence intensity of the skin friction are of the same frequency as
the vortex shedding of the cylinder bars. The intermittency
(Fig. 8b) distribution does not show this behavior so clearly,
which indicates that the transition model reacts to slow for
these instantaneous effects.

Fig. 8b: S-T diagram of the intermittency y Fig. 8c: S-T diagram of the skin friction c;
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Fig. 9: Comparison of the shape factor H;; between the calculation
(left) and the measurements (right)

Figure 9 shows a qualitative comparison between the cal-
culated and the measured time development of the shape factor
Hj,. As the experimental data is only available for the rear part
of the suction surface, the plot is restricted to this area. The
shape factor is defined as the ratio of the displacement thick-
ness and the momentum thickness of the boundary layer and
gives the fullness of the boundary layer. Near the trailing edge
(80% of the suction side) the computed values nearly corre-
spond to the experimental values. The regions of low values of
H,;, are at the same position at x//,=0.9, but deviate in magni-
tude. The computed high levels of H;,, which indicate the sepa-
rated regions, are located more downstream and are less ex-
tended for one wake passing period compared to the experi-
ments.

0.4
- - O - - exp, kulite probes
0.35

IM, SST TB, unsready averaged

0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1
y/blade pitch

Fig. 10: Total pressure loss coefficient at 40mm downstream
of the cascade exit plane

The time averaged total pressure loss coefficient (Fig. 10.),
defined &= (p” —fa,vm,)/ (p, - p...), was measured along a

cross section 40mm downstream of the cascade exit plane. The
measured distribution was obtained with fast response Kulite
sensors mounted on a wake rake [11]. The presented calcula-
tion predicts a narrower wake compared to the experiments,

whereas the magnitude of the loss coefficient agrees well with
the measurements, despite the wrong prediction of the cylinder
wake. At y/blade pitch between 0.75 and 1.0 the presented
calculation over-predicts the pressure losses.

CONCLUSION

A numerical investigation was done to predict unsteady
transition under the effect of wake passing on a low-pressure
turbine cascade. For the calculation of the turbulent viscosity
the Menter SST model [10] was chosen. To overcome the ex-
cessive production of turbulent kinetic energy in stagnation
regions the time scale bound of Medic and Durbin [13] was
applied to the turbulence model.

The transition was calculated by an intermittency transport
equation and was coupled via the production term of the turbu-
lence model. As first test cases the transitional boundary layer
was calculated for two flat plates, with zero and varying pres-
sure gradients. For the case with a non-uniform pressure gradi-
ent, transition to turbulence was modeled without a transition
onset criterion.

Finally, the predictions of the unsteady transitional flow
around a LPT cascade were compared with the measurements.
The result showed that the time scale bound, although suppress-
ing the unsteady turbulence production in the stagnation region,
too strongly dampens the turbulence in the cylinder wake flow.
This results in a significant under-prediction of the isentropic
Mach number along the suction side of the succeeding blade
compared to the experiments. The prediction of the shape factor
agrees well with the results of other numerical investigations,
but differs to the experiments.

Because no transition onset criterion was used, the transi-
tion model tends to produce intermittency already at the stagna-
tion point. Therefore, it was necessary to add a relaminarization
term to the transition model, which on the other hand sup-
presses the turbulence production at the leading-edge separation
bubbles for the LPT test case. In future work the relaminariza-
tion term will be improved based on measurement, because it
offers the possibility to avoid a transition onset criterion.
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