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Abstract

The effect of fluctuations caused by periodically incoming wakes on the separating flow around a turbine blade are studied using direct
numerical simulations of incompressible flow—at a Reynolds number of Re = 51,831—in the T106A low-pressure turbine cascade. To be
able to differentiate between the effect of small-scale fluctuations and large-scale fluctuations, in one of the simulations small-scale dis-
turbances have been removed from the wake before it enters the computational domain. It is shown that the large-scale disturbance,
associated with the presence of the mean wake, triggers the Kelvin–Helmholtz instability of the separated shear layer along the down-
stream half of the suction side, which is also observed in experiment. On the suction side, the small-scale fluctuations carried by the wakes
are found to seed the transition to turbulence of the rolled-up shear layer flow, while on the pressure side the fluctuations are responsible
for the formation of longitudinal vortical structures [Wu, X., Durbin, P.A., 2001. Evidence of longitudinal vortices evolved from dis-
torted wakes in a turbine passage. J. Fluid Mech. 446, 199–228]. Finally, the production of kinetic energy inside the passage between
blades is also found to depend on the presence of fluctuations inside the wakes.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Transition; Turbines; Boundary layer separation; Wakes
1. Introduction

In modern jet engines the low-pressure (LP) turbine sup-
plies power to the fan and, sometimes, the first compressor
stages. Recent increases in fan diameters require a higher
work-output from the LP turbine at reduced rotational
speed. Typically, an LP turbine is relatively heavy since it
consists of several stages, while its efficiency strongly influ-
ences fuel consumption. Hence, even small improvements
have a significant effect.

The periodic unsteadiness induced by rotor–stator inter-
action and the low Reynolds number are characteristic for
flow in an LP turbine. Both phenomena directly affect
blade boundary layer transition, the tendency to separa-
tion, heat transfer and flow losses. Separation of the
boundary layer along a turbine blade changes the aero-
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dynamical properties of a blade and might eventually cause
mechanical failure. Free-stream fluctuations and incoming
wakes, generated by the upstream row of blades, can be
employed to passively control this boundary layer
separation.

The models used for transition and turbulence in indus-
trial CFD codes are still not sufficiently reliable and univer-
sal to accurately predict the complex flow in a turbine
cascade. To improve these models both experimental data
(Schulte and Hodson, 1998; Stadtmüller, 2002; Stieger
and Hodson, 2003; Liu and Rodi, 1994a,b) and data from
direct numerical simulations (DNS) (Kalitzin et al., 2002;
Wissink, 2003; Wu and Durbin, 2001) and large-eddy sim-
ulations (LES) (Michelassi et al., 2002, 2003; Raverdy
et al., 2003) can be employed. Compared to experiments,
the main advantage of DNS is the possibility to extract
quantities at any location without disturbing the flow. This
detailed picture of the flow might be of great help to iden-
tify, for instance, physical mechanisms that play a role in
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Nomenclature

b half-width of mean wake
C chord-length
Cp mean wall static-pressure coefficient Cp ¼ p�pref

1=2u2
ref

CFD computational fluid dynamics
d diameter of the cylinders
DNS direct numerical simulation
k fluctuating kinetic energy made dimensionless

using U2

K acceleration parameter K ¼ m
U2

e

oUe
os

KH Kelvin–Helmholz
L axial chord-length
LES large-eddy simulation
LP low pressure
p modified static pressure made dimensionless

using U and L

pref modified static pressure in point of reference
P pitch between blades
Re Reynolds number based on U and L
Re1 Reynolds number based on U and C

Reexit Reynolds number based on C and exit condi-
tions

t time made dimensionless using L/U

T wake-passing period
U mean inflow velocity
Ubar vertical velocity of the cylinders
Udef mean velocity deficit of the wake
Ue free-stream velocity
u velocity-component in the axial direction
uref velocity magnitude in point of reference
us friction velocity made dimensionless using U

v velocity-component in the normal direction
w velocity-component in the spanwise direction
f mean of f

f 0 fluctuating part of f

hfi phase-averaged part of f (hf i = f � f 0)

Greek symbols

a inflow angle
k2 second largest eigenvalue of the sum of the

squares of the symmetric and antisymmetric
parts of the velocity gradient tensor

/ phase
m kinematic viscosity
xz spanwise component of the vorticity
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the transition to turbulence. Unfortunately, because of
computational restrictions, the usage of DNS is still limited
to relatively simple geometries.

Compared to a wall-resolved DNS, a wall-resolved LES
only allows a reduction of the number of grid points by
approximately a factor of ten. A direct comparison of
LES and DNS by Michelassi et al. (2002) showed that
LES provides a fair description of the flow, though bound-
ary layer transition was found to be affected by a lack of
resolution of both the boundary layer and the free-stream
fluctuations. As a consequence, the usefulness of LES as
a tool to obtain quality data with which to improve indus-
trial CFD models for transition is rather limited.

In the experimental work performed by Stieger and
Hodson (2003), the interaction of a wake with the sepa-
rated suction side boundary layer of the T106 turbine blade
was studied. The experiments suggested that the impinging
wake was responsible for triggering a Kelvin–Helmholtz
(KH) instability. As a consequence, the separated bound-
ary layer rolled up into several rolls of re-circulating flow.
Unfortunately, in the experiments it was extremely difficult
to differentiate between the mean effect of the wake as a
negative jet and the effect of the small-scale fluctuations
carried by the wakes. To further investigate these effects
on the transition to turbulence of the separated suction side
boundary layer direct numerical simulations (DNS) of sep-
arating flow in the linear T106 low-pressure (LP) turbine
cascade with periodically incoming wakes have been per-
formed, using a set-up similar to the one used in the
experiments.
To be able to study the effect of fluctuations carried by
the incoming wakes on boundary layer separation along
the suction side of the turbine blade, it was decided to per-
form a similar thought experiment as reported earlier for a
flat plate boundary layer flow without separation by Wu
et al. (1999). In one of two simulations reported in this
paper, all fluctuations were removed from the wake before
it entered the computational domain. At the inlet, located
at x/L = �0.5, the velocity-deficit Udef = 0.25U and half-
width b = 0.03L of the fluctuation-free wakes exactly
match the mean velocity deficit and half-width of the real-
istic wakes used in the reference DNS (Wissink, 2003). The
Reynolds number of the present flow problem, based on
the mean inflow velocity U and the axial chord-length L

(see Fig. 1), was chosen to be Re = 51,831. This corre-
sponds to an exit Reynolds number, based on the mean
outlet velocity and chord-length, C, of Reexit � 92,000.
The Reynolds number of Re1 = 60,000, referred to in Wis-
sink (2003), is based upon the chord-length and the mean
inflow velocity. The pitch between blades is P = 0.9306L,
and the distance between the wake-generating cylinders is
1
2
P . The cylinders of diameter d = 0.02327L move in the

negative y-direction with velocity Ubar = 0.4089U. This
results in a period of T = 1.138L/U, corresponding to the
time needed for the cylinders to perform a vertical sweep
over a distance 1

2
P . In the spanwise direction and in the ver-

tical direction, upstream and downstream of the blades,
periodic boundary conditions were prescribed. The span-
wise size of the computational domain was 0.20L. Along
the surface of the blades no-slip boundary conditions were
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Fig. 1. Cross-section at midspan of the computational domain.
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employed, while at the outlet a convective outflow bound-
ary condition was used. The realistic wakes and fluctua-
tion-free wakes, respectively, were introduced at the inlet,
superposed on a uniform flow-field (u,v,w) = U(cosa,
sina, 0), where a = 45.5�. The wake-data have been kindly
made available by Xiauhua Wu and Paul Durbin of Stan-
ford University. Their statistical properties are described in
Wu et al. (1999). An overview of the performed simulations
is provided in Table 1. The quality of the computational
mesh used in the simulations was assessed earlier in Wis-
sink (2003). This paper reports on a grid-refinement study
of Simulation A, in which also the spanwise size of the
computational domain is varied.

The computations were performed on the Hitachi
SR8000-F1 at the Leibniz Computing Centre (LRZ) in
Munich, using 64 processors. The 3D, incompressible
Navier–Stokes equations were discretised using a finite-
volume approach, employing a central, second-order accu-
rate discretisation in space combined with a three-stage
Runge–Kutta method for the time-integration. To avoid
a decoupling of the pressure field and the velocity field
owing to the collocated variable arrangement used in the
code, the momentum interpolation procedure of Rhie
and Chow (1983) is applied. A more detailed description
of the code is provided in Breuer and Rodi (1996). After
allowing the flow to develop for at least five periods,
phase-averaging has been performed for ten periods in
Simulation A and 15 periods in Simulation B. To speed
up the convergence, phase-averaging is combined with
averaging the data in the homogeneous spanwise direction.
Table 1
Overview of the performed simulations, wake half-width is 0.03L and
mean wake velocity deficit is 0.25U

Simulation Grid Fluctuations in wake

A 1014 · 266 · 64 Yes
B 1014 · 266 · 64 No
2. Results

Fig. 2 shows that the time-averaged wall static-pressure
coefficient Cp obtained in the two simulations listed in
Table 1 is generally in good agreement. Only along the
downstream half of the suction side, the kink in the Cp dis-
tribution of Simulation A—identified by the arrow—is
found to be slightly more pronounced than in Simulation
B. This result indicates that the time-averaged separation
bubble in Simulation A is marginally larger than the bub-
ble obtained in Simulation B. This is somewhat surprising
since increasing the amount of fluctuations usually leads to
a reduction in size of the separation bubble.

The boundary layer separation is induced by the adverse
streamwise pressure gradient along the downstream half of
the suction side. While in Simulation A incoming wakes are
found to periodically completely suppress separation (see
Wissink, 2003), in Simulation B only a periodic reduction
in size of the separated area is obtained (see also Fig. 9).

To further investigate the effects of small-scale free-
stream fluctuations carried by the wakes on the static-
pressure distribution on the suction side, in Fig. 3, the
phase-averaged wall static-pressure distribution hpi �
hpijx/L=0 has been plotted for four phases / = 0,1/4,2/
4,3/4. The graph at / = 3/4 clearly shows the presence of
huge fluctuations in the static pressure in Simulation B,
which have approximately twice the amplitude of the cor-
responding fluctuations from Simulation A. These static-
pressure fluctuations somewhat upstream of the trailing
edge are a reflection of the presence of rolls of re-circulat-
ing flow such as observed for Simulation B in Fig. 9. While
in Simulation B the amplitude of the pressure fluctuations
slowly declines as they are convected downstream—as can
be seen in the series of snapshots at / = 3/4, / = 0, / = 1/
4—in Simulation A the pressure fluctuations are found to
have vanished between / = 3/4 and / = 0. Hence, we can
conclude that the small-scale fluctuations carried by the
wakes of Simulation A are able to significantly damp
the occurrence of static-pressure fluctuations along the
x/ L
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Fig. 3. Phase-averaged wall static-pressure hpi � hpijx/L=0 on the suction side of the blade at / = 0,1/4,2/4,3/4.
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downstream half of the suction side. As already noted
above, there is a close connection between the static-pres-
sure fluctuations and the occurrence of the rolls of re-circu-
lating flow. It will be shown later in the paper that the
damping of the static-pressure fluctuations is, in fact,
directly related to the destruction of rolls of re-circulating
flow by the small-scale fluctuations (see also Fig. 8).

In Fig. 4 contours of the phase-averaged spanwise vor-
ticity are shown in the passage between blades of Simula-
tion B at four different phases. The fact that the contours
of the wakes appear to be very smooth is a reflection of
the fact that the wakes employed in the simulation are free
of small-scale disturbances. In other words: the phase-aver-
aged flow fields tend to be quite similar to the instanta-
neous flow fields. As the wake approaches the turbine
blade, it wraps itself around the leading edge. Immediately
downstream of the leading edge, the wake is severely
stretched by the accelerating wall-parallel flow as it
approaches the suction side of the blade. This stretching
of the wake significantly damps any disturbances carried
by the wake and simultaneously reduces the impact of
the impingement of the wake in this region. Further down-
stream along the suction side, the angle with which the
wake impinges on the suction side continues to be very
small. Along the pressure side, the angle tends to become
smaller with decreasing distance to the trailing edge. As
shown in Wu and Durbin (2001), wakes are passively con-
vected by the free-stream. Because of the absence of distur-
bances, in Simulation B the folding and stretching of the
wake by the free-stream velocity is very clearly illustrated.

The contours of the phase-averaged kinetic energy at
/ = 2/8 displayed in Fig. 5 show a result which is charac-
teristic for all phases. Fig. 5a illustrates that in Simulation
A kinetic energy is produced at the apex of the wake as it
is convected through the passage between wakes. This was
also found in the experiments performed by Stieger and
Hodson (2005). The absence of a similar peak at the apex
of the averaged wake in Simulation B (see Fig. 5b) proves
that small-scale disturbances carried by the wakes are
needed to seed this production of kinetic energy. Another
difference between the two simulations can be observed in
the wake generated by the turbine blade. The absence of
large-scale structures in the phase-averaged near wake in
Simulation A is explained by the fact that the fluctuating
kinetic energy produced in the suction side boundary
layer, immediately upstream of the trailing edge, hinders
the formation of such vortical structures. In contrast to
this, large structures are found to be present in the
phase-averaged wake of Simulation B, where there is vir-
tually no production of fluctuating kinetic energy in the
suction side boundary layer. This is, for instance, evi-
denced by the snapshot at / = 2/8 shown Fig. 5b and is
also observed at the other phases (see also Fig. 6). Hence,
virtually the entire suction side boundary layer in Simula-
tion B remains laminar for all phases. This, however, does
not imply that the boundary layer remains undisturbed for
all phases. Low-level numerical round-off error may even-
tually trigger transition also in Simulation B. This is evi-
denced, for instance, by the high levels of hki in the
wake of the turbine blade which are likely to have been
seeded by numerical disturbances. Still, the absence or
presence of small-scale fluctuations is found to have a sig-
nificant effect on the boundary layer transition along the
downstream half of the suction side.



Fig. 4. Contours of the phase-averaged spanwise vorticity hxzi at four different phases (Simulation B).

Fig. 5. Contours of the phase-averaged fluctuating kinetic energy hki at / = 2/8. (a) Simulation A and (b) Simulation B.
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In Fig. 6, contours of the phase-averaged spanwise vor-
ticity and the phase-averaged fluctuating kinetic energy at
/ = 6/8 are shown for both Simulations A and B for the
suction side region near the trailing edge (The actual loca-
tion of the wake is detailed in Fig. 8). In Simulation A, with
small-scale disturbances carried by the wakes, a significant
amount of fluctuating kinetic energy is found to be pro-
duced inside the rolled-up shear layer. In the absence of
these small-scale disturbances (Simulation B), no fluctuat-
ing kinetic energy is produced inside the rolled-up shear
layer. Instead, the increase in hki is located very close to
the trailing edge, which suggests that the location of tran-
sition has moved downstream as compared to Simulation
A. The rolling-up of the separated shear layer itself is
attributed to a Kelvin–Helmholtz (KH) instability which
was also clearly found to be present in the experiments of



Fig. 6. Contours of the phase-averaged spanwise vorticity hxzi (left) and fluctuating kinetic energy hki (right) both at / = 0.750. (a): Simulation A and
(b) Simulation B.
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separating flow in the T106A cascade with periodically
incoming wakes performed by Stieger et al. (2003) and is
illustrated in Fig. 7 (see also Stieger and Hodson, 2003).
The figure shows a vector plot and a streak line plot of
an instantaneous flow-field near the trailing edge of the suc-
tion side. From the experiments mentioned above and from
the experiments of the more highly loaded T106C case
(reported in Zhang and Hodson, 2004) it was deduced that
the pressure/velocity field created by the negative jet—asso-
ciated with the wake—induces roll-up of the shear layer.
When the wake subsequently physically touches the sepa-
rated boundary layer, small-scale disturbances carried by
the wake trigger further transition to turbulence. From
the above, we may conclude that there is compelling evi-
dence that the KH instability of the separated shear layer
along the downstream half of the suction side is triggered
by the low-frequency disturbance associated with the mean
part of the impinging wakes, while further transition to tur-
bulence is promoted by small-scale fluctuations carried by
the wakes of Simulation A.

For Simulation B, Fig. 8 shows a series of four snap-
shots of streamlines of the phase-averaged velocity field
together with grey-scale contours of the phase-averaged
spanwise vorticity which identify the wakes. The figure
Fig. 7. Experimental evidence of the Kelvin–Helmholtz instability which
was found to be intermittently triggered. The upper two graphs show
vector and streak lines plots of the instantaneous flow at midspan in the
measurement region which is identified by the box below (from Stieger
et al., 2003).
gives further evidence that the periodically impinging
wakes are responsible for triggering the KH instability of
the separated shear layer. At / = 4/8, the wake can be seen
to impinge between x/L = 0.85 and x/L = 0.90. With time,
the location of impingement moves farther downstream
such that at / = 5/8, it has reached the region immediately
upstream of the trailing edge. Simultaneously, the shear
layer is found to roll up into several rolls of re-circulating
flow, which are especially clearly visible in the snapshot
taken at / = 6/8. When the wake is no longer impinging,
the rolls of re-circulating flow are convected downstream.

A three-dimensional illustration of the dynamics of the
suction side boundary layer flow from Simulation B is
shown in Fig. 9. Here, snapshots are shown of the spanwise
vorticity iso-surface xz = �150 near the downstream half
of the suction side of Simulation B. The wakes are identi-
fied with the grey-scale contours of the instantaneous span-
wise vorticity, which are displayed at the back. As in Fig. 8,
the wake can be seen to impinge on the suction side bound-
ary layer at t=T ¼ 10 4

8
. Because of this impingement, at

t=T ¼ 10 6
8
, the shear layer has rolled up into two separate

rolls of re-circulating flow. The figure clearly illustrates that
the boundary layer flow remains essentially two-dimen-
sional along most of the downstream half of the suction
side. Even inside the rolls of re-circulating flow, no further
transition to turbulence can be observed. Only very close to
the trailing edge the flow intermittently turns three-dimen-
sional as instabilities are triggered by numerical round-off
error (see snapshots at t=T ¼ 10 2

8
25; 10 4

8
and 10 6

8
). The

same instabilities are responsible for the increase in the
spanwise averaged fluctuating kinetic energy near the trail-
ing edge as observed in Fig. 6b.

Fig. 10 shows the time-averaged friction velocity us

together with the envelope of the phase-averaged us signals
along the suction side of the turbine blade for Simulations
A and B. Upstream of x/L = 0.9, the friction velocity pro-
files obtained in Simulations A and B are virtually identi-
cal. Further downstream a difference can be observed.
While in Simulation A the time-averaged friction velocity
clearly increases towards the trailing edge, in Simulation
B us slightly fluctuates and only assumes values slightly lar-



Fig. 8. Simulation B: Phase-averaged snapshots showing streamlines to identify the near-wall velocity field combined with contours of the spanwise
vorticity to identify the wakes.

Fig. 9. Simulation B: Snapshots of the spanwise vorticity iso-surface xz = �150 at t=T ¼ 10 0
8
; 10 2

8
; 10 4

8
and 10 6

8
. The grey-scale contours at the back show

the instantaneous spanwise vorticity and identify the wakes. Note that a disturbance-free wake consists of a positive and a negative vortex sheet adjacent
to one another.
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ger than zero. This difference can be explained from the
phase-averaged fluctuating kinetic energy results plotted
in Fig. 6a and b. These results witness that the onset of
transition of the suction side boundary layer flow in Simu-
lation A is located farther upstream than the onset of tran-
sition in Simulation B. The latter boundary layer flow turns
transitional only slightly upstream of the trailing edge. The
downstream increase in the time-averaged us in Simulation
A reflects the fact that the boundary layer flow turns mildly
turbulent. While for x/L < 0.8 the envelopes of the phase-
averaged us signals of Simulations A and B are virtually
the same, further downstream significant differences
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appear. The variation of the phase-averaged signal in Sim-
ulation B is significantly larger that the corresponding var-
iation in Simulation A. The small-scale fluctuations carried
by the wakes of Simulation A appear to be quite effective in
reducing the variation in us. An explanation for this is that
the advanced transition to turbulence in Simulation A,
which is triggered by these small-scale fluctuations, rapidly
destroys the coherence of the KH-rolls, which are the most
likely cause of the observed variation in the phase-averaged
us.

On the pressure side, because of the favourable stream-
wise pressure-gradient (with an acceleration parameter K

larger than 3 · 10�5 downstream of x/L = 0.363), the
boundary-layer flow is found to remain laminar at all
times. The snapshot in Fig. 11 shows the presence of longi-
tudinal vortical structures along the pressure side of the
turbine blade in Simulation A (see also Wu and Durbin,
2001; Wissink, 2003). These structures appear to be gener-
ated inside the passage and subsequently lay down on the
surface. In particular, these vortices are not Goertler vorti-
ces. This is evidenced by the fact that corresponding vorti-
cal structures are not found to be present in Simulation B.
Fig. 11. Simulation A: Longitudinal vortical structures along the pressure
side of the blade. The structures are visualised using the k2-criterion of
Jeong and Hussain (1995).
Instead, the flow along the pressure side is found to remain
virtually undisturbed, showing that for the formation of
these longitudinal structures along the pressure side, it is
necessary that the wake contains fluctuations.

3. Discussion and conclusion

Direct numerical simulations have been performed of
incompressible flow in the T106A low-pressure turbine cas-
cade with incoming wakes. In one of the simulations small-
scale fluctuations were removed from the wake before it
enters the inflow plane of the turbine cascade. Comparing
the two simulations allows one to differentiate between
the effects related to the large-scale motion of the wakes
and the effects related to the presence of small-scale distur-
bances carried by the wakes. The relatively large inflow
angle, combined with the relatively low Reynolds number
causes the flow to separate along the downstream half of
the suction side. A comparison of the two simulations leads
to the following conclusions:

• As also observed in the experiments of Stieger and Hod-
son (2003), in both simulations a Kelvin–Helmholtz
(KH) instability of the separated shear layer is found
to be triggered by the impinging wakes. Hence, the pres-
ence of small-scale fluctuations does not affect this initial
inviscid instability mechanism. Further transition to tur-
bulence, which mainly happens inside the KH-rolls, is
found to depend on the presence of small-scale distur-
bances: Without such disturbances the suction side
boundary layer flow is found to remain two-dimen-
sional—and hence laminar—almost up to the trailing
edge. As a consequence, the onset of transition in Simu-
lation A is located farther upstream than in Simulation
B and only in Simulation A the wakes are able to inter-
mittently suppress separation.

• The small-scale fluctuations in Simulation A are found
to be very effective in destroying the KH-rolls, resulting
in a drastic reduction in the variation of the friction
velocity along the downstream half of the suction side
as compared to Simulation B.

• Whether or not production of kinetic energy takes place
at the apex of the deformed wake as it is convected
through the passage between blades is found to depend
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fully on the presence of small-scale disturbances. With-
out such disturbances there is no production of kinetic
energy at this location.

• Compared to Simulation B, the phase-averaged flow-
field in Simulation A shows virtually no large-scale
structures to be present in the near wake of the blade.
This can be explained by the constant supply of turbu-
lent flow stemming from the suction side of the turbine
blade which merges with the wake downstream of the
trailing edge and subsequently hinders the formation
of large-scale structures.

• The longitudinal vortical structures which were found to
be formed along the pressure side by Wu and Durbin
(2001) and Wissink (2003), are a direct effect of imping-
ing small-scale fluctuations carried by the wakes. Once
such fluctuations are removed from the wakes, the struc-
tures are found to disappear.
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