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ABSTRACT
During the last few decades, the size and weight of turbo-

machinery have been continuously reduced. However, by de-
creasing the distance between rows, rotor-stator interaction is
strengthened. Two interactions now have the same magnitude:
wake interaction and potential effect. Studying this effect is es-
sential to understand rotor-stator interactions. Indeed, this phe-
nomenon influences the whole flow, including the boundary layer
of the upstream and downstream blades, ergo the stability of the
flow and the efficiency of the machine.

A large scale turbine cascade followed by a specially de-
signed rotating cylinder system is used.

Synchronised velocity LDA measurements on the vane pro-
file show the flow and boundary layer behavior due to the moving
bars.

To help the general understanding and to corroborate our
experimental results, numerical investigations are carried out
with an unsteady three dimensional Navier-Stokes code. More-
over, the numerical study informs about the potential disturbance

∗Address all correspondence to this author.

to the whole flow of the cascade.

NOMENCLATURE
C chord
Cf friction coefficientCf = τwall

1
2ρV2

ext

Cp pressure coefficient
Cx axial chord
d downstream cylinder diameter
fr reduced frequency
g cascade pitch
H12 shape factor
k turbulent kinetic energy
l characteristic integral length scale
LE / TE leading edge / trailing edge
P static pressure
Pt stagnation pressure
PS/SS Pressure Side / Suction Side
Rec chord Reynolds numberRec = CVout

ν
T0 period
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Tu turbulence intensity
U rotation velocity
Vabs absolute velocity
Vext velocity out of the boundary layer
Vin inlet velocity
Vout outlet velocity

Vp potential velocity :Vp =
√

2×(Ptin−P)

ρ
y normal to the wall in the tangential direction
α absolute flow angle
δ boundary layer thicknessV(δ ) = 0.995Vext

δ1 displacement thickness
δ2 momentum thickness
ν kinematic viscosity
φ flow factor : φ = Vin

Ubar

ρ density
τwall wall shear stress

INTRODUCTION
Rotor-stator interactions are unsteady 3D phenomena, row

geometry and row motion create two kinds of interactions. The
wake effect is a well-known viscous one. It only affects the
downstream flow. On the contrary, the potential pertubation due
to the presence of a body propagates in the whole flow, and de-
cays exponentially to become insignifiant one chord length fur-
ther in both directions. That is why it has generally been ne-
glected.

Nowadays, the size and weight of turbomachinery are re-
duced, strengthening rotor-stator interaction. As the row gap is
smaller, the potential effect has to be considered ( [1], [2]). Just
a few studies focus on this effect in turbines ( [3], [4]) or in com-
pressors [5]. In these cases, the potential field and the wakes
induce the same order of perturbation magnitude [6]. These phe-
nomena influence the whole flow and specially the blade bound-
ary layer. Having a better understanding of rotor-stator interac-
tions on the downstream and upstream blade boundary layer will
probably permit an increase in engine performance.

Parkeret al. ( [3], [7], [8] ) investigate rotor-stator inter-
action. They show, thanks to different relative fixed positions
of two following rows, that the mean effect of the downstream
row on upstream is a blockage effect. In fact, the downstream
blades disturb the circumferential acceleration which appears if
there is no downstream row or with a faster turning downstream
row. This blockage gives birth to azimutal velocity fluctuations,
depending on the relative position of the downstream row. So
Parker et al. ( [6], [9] ) conclude that the potential field generated
by a downstream row is similar to a quasi period wave with a
downstream row velocity frequency.

Opoka and his co-workers [4] experimentally study the po-
tential field in a large-scale low pressure turbine cascade. This
study shows that bars downstream of the cascade influence the

blade boundary layer. With the blade geometry used, the bound-
ary layer transition onset appears further upstream than in the
steady case at low turbulence intensity, whereas at high turbu-
lence intensity, the separation of the boundary layer is periodi-
cally suppressed.

In our study, we choose a very large scale turbine cascade,
with LP turbine Reynolds number (Rec = 1.8.105). This configu-
ration enables us to have a thick boundary layer, so the boundary
layer description will be easier to obtain and more detailed. With
0.2 vane axial chords between the rows, we ensure there is a suf-
ficiently strong potential field, generated by moving downstream
rods, to influence the upstream cascade, as found by Deslot [10].
She also demonstrated by a steady numerical simulation that the
boundary layer of our blade, without downstream rows, does not
separate.

Flaps are added downstream of the rods to facilitate the out-
let flow periodicity setting. The flaps are aligned with the blade
wake. We will see their effects on the flow.

EXPERIMENTAL FACILITIES
This research was performed on a low speed large scale cas-

cade composed of five blades (Fig.1 and Tab.1). The untwisted
blades are typically an inlet guide vane with a zero inlet angle.
They are followed by moving bars and flaps. The configuration
can be compared to a one-and-a-half stage, with the same pitch
for the three rows. The rod diameter adopted corresponds to the
size of the leading edge of the downstream rotor blade in a real
turbine. Four positions of the rod, equally distributed on a pitchg
(or a rod passing periodT0), are focused on for this study (Fig.2),
spatially, noted REF,T0/4, 2T0/4 and 3T0/4, corresponding to
instantst = 0, t = T0/4,t = 2T0/4 andt = 3T0/4.

FIGURE 1. Cascade

Pressure measurements
Upstream of the cascade, a Pitot probe measures the inlet

velocity Vin. The middle blade of the cascade is fitted with 37
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FIGURE 2. Studied positions of the rods

Blade chordC 0.704m

Axial blade chordCx 0.514m

Cylinder diameterd 0.1m

Flap lengthL f 1.5m

Vane-rod axial spacing 0.1m

Rod-flap axial spacing 0.03 m

Pitchg 0.457m

Inlet velocityVin 1.72m.s−1

Cylinder velocityUbar 2 m.s−1

Chord Reynolds numberRec 1.8×105

TABLE 1 . Geometry and aerodynamic parameters

pressure taps (21 on the suction side). The potential velocity
Vp is based on the pressure measured on the blade surface and
total pressure measured with a Pitot probe half an axial chord
upstream of the blade. Two DP103 validyne differential pres-
sure sensors (3mmCE range) with a CD15 Sine Wave Carrier
Demodulator are used to obtainVin andVp. The data are recorded
with a 31 point ensemble average of 1500 samples at a 3000 Hz
rate. Thus we obtain the experimentalVin.This velocity is used
to make the experimental data dimensionless. An optical system
detects the rod position, and the Labview software program gives
us theVp phase average, with respect to the moving rods period.
The raw data are recorded according to the rod position. Then
a classical phase average is applied. We choose to use 200 peri-
ods of this phenomenon (200 bars pass in front of the equipped
blade), resulting from an ensemble average of 1500 samples at
an acquisition frequency of 3000 Hz.

LDA instrumentation
To explore the boundary layer on the blade, a two dimen-

sional LDA system is used. Two beams (one green and one
blue, 514.5 nm & 488 nm wavelength respectively) are gener-
ated by the laser, and cross a Bragg cell. Four laser beams are
obtained and their intersection gives the measurement volume
(0.0658×0.0655×0.731 mm3). So we have two orthogonal ve-
locity components, which are acquired simultaneously. Then, we

obtain two coincident velocity components synchronized with
the rod frequency.

At each spatial position, 500,000 pieces of information are
recorded to assure a good phase average calculation (enough
passing bars and enough particles during a giving period). Each
period is divided into 140 time intervals.

COMPUTATIONAL ANALYSIS
Fluid and turbulence models

The physical model of the flow is based on three-
dimensional compressible Navier-Stokes equations with a two
dimensional equation Smith k-l model [11]. Deslot detailed the
numerical process in [12].

This model was previously evaluated for different turboma-
chinery configurations [13] and is suitable for such applications.

The numerical code used for this study is the elsA solver de-
veloped by Onera [14]. This code, dedicated to research and in-
dustrial applications, solves the compressible three-dimensional
Navier-Stokes equations with a finite volume approach on struc-
tured multi-block grids. The unsteady terms are treated by back-
ward Euler integration with implicit schemes solved by LU re-
laxation methods. The spatial terms are discretized in a relative
moving frame, through a centered Jameson scheme [15]. Second
and fourth order dissipative terms are added to ensure numeri-
cal stability. The viscous terms are discretized by a 2nd order
centered scheme.

For the unsteady application, the time step is consistent with
the size of the space cell.

Because of the very low speed configuration studied here,
a preconditioning method ( [16], [17]) is used. This technique,
initially developed by Chorin [18], is not only used to accelerate
convergence, but precision is also improved by conditioning the
dissipation terms, initially of the order of unity, to the order of
the Mach number [19]. This consists in multiplying the tempo-
ral derivative of the Navier-Stokes equation by a preconditioning
matrix. The Weiss-Smith method, known to limit the vorticity
production generated by the preconditioning method, is adopted.
The numerical technique is explained in detail in [10].

To know the nature of the boundary layer, the Arnal Habib-
ballah Delcourt transition criterion is adopted [20]. This non lo-
cal criterion permits the natural transition, the transition due to
adverse pressure gradients or boundary layer separation to be de-
tected.

Mesh strategy
The Numeca turbomachinery grid generator Autogrid is em-

ployed for meshing. The two dimensional blade profile is piled
up in the hub-to-casing direction to obtain the three dimensional
mesh. A multi-domain approach is used with O-6H topology for
each row (Fig.3, only 1/25 nodes are represented). An O-grid
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is defined around each profile to allow a precise description of
the near-wall and leading edge regions. H-O-H topology associ-
ated with two additional azimutal H domains are necessary to de-
fine the geometry correctly without generating low orthogonality
cells. The H inlet extension is two blade axial chords upstream
of the blade leading edge while the H outlet extension is half a
flap length downstream of the flap. The construction of the mesh
satisfies the constraint of a first cell wall distance for the airfoil
such that its height is equal to or lower than unity, considering
the skin friction coefficient measured previously by Bario( [21]).
The mesh is composed of roughly 500,000 points.

FIGURE 3. Mesh and O-6H topology

Boundary conditions

Because the flow is subsonic, stagnation pressure and tem-
perature and flow angles are prescribed at the inlet of the domain.
The static pressure is given in the outlet section. Inlet and outlet
boundary conditions are constant in the vertical direction. Pe-
riodic conditions are applied in the spanwise direction. A large
number of blades is considered in the calculation, thus the row
radius is very large to reproduce the experimental linear cascade.
For turbulence resolution, the turbulent kinetic energy is deduced
using Bradshaw’s relationk∞. A 2.5% freestream turbulence in-
tensity (including the fluctuations of the two components of the
velocity) is adopted and the characteristic l integral length scale
is fixed at 1% of the blade pitch. The periodicity of the different
fields is ensured on the azimutal boundaries of the computational
domain. Adiabatic conditions are prescribed on the solid bound-
aries, and adiabatic non-slip conditions on the side-walls. All
the quantities are transmitted through the interface between the
blade, the cylinder and the flap meshes. Since no tip clearance
flow is simulated, both hub and casing rotate with the rod.

Convergence
Convergence is observed through time-averaged mass flow

for unsteady simulations. The difference between the upstream
and the downstream mass flow must be less than 1%. Moreover
the decrease of the residual is verified.

RESULTS
Inlet results

Fig.4 displays a comparison between the experimental ve-
locity and the numerical one on the cascade pitch at 0.29Cx up-
stream of the cascade. The experimental data are obtained with
the LDA system. Resultats are in a good agreement.

FIGURE 4. Experimental and numerical velocity upstream of the cas-
cade

Unsteady case - moving rods
Four rod positions are selected for presentation (Fig.2). The

flow factorφ is 0.86 for the experimental and numerical configu-
rations.

Numerical results

Pressure coefficient Fig.5 shows the evolution of the pressure
coefficientCp (eq.1) over a period (the high pressure zone is blue
and low pressure zone is red). The position of maximum velocity
on the suction side is approximately at 0.4Cx after the leading
edge (LE).

Cp =
Ptin −P

Ptin −Pout
(1)
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First, theCp field varies a lot over the period, from the inlet
to the outlet of the configuration. This reveals a global effect due
to the unsteady blockage effect of the rod.

The strongest variations take place close to the blade suction
side, in the inter-row passages, around the rod and in the inter-
flap channel.

Behind the rod, a low pressure zone is created. This area
takes on various shapes. It is small at 3T0/4, and more extensive
at T0/4. A low pressure bubble, detached from the rod’s trailing
edge (TE) atT0/4, is convected downstream atT0/4 and 2T0/4 to
become just perceptible at the reference positionREF. It results
from the influence of the blade wake (Fig.7) and the flap (Fig.6).

A local effect, due to the streamline deviation generated by
the moving rods, is noticeable. Indeed, the size and shape of the
low pressure zone in the inter-blade channel fluctuate over the
moving rod period. The largest low pressure zone is detected at
3T0/4, and goes upstream more than at theT0/4 position.

Therefore this configuration successfully throws light on the
potential effect. Unfortunately, the moving rod also complexifies
the whole flow, like the blade wake propagation, and enhances
the blockage effect due to the rod.

Absolute velocity and entropy Fig.6 displays velocity fields,
whereas entropy fields are presented in Fig.7. Two extreme cases
are recognized : when the rod is aligned with the blade wake
(3T0/4), and when the rod is in the middle of the inter-blade
channel flow atT0/4.

At 3T0/4 (Fig.6), the rod and blade wakes are aligned and
merge into one larger wake impacting the flap (Fig.7). The ac-
celeration zone is wider at the bottom part of the rod, and spreads
to the inter-flap channel, leading to an asymmetrical wake. At
2T0/4, the rod cuts across the blade wake. The entropy accumu-
lation on the rod top comes from the SS wake; whereas the PS
wake part has not reached the rod bottom yet (it does so at 3T0/4
in Fig.7).

To explain the sinusoidal shape of the velocity or entropy
regions in the inter-flap channel, and also theCp bubble, the pe-
riodic variation of the flow around the rod must be analyzed. At
T0/4, the rod wake is clearly separated from the blade wake, even
if, it is beginning to disturb it. Then the rod cuts across the blade
wake. At the reference positionREF, the flow around the rod un-
dergoes a strong acceleration because of the very close flap. This
acceleration is due to the flap blockage effect present at 3T0/4.
At the reference positionREF (in Fig.7), the strong acceleration
begins to split the rod wake. This phenomenom still exists at
T0/4, where the rod is aligned in the middle of the inter-blade
channel. Then, in Fig.5 atT0/4, the highCp zone breaks away
from the rod. This is a consequence of the strong acceleration
due to the flap blockage effect at 3T0/4. Hence this periodic ef-
fect leads to the velocity (and entropy) sinusoidal shape and to a
Cp bubble convecting along the inter-flap channel.

The velocity around the blade is modulated by the moving

FIGURE 5. Pressure coefficientCp
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bars (Fig.6). The acceleration on the SS is more or less pro-
nounced. At 3T0/4, another acceleration area appears near the
TE because of the reduction of the blade-rod channel. Con-
versely, for the reference positionREF, this zone undergoes de-
celeration. Thus the velocity outside the boundary layerVext is
unsteady.

These interactions between blade wake, potential field
around the rod and the flap induce a complex flow. The zone
close to the suction side is of critical importance in our inves-
tigation. Hence, in this region,Cp varies greatly according to
the rod’s position, which could modify the stability of the blade
boundary layer, hence the machine’s efficiency.

Velocity profile Fig.8 presents the numerical and experimental
velocity distributions on the blade. The experimental data come
from the pressure measurements. Very good agreement is no-
ticed. The vertical lines signal the extent of the local velocity
fluctuation during a rod passing periodT0 (minimum and maxi-
mum velocities).

From 0 to 0.4Cx, at the SS, the flow accelerates. Then, the
velocity decreases slowly up to the TE, where strong variations
of the velocity occur (Fig.6). At the PS, the flow velocity in-
creases continously from the LE to the TE. This surface pres-
sure evolution is consistent with the velocity distribution of a
low pressure turbine blade. As no ”plateau” is distinguishable
between the velocity peak and the trailing edge in any instanta-
neous curve, one can assume there is no separation bubble on the
suction side.

The largest local fluctuations take place on the rear part of
the SS, which is consistent with the results of the previous sec-
tion.

Friction coefficient The friction coefficientCf (Fig.9) brings
to light the state of the boundary layer. AsCf decreases up to
0.85Cx, the boundary layer on the SS is laminar. It remains lam-
inar up to the TE at 2T0/4 and 3T0/4. At the reference position
REF, this friction coefficient increases, then decreases again.
That means that the boundary layer undergoes a transition up to
0.87Cx. This unsteady behavior of the friction coefficient there-
fore reveals the unsteady nature of the boundary layer during a
moving rod period.

Experimental results We focus our presentation of ex-
perimental results on the flow close to the trailing edge.

The measurements are acquired as mentioned in the LDA
instrumentation section at 0.97Cx on the SS, and at 0.95Cx on the
PS. The data are presented for four different instants (or rod lo-
cations). LDA measurements were made down to 0.12mm from
the wall on the SS and to 0.35mm on the PS.

Fig.10 and Fig.11 illustrate the velocity variation during a
period T0, for different distances to the wally/δ(t=0) (where

FIGURE 6. Absolute velocityVabs
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FIGURE 7. Entropy

FIGURE 8. Experimental and numerical velocity profile on the blade

FIGURE 9. Numerical friction coefficient on the suction side

δ(t=0) is the boundary layer thickness at the time t=0 (rod lo-
cationREF), see Tab.2 and Tab.3) on the suction side and on the
pressure side respectively.

On the suction side (Fig.10), outside the boundary layer
(y/δ(t=0) > 1), the absolute velocityVabs (ie Vext for these
y/δ(t=0)) is time dependent. The fluctuations (roughly 20% of
fluctuation) are consistent with the numerical results.

On the pressure side (Fig.11), the variation of the absolute
velocityVabs is less pronounced (only 1%). The numerical results
are overestimated. The potential effect of the rods mainly affects
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the suction side of the blade.

The boundary layer is laminar on the pressure side (Fig.12)
and does not show much evolution over time. This is corrab-
orated by the velocity fluctuation (turbulence level) measured
within the boundary layer (no change compared with the exter-
nal value, figure not shown), and by the shape factor (Tab.2). The
thickness of the boundary layer is about 0.005m.

On the contrary, on the suction side, there are strong changes
in both dimensional and dimensionless representations of the
boundary layer (Fig.13 and Fig.14). The turbulence intensity
(the sum of the fluctuations of the two measured components
divided by the velocity outside the boundary layerVext(t)) is
shown in Fig.15. There is an increase of the turbulence inten-
sity in the boundary layer for all times, showing that the tran-
sition has begun. Outside the boundary layer, the turbulence
level is Tu = 2.5%, which is a phase locked value, only due to
”classical” turbulence. The ”turbulence intensity” including the
periodic fluctuation of the flow due to the rod motion is 7.2%,
but it has no real significance for the boundary layer behavior.
The shape factorH12 varies from 1.7 to 2.6 (Tab.3), the thick-
ness of the boundary layer is about 0.01m. The shape factor and
the distribution of the turbulence intensity in the boundary layer
show that the flow is still transitional for all the selected times.
At t = T0/4 andt = 2T0/4, the transition is delayed compared
to t = 0 andt = 3T0/4. The numerical results obtained for the
friction coefficientCf show the same trend : fort = 0 (REF),
there is an increase of the friction coefficient, indicating a deeper
transition compared to other times.

FIGURE 10. Velocity distribution on the suction side during a mov-
ing bar period

FIGURE 11. Velocity distribution on the pressure side during a mov-
ing bar period

FIGURE 12. Dimensional velocity profiles - pressure side

time t 0(REF) T0/4 2T0/4 3T0/4

δ (mm) 5.00 5.08 5.12 5.22

Vext (m/s) 3.64 3.58 3.75 3.75

δ1(mm) 1.02 1.09 1.07 1.04

δ2 (mm) 0.52 0.54 0.54 0.52

H12 1.96 2.00 1.97 2.02

TABLE 2 . Integral quantities - pressure side
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FIGURE 13. Dimensionless velocity profiles - suction side

FIGURE 14. Dimensional velocity profiles - suction side

CONCLUSION
The potential effect has not been widely studied in the past.

The decrease of the spacing between rotating and non rotating
components of turbomachines due to the reduction in length of
engines induces an increase of the potential and viscous effects
in modern turbomachinery.

An experimental and numerical study of a rotor-stator flow
field has been performed. A model of a turbomachine includ-
ing an inlet guide vane followed by a rotating row of bars, itself

time t 0(REF) T0/4 2T0/4 3T0/4

δ 9.92 8.11 9.75 9.92

Vext(m/s) 4.00 3.32 3.56 3.72

δ1 2.63 2.45 3.55 2.91

δ2 1.52 1.09 1.36 1.53

H12 1.73 2.25 2.61 1.90

TABLE 3 . Integral quantities - suction side

FIGURE 15. Turbulence levelTu - suction side

followed by flaps, is chosen. This arrangement, far from that
of a real turbine, is a very simple approximation of a turboma-
chine. We believe that a simple experiment where phenomena
have been separated may help the understanding of flow physics
and therefore may help the real world turbines (regarding un-
steady heat transfer, unsteady wake generation and noise pre-
diction for example). The Reynolds number is typical of a low
pressure turbine stage. The velocities in the experimental set up
are very low, a preconditioning method is applied for the Navier
Stokes computation.

The numerical investigation has shown the complexity of the
flow. A rotating row has an important effect on the flow on both
upstream and downstream rows. Wake and boundary layers of
the upstream row are modulated by the potential interaction. A
periodic evolution of the pressure, entropy and velocity is found
from the velocity peak on the suction side to the trailing edge.
The flow on the vane pressure side is also disturbed.

The large-scale turbine blade used has sufficiently thick
boundary layers to permit near wall measurements. The bound-
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ary layer at the end of the suction side is roughly 10 mm thick.
The fluctuations on the pressure side due to the rod motion are
weak (1%) and lower than predicted by the numerical study. On
the suction side, the fluctuations are stronger (20%), an unsteady
boundary layer at the trailing edge is shown, in good agreement
with the numerical estimation.

This is a first approach of the study on a simple geometry.
For other configurations such as turbine impulse blades or com-
pressor blades, the impact of the modulation of the upstream flow
by a downstream rotating row could be more important and sep-
aration on the blade may occur.
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