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ABSTRACT
This paper proposes a novel method to improve
aerodynamic performance of highly loaded Low-Pressure
(LP) turbine airfoils for aeroengines over a relatively wide
range of Reynolds number. This new method employs two
types of approaches; one is the equipment of twodimensional contouring with small step on the suction surface
of the airfoil and the other approach is a re-shaping of the
airfoil near the trailing edge. A linear cascade test facility is
employed to investigate the aerodynamic performance of the
newly proposed airfoils by use of a miniature Pitot probe.
Suction surface boundary layers as well as airfoil wakes are
also measured using a hot wire probe. In the experiment,
various flow conditions, Reynolds number, wake-passing
Strouhal number, are examined. Numerical simulations are
carried out to have a better understanding of the flow field
around the airfoil. URANS and LES are employed for this
purpose. It is found that the proposed method has a capability
to reduce the profile loss to some extent.

number conditions, due to the occurrence of separation on the
blade suction. Therefore, a number of studies have been made
on various approaches to realize high-lift rotor blades with
less additional aerodynamic penalty [1]-[20].
An orthodox approach for the purpose is to optimize the
aerodynamic loading distribution of the rotor airfoil in
consideration of realistic flow conditions such as incoming
wakes and turbulence [1]-[11]. Another approach is to adopt
an active or a passive type of separation control device on the
suction surface of the airfoil. As active-type separation
control device, plasma actuators as well as pulsed jets are
frequently examined [12]-[15]. Although these active devices
are effective in separation control, their applicability to real
aeroengines is still disputable in terms of durability and
power needed to operate the device. In that sense, passivetype devices may be superior to active-type ones [16]-[20].
One of the present authors proposed a method to control the
separation on a high-lift LPT airfoil. The method, which is
referred to as 2D contouring in this study, was to modify the
front part of the airfoil followed by a small back-facing step
[20]. It was found that that the 2D contouring was very
effective for suppressing the separation bubble and
significant reduction of the cascade loss was obtained at low
Reynolds number regime, while no benefit could be observed
at high Reynolds number regime. The problem commonly
associated with passive-type devices is a relatively narrow
applicable Reynolds number range of the devices. Later,
Funazaki and Okamura [21] made detailed studies on the
effects of the 2D contouring on high-lift LPT airfoils
experimentally and numerically, in which aerodynamic
performances of the airfoils subjected to incoming wakes
were investigated. Besides, Okamura [22] examined the
effect of the step height in 2D contouring numerically. He
found the original step height used in the previous study [20]
was large enough to suppress the separation even in

1. INTRODUCTION
Fuel-efficient,
light
and
environment-friendly
aeroengines for commercial airplanes have been needed
because of high-priced oil and tougher requirements for low
CO2/NOX emission as well as noise reduction. Bypass ratio
of modern aeroengines is accordingly increased to meet these
goals and large fan blades with more than 10 bypass ratio are
not uncommon these days. LP turbine stages connected to the
fan disk are required to produce large torque at a relatively
slow rotational speed to drive the very big fan. This large
torque must be achieved by three or four LPT stages
consisting of a limited number of high-lift rotor blades. In
general, high-lift rotor blades are likely to suffer from the
increase in aerodynamic loss, especially at low Reynolds
1
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considerably high-lift airfoil cases, implying a possibility of
smaller step height applicable to airfoils with moderate
aerodynamic loading.
Apart from the development of separation control
technique, the authors are also investigating a new method to
reduce the cascade loss. The method, referred to as TE
Reshaping hereafter, is to reshape only the suction surface
near the trailing edge so that the profile of the suction surface
is slightly bended near the trailing edge. Note that the detail
of the reshaped geometry cannot be described in this paper
because the method is patent pending. Ebina [23] carried out
a preliminary investigation on the aerodynamic performance
of the airfoil with the reshaped TE. He found that the
reshaping yielded an improvement of the aerodynamic
performance of the cascade at high Reynolds number regime,
however detailed performance of TE Reshaping is to be
examined.
Considering the Reynolds number dependencies of the
beneficial effects obtainable from 2D contouring and
reshaped TE, the authors are now proposing a novel method,
which will be called Composite Device Model (CDM) in this
paper, to improve the aerodynamic performance of high-lift
airfoils over a wide range of Reynolds number. In this
method, 2D contouring, which was effective at low Reynolds
number regime, and TE Reshaping, which was found to work
at high Reynolds number regime, are employed at the same
time. Note that the step height of 2D contouring in this case is
halved from the original one.
In this paper, after a brief explanation on the
experimental and numerical approaches, the effects of 2D
contouring on the aerodynamic performance of high-lift
airfoils
are
revisited.
Subsequently
experimental
investigations on the effect of TE reshaping upon the flow
field around the trailing edge will be described. Lastly, the
aerodynamic performance of the proposed new model, CDM
Airfoil, will be discussed by using experimental results and
numerical investigations based on LES or URANS.
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: inlet, averaged outlet velocity
: loss coefficient
: axial and tangential direction
: density
: solidity (= C t )
: sampling interval
: time
: stagnation pressure loss coefficient

Abbreviation
CDM : Composite Device Model
RRS
: reduction rate of solidity
TER
: Trailing Edge Reshaping
TDM : Turbulence Device Model
Subscript
Base
: Base-type Airfoil
2. EXPERIMENTAL SETUP
2.1 Test cascade and Instruments
Since the experimental approach adopted in this study
was the same as that of the previous study [21], only a brief
description will be made on the measurements. Figure 1
shows the test apparatus containing the test cascade and wake
generator. The turbulence grid is also shown, which was not
used in the present study. The test cascade consisted of 7
airfoils including 1 or 2 instrumented airfoils to obtain static
pressure distribution. Airfoil geometries and flow conditions
are listed in Table 1. The following equation defines the static
pressure coefficient in this study,
C p (x ) =

p01 - p(x )
0.5rV22

,

(1)

where V2 is the averaged exit velocity measured by a
miniature Pitot probe on the traverse line located at 15% C x
downstream of the airfoil trailing edge.
In this study three types of airfoils were investigated,
which are Base-type (Base) Airfoil, Turbulence Device
Model (TDM) Airfoil and Composite Device Model (CDM)
Airfoil. Figure 2 shows the original shape of TDM airfoil
with 2D contouring, which will be first referred to as Device
Model Airfoil in this paper and later Turbulence Device
Model (TDM) Airfoil when comparisons will be made
between TDM and CDM Airfoils. As indicated in Figure 2,
the cross-section shape of TDM Airfoil differed from Base
Airfoil in the thickness of the front half of the airfoil. The
thickest part of the airfoil appeared before the static pressure
coefficient for Base Airfoil reached the maximum, followed
by a steep slope. Note that Base Airfoil is a typical LP turbine
airfoil used in commercial aeroengines and its detailed
information was already reported by Funazaki et al [4].
Figure 2 also illustrates the positions of pressure taps on the
suction surface of TDM Airfoil. Only the suction surface
pressure distributions were measured because it was turned

NOMENCLATURE
C
: actual chord length (=114mm)
Cp
: static pressure coefficient
Cx
: axial chord length (= 100mm)
fw
: wake passing frequency
p(x )
: static pressure around the airfoil
p01
: inlet stagnation pressure
p02 (y ) : outlet stagnation pressure
Re2
: Reynolds number based on actual chord length and
exit velocity
St
: Strouhal number (non-dimensional wake passing
frequency = fwC V1 )
: pitch of the cascade
t
u j (iDt) : instantaneous velocity in j-th realization
u(ti )
: ensemble-averaged velocity
2
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out from a preliminary numerical analysis that the static
pressure distributions on the pressure surface of TDM were
almost the same as those of Base Airfoil, irrespective of the
flow conditions or aerodynamic loading conditions.
The Reynolds number in this study, based on the actual
chord length and averaged exit velocity, ranged from 57,000
to 170,000. Based on the stagnation pressure measurement
downstream of the cascade, a loss distribution of the cascade
Yp (y ) was evaluated by,
Yp (y ) =

p01 - p02 (y )
0.5rV22

,

(2)

Stagnation loss coefficient z was then calculated by massaveraging of Eq. (2) over one airfoil pitch.
Figure 3 illustrates the locations of the airfoil boundary
layer as well as the airfoil wake. A single hot-wire probe
(Dantec) was employed along with the custom-made traverse
unit. The signal from the probe was acquired and stored by
the A/D converter via the CTA (Constant Temperature
Anemometer) system (Kanomax). When the wake generator,
whose detail description will appear in the following, was
operating, a trigger signal was created per one belt rotation
and the velocity data acquired in synchronization with the
trigger signal, u j (iDt ) , were ensemble-averaged so as to
obtain the following ensemble-averaged velocity,
u(ti ) =

1
j max

Figure 2 Profiles of Base-type and 2D contoured (TDM)
Airfoils, with the locations of pressure taps
Table 1 Airfoil geometry and cascade configuration
Chord Length C

114 mm

Axial Chord Length C x

100 mm

Span Length

260 mm

Inlet Flow Angle

45 deg

Outlet Flow Angle

-60 deg

jmax

å u (iDt ) ,
j =1

j

(3)

2.2 Wake Generator
The wake generator was comprised of a number of
cylindrical bars of 3mm diameter, two timing belts and an
electric motor with a variable frequency drive. The flow field
disturbed by the wakes was characterized by the Strouhal
number St , non-dimensional wake-passing frequency, which
was defined by the pitch of wake-generating bars and the belt
speed in this study.
(4)
St = fwC V1 ,

Figure 3 Test airfoils and measurement probes

2.3 Loading Conditions
In this study the airfoil loading condition was able to be
changed by enlarging the airfoil pitch. The loading condition
was expressed by an index, reduction rate of solidity, defined
as
(5)
RRS = (sbase s - 1) ´ 100 ,
where sbase is the original solidity of Base Airfoil, leading to
RRS0%.

Figure 1 Test apparatus
3
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2.4 Uncertainty Analysis
Uncertainty of the pneumatic measurement was mainly
determined by the accuracy of pressure transducers. Since the
accuracy of the pressure transducer was ± 0.5Pa, it was
found from the standard procedure [24] that the uncertainty
of inlet velocity was about ± 1.7% at the lowest Reynolds
number. Uncertainty of the static pressure coefficient was ±
3.5% around the peak region of the coefficient.
The accuracy of the hot-wire probe measurement was
governed by the probe calibration process using a Pitot tube
to determine the reference velocity, while errors due to the
curve fitting or temperature drift remained small (less than
1%). Accordingly the uncertainty of the hot-wire probe
measurement was estimated to be about ± 2%.

was about 1 for the unsteady analysis. Since the turbulence
intensity found in the experiment was about 1%, 1%
turbulence intensity was specified on the inlet boundary for
RANS simulation, whereas no specification was made on the
inlet turbulence intensity for LES simulation only for the sake
of simplicity. Of course, a procedure used in the previous
study [25] can be implemented to specify unsteady velocity
components on the inlet boundary based on turbulence
statistics to achieve a better prediction, although it requires
additional computational efforts with some manipulations to
establish a realistic flow field, which is not within the scope
of the present study.

3. NUMERICAL APPROACH
3.1 Flow Solver
A commercial software, ANSYS CFX 12, was used in
this study. Although several types of calculations were
attempted. Reynolds-Averaged Navier-Stokes (RANS)
approach using Shear-Stress Transport (SST) two-equation
model was also employed with and without a transition
model ( g - Re q ) to grasp an image of time-averaged flow
field concerned or to obtain an initial solution for unsteady
calculations like unsteady RANS or Large-Eddy Simulation
(LES). LES using dynamic Smagorinsky subgrid scale model
(DSM) was used, where the second-order central difference
scheme was used in space and the second-order backward
scheme was employed in time. To make the analysis as timeaccurate as possible, inner calculations during one time-step
were repeated for 10 times at the maximum.

Figure 4 An example of the computational grid system used
for the analysis of original Device Model Airfoil

3.4 Code Validation
As can be easily imagined, a flow containing a
separation is prone to exhibit unsteady behavior. Therefore,
despite its high-priced computational requirement, it may be
preferable or recommended to carry out an unsteady
simulation. In the following, how unsteady simulations based
on URANS and LES perform will be described.
Figure 5 shows static pressure distributions for RRS15%.
Also shown is a comparison among three calculations (RANS,
URANS and LES) corresponding to the measurement. Note
that the RANS simulations, irrespective of steady or unsteady
calculation, employed the transition model. Consequently, the
RANS simulations provided good agreements with the
measurement. LES simulation also reproduced the measured
static pressure distributions successfully, however a slight
difference can be identified around the reattachment zone.
This is probably due to the existence of inlet freestream
turbulence which was not taken into account in the LES.
Although the LES simulation could not excelled the
RANS ones in the prediction of the static pressure
distribution, the necessity in usage of LES is clearly
emphasized in the loss predection, as shown in Figure 6. The

3.2 Computational Grids
Figure 4 is an example of the computational grid system
used in this study, which was for the 2D contoured airfoils for
RRS15% (rounded from 14.2%), which is sometimes referred
to HL (High Lift) conditions. The spanwise extent of the
computational domain was 0.15 C x . This grid system was
topologically H-O-H type consisting of several blocks to
ensure grid quality in terms of orthogonality on the airfoil
surface as well as grid density near the surface as high as
possible, where y + of the nearest grid point was less than 1.
Total number of the grid points was about 8.4 million with 50
equally-spaced grid points in the spanwise direction.
3.3 Boundary Conditions
Three velocity components corresponding to the
experimental exit Reynolds number of concern were
specified on the inlet boundary, while a fixed static pressure
was on the outlet boundary. Periodic condition was applied to
the top and bottom grid lines as well as to the grid lines on
the two span-end planes of the computational domain. Nonslip condition was specified on the airfoil. Courant number
4
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LES calculation successfully reproduced the measured
stagnation loss profile, while the RANS calculations
overpredicted the loss peak and underestimated the wake
width. A close inspection has revealed that the wake
predicted by URANS became larger than that of RANS,
which is because the mixing process in the wake is unsteady
in nature. It can be concluded from these attempts to validate
the numerical approaches that LES approach is the most
recommendable at least for the prediction of aerodynamic
performance of the cascade, while URANS approach can be
regarded as acceptable alternative to LES.

Figure 7 depicts the calculated static pressure
distributions around Device Model Airfoil under the same
condition as Figure 5 in comparison with the experimental
data, where the numerical results based on three different
numerical approaches are shown. Similarly, Figure 8 depicts
the calculated and measured stagnation loss distributions.
Although slight discrepancies can be seen, excellent
performance of the LES analysis is again demonstrated in
these figures. As shown in Figures 7 and 8, the URANS
calculation exhibited similar capability to the LES.

Figure 5 Calculated static pressure distributions around
Base-Type Airfoil under RRS15% loading condition at
Re2=5.7x104, in comparison with the experiment

Figure 7 Calculated static pressure distributions around
Device Airfoil under RRS15% loading condition at
4
Re2=5.7x10 , in comparison with the experiment

Figure 6 Calculated stagnation pressure loss distributions
downstream of Base-Type Airfoil under RRS15% loading
4
condition at Re2=5.7x10 , in comparison with the experiment

Figure 8 Calculated stagnation pressure loss distributions
downstream of Device Model Airfoil under RRS15% loading
4
condition at Re2=5.7x10 , in comparison with the experiment

4. RESULTS
4.1 Effects of 2D Contouring
Since detailed investigations on effects of 2D contouring
have been made by Funazaki et al. [20] and Funazaki and
Okamura [21], some of the important findings in their studies
are explained in the following for the sake of a better
understanding of the effects of 2D contouring alone.

Figure 9 shows two snapshots of instantaneous flow
field around Base and Device Model Airfoils calculated by
LES approach under RRS15% condition at Re2=5.7x104. The
flow fields are also characterized by iso-surface of Q criterion
and color indicating the level of TKE. It is evident from those
figures that the separation bubble appearing from around
5
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60% C x on Base Airfoil suction surface was almost
completely disappeared by the introduction of 2D contouring.
A mechanism of the separation suppression concluded from
the simulation is that the Kelvin-Helmholtz instability of the
shear layer of the separation bubble is promoted due to small
disturbances generated by the back-facing step of the 2D
contouring, resulting in vortex shedding followed by the
appearance of three-dimensional instability along the axis of
the vortex.

distribution and stagnation pressure distribution for Device
Model Airfoil. Such good prediction performances observed
in the RANS simulation is due to the fact that the boundary
layer over the suction surface of Device Model Airfoil was
almost attached. Of course, there appeared a flow separation
just downstream of the back-facing step of the 2D contouring,
however, it was not so difficult for the RANS simulation to
predict this type of separation because such a separation
occurred due to the change in surface shape/curvature.
Figure 11 illustrates stagnation pressure loss coefficients of
Base and Device Model Airfoils for various Reynolds
numbers under RRS15% loading condition in comparison
with the loss coefficients of Base Airfoil under RRS0%
condition, where the loss value is normalized by that of Base
Airfoil under RRS0% condition at Re2=5.7x104. It is clear
that 2D contouring on the airfoil suction surface yielded a
considerable loss reduction at the low Reynolds number,
while such a benefit of the device tended to disappear with
Re2 and some loss increase from Base Airfoil level was
observed at Re2=17.0x104.

Figure 10 Measured stagnation pressure loss distributions
downstream of Base and Device Model Airfoils under
RRS15% loading condition at Re2=1.7x105, in comparison
with the calculations

Figure 9 Snapshots of instantaneous flow fields around
Base Airfoil (top) and Device Model Airfoil (bottom) calculated
4
by LES under RRS15% at Re2=5.7x10

Figure 10 shows comparisons between the
measurements and calculations of stagnation pressure loss
distribution under the HL condition at Re2=1.7x105. Due to
this rather high Reynolds number condition, LES calculation
was not attempted, instead only conventional RANS
calculations were carried out. Although the RANS calculation
still predicted the occurrence of a large-scale separation
bubble for Base Airfoil while the measurement indicated only
a small separation on the suction surface, the RANS
simulation successfully predicted the static pressure

Figure 11 Effects of Reynolds number and loading
conditions on stagnation pressure loss coefficients of Base
and Device Model Airfoils
6
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4.2 Effects of Trailing Edge Reshaping
No-Wake Condition
Effects of TE Reshaping under no-wake condition
( St = 0.0 ) is discussed first. Figure 12 shows velocity
profiles near the trailing edges of Base and TER Airfoils
under RRS15% loading condition at Re2=4.0x104 (top) and
Re2=10.0x104 (bottom). Similarly, Figure 13 shows
stagnation pressure loss distributions of Base and TER
Airfoils under RRS15% loading condition for Re2=4.0x104
and 10.0x104. Note that each of the loss distributions was
normalized with the peak value in the loss distribution of
Base Airfoil at 10.0x104. While each boundary layer for
Re2=4.0x104 remained separated down to the trailing edge,
the height-wise extent of the separated region of TER Airfoil
was larger than that of Base Airfoil. Accordingly, the wake
width on the suction side of the TER Airfoil was larger than
that of Base Airfoil, while the wake on the pressure side did
not exhibit any noticeable change. While both boundary
layers seems reattached to the suction surfaces at 10.0x104,
the wake deficit of TER Airfoil was slightly smaller than that
of Base Airfoil. These features of velocity profiles near the
trailing edges are almost consistent with the stagnation
pressure loss distributions shown in Figure 13. Stagnation
loss coefficients shown in Figure 14 were calculated by massaveraging each of the loss distributions over one pitch of the
cascade. As can be imagined from Figures 12 and 13, the loss
coefficient of TER Airfoil tended to become smaller than that
of Base Airfoil as Re2 increased, probably due to the
reduction of base region just downstream of the trailing edge
of TER Airfoil. The favorable effect observed at higher Re2
was what the authors intended to achieve through TE
Reshaping, especially suction surface reshaping. On the other
hand, the effect of TE Reshaping became weak for lower Re2
and at Re2=4.0x104 the stagnation loss coefficient of TER
Airfoil was larger than that of Base Airfoil.

Figure 12 Velocity profiles near the trailing edges of Base
and TER Airfoils under RRS15% loading condition at
4
4
Re2=4.0x10 and 10.0 x10

Figure 13 Stagnation loss distributions of Base and TER
4
Airfoils under RRS15% loading condition for Re2=4.0x10 and
4
10.0 x10

In order to reveal what caused this loss increase by TE
Reshaping at the lowest Reynolds number condition,
numerical simulations were carried out. Figure 15 shows
some of the stagnation loss distributions of Base and TER
Airfoils calculated by RANS and URANS simulations in
comparison with the experiments. As is already confirmed in
Figure 6, RANS simulation failed to capture any features of
the loss distributions. In contrast, URANS simulations quite
adequately reproduced the loss distributions. It should be
mentioned that the calculated loss distribution for TER
Airfoil is wider and larger than that of Base Airfoil. The
observed loss increase at the lowest Re2 may be partially
attributed to unsteady flow behavior near the trailing edge.
However, the reason of the loss increase at the lowest Re2 is
not fully understood yet and unsteady flow analyses
including LES are still being carried out.

Figure 14 Stagnation loss coefficients of Base and TE
reshaped airfoils under RRS15% loading condition for various
Re2
7
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proposed an application of a combination of both devices to a
high-lift airfoil in order to improve its aerodynamic
performance over a wide range of Reynolds number
conditions, where the airfoil with these two devices are
referred to as Composite Device Model (CDM) Airfoil
hereafter. Note that the step height of 2D contouring used in
this study was a half of the original height used in section 4.1
as shown in the lower right box of Figure 18. Note that the
airfoil with the original step height is hereafter called TDM
(Turbulent Device Model), instead of Device Model Airfoil
to distinguish it from CDM Airfoil.

Figure 15 Comparisons between measured and calculated
stagnation loss distributions of Base and TER Airfoils under
RRS15% loading condition for various Re2

Effect of Incoming Wakes
Figure 16 exhibits wake-affected stagnation pressure
loss distributions at Re2=4.0x104 and 10.0x104 for St =0.8,
where the loss value was similarly normalized with the
reference loss value used for no-wake condition. As already
reported in previous studies [4][5], incoming wakes
effectively weakened the separation bubble, resulting in
significant loss reduction, especially at Re2=4.0x104. As for
the effects of trailing edge reshaping, the loss distributions at
Re2=4.0x104 were almost identical between Base and TER
Airfoils, which is in contrast to the distributions for no-wake
condition shown in Figure 13. At Re2=10.0x104 there
appeared a considerable difference in loss distribution
between the two airfoils and the cascade loss of TER Airfoil
became smaller than that of Base Airfoil, particularly at the
wake center.
Wake-affected stagnation loss coefficients are shown in
Figure 17, where the loss value was normalized with the
value of Base Airfoil at Re2=10.0x104 and St = 0.8. Note that
the contribution of bar wake was subtracted from the loss
values in Figure 17, using the momentum theorem applied to
a control volume containing one moving bar [2]. It is clear
that under the influence of incoming wakes the stagnation
pressure loss of TER Airfoil was lower than that of Base
Airfoil over the tested range of Reynolds number, suggesting
that the applied TE reshaping is useful for loss reduction
under a realistic flow condition.

Figure 16 Wake-affected stagnation loss distributions of TER
Airfoil under RRS15% loading condition for Re2=4.0x104 (top)
4
and 10.0 x10 (bottom)

4.3 Combination of 2D Contouring and TER
In the above, effects of two types of devices were
examined experimentally and numerically, through which it
was found that 2D contouring brought about a loss reduction
at low Reynolds number regime, while the trailing edge
reshaping worked was advantageous in loss reduction at high
Reynolds number regime. In consideration of the Reynoldsnumber dependency of both devices, the authors have

Figure 17 Wake-affected stagnation loss coefficients of TER
Airfoil under RRS15% loading condition for various Re2
8
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identified from these contours. In terms of separation
suppresion effects due to the 2D contouring, TDM Airfoil
was superior to CDM Airfoil, the latter still containing a
recognizable size of separation bubble on the suction surface.
Nevertheless, CDM Airfoil weakened the separation bubble
considerably. Figure 20 also demonstrates the velocity
contours at a slightly higher Reynolds number
(Re2=10.0x104). Due to the increase in Reynolds number, the
size of separation bubble of Base Airfoil accordingly
decreased. The separation on TDM Airfoil seems to have
been completely disappeared, while a small separation bubble
remained on CDM Airfoil in a time-averaged sense.

Figure 18 Snapshots of instantaneous flow fields around
CDM Airfoil calculated by LES under RRS15% at Re2=5.7x104

The exploration of this step height for CDM Airfoil was
made by Okamura [25], who executed a number of RANS
simulations for various step heights (50%, 75% and 150% of
the original height) and flow conditions such as Reynolds
number (Re2=5.7x104 and =17.0x104) and free-stream
turbulence (1% and 5%). The step position was basically
unchanged. It should be mentioned that the calculation with
high free-stream turbulence condition aimed at simulation of
a flow condition with incoming wake based on rather an
“economical” steady-state approach. It was accordingly
found that the airfoil with the original step height exhibited
the best performance in loss reduction among the 4 stepheight cases for the low free-stream turbulence condition
(1%), irrespective of Reynolds number, which was not the
case for the high free-stream turbulence condition (5%). The
50% stet height, which showed a moderate loss reduction
performance at Re2=5.7x104 and the best aerodynamic
performance at Re2=17.0x104 for 5% free-stream turbulence
condition, was selected in this study, especially in
consideration of the performance at higher Reynolds number
so as not to destruct the effect of TE Reshaping.
Figure 18 shows LES-based snapshots of instantaneous
flow field around CDM Airfoil approach under RRS15%
condition at Re2=5.7x104. In contrast to the case of 2D
contouring with the original step height as seen in Figure 9,
the effects of 2D contouring in CDM was rather modest,
promoting earlier K-H instability of the separation shear layer
than Base Airfoil so that the size of the separation bubble was
reduced to some extent. Figure 19 shows a comparison of
time-averaged velocity contours of three test airfoils (Base,
TDM, CDM) under RRS15% loading condition at
Re2=5.7x104. Since each of the contours is expressed in a
Cartesian coordinate system using the axial coordinate as
abssisa, the shape of separation bubble in Figure 19 is not a
real one, however, the size of separation bubble can be easily

Figure 19 Contours of time-averaged velocity around the
separation bubbles on Base (top), TDM (middle) and CDM
(bottom) Airfoils under RRS15% at Re2=5.7x104
9
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17, the contribution of bar wake was subtracted from the loss
values. Note that no experimental data were obtained for
Re2=17.0x104 because of the mechanical restriction on the
speed of the timing belts of the wake generator at this
Reynolds number. A distinctive difference in Reynoldsnumber dependency of the wake-affected cascade loss can be
found among the three test airfoils. For TDM and CDA
Airfoils, the cascade loss was likely to be in inverse
proportion to Re2, while the cascade loss of Base Airfoil
appeared to vary in proportion to Re-2 n . Over the tested
Reynolds numbers CDM Airfoil excelled TDM in the wakeaffected aerodynamic performance, indicating the usefulness
of a combination of two types of devices. On the other hand,
the wake-affected cascade loss of CDM Airfoil was rather
comparable to that of Base Airfoil, in contrast to Figure 21.
Even under the influence of incoming wakes CDM Airfoil is
exhibiting a promising aerodynamic performance for lower
and/or higher Reynolds number regimes or for much larger
loading condition in which suction surface device could be
gainful. Nevertheless, every effort should be made in a future
to have a better understanding the physics happening on
CDM Airfoil so as to optimize it.

Figure 21 Experimental loss coeeficients for three test
airfoils for various Reynolds number conditions under
RRS15% loading condition (no wake)
Figure 20 Contours of time-averaged velocity around the
separation bubbles on Base (top), TDM (middle) and CDM
4
(bottom) Airfoils under RRS15% at Re2=10.0x10

Figure 21 displays experimental cascade loss
coefficients for three test airfoils for various Reynolds
numbers under RRS15% loading condition, where the loss
value was normalized by the loss of Base Airfoil at
Re2=5.7x104 for RRS0% loading condition. It is evident that
the cascade loss of CDM Airfoil was considerably lower than
the other two airfoils over the tested Reynolds number range.
Figure 22 shows the impact of incoming wakes (St=0.8) on
the cascade loss coefficients for the three test airfoils shown
in Figure 21, where the loss value was normalized by the loss
of Base Airfoil at Re2=5.7x104 and St=0.8. Likewise in Figure

Figure 22 Experimental loss coeeficients for three test
airfoils for various Reynolds number conditions under
RRS15% loading condition (with wake, St=0.8)
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5. CONCLUSIONS
This paper first described the experimental and
numerical investigations of the effects of 2D contouring,
followed by the explanation on the trailing edge reshaping on
the loss reduction of a high-lift LPT airfoil. Then, a novel
method was proposed, where the above-mentioned two losscontrolling methods were applied at the same time to the
airfoils in consideration of the range of Reynolds number
which yielded a benefit in term of loss reduction. Important
findings in this study are summarized as follows;
1. Time-accurate numerical simulations based on LES or
URANS provided a better agreement with the stagnation
pressure loss distribution of the test cascade than RANS
simulation. This is probably because the loss
distribution strongly depends on wake mixing process,
which is unsteady in nature.
2. As already reported in the previous studies, the 2D
contouring applied in this study, which consisted of
gradual thickening of the front half suction surface and a
small back-facing step, was a useful passive device to
reduce the cascade loss, especially at low Reynolds
number regime. However, such a gain from the device
tended to be lost as the Reynolds number increased.
3. Under no influence of the incoming bar wakes, TE
Reshaping was advantageous for the loss reduction at
high Reynolds number regime as designed aiming at the
trim of the base region downstream of the trailing edge.
However, the reshaping exhibited some Reynoldsnumber dependency.
4. Under the influence of the incoming bar wakes, the
stagnation pressure loss of TER Airfoil was lower than
that of Base Airfoil over the tested range of Reynolds
number, suggesting that the applied TE reshaping is
very useful for loss reduction under a realistic flow
condition.
5. The proposed new method in this study, which applies
2D contouring with a smaller step than that of the
original one and TE Reshaping at the same time,
considerably reduced the cascade loss over the all tested
Reynolds number conditions under no incoming wake
condition. On the other hand, even though the range of
the tested Reynolds number was limited, the wakeaffected cascade loss of CDM Airfoil was comparable to
that of Base Airfoil, while CDM Airfoil excelled TDM
Airfoil. This indicates that the usefulness of a
combination of two types of devices.
6. It can be concluded that CDM Airfoil has a great
potential in reducing cascade loss in a realistic engine
flow condition, while much effort should be made for
further improvement.
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