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Effect of Roughness and
Unsteadiness on the Performance
of a New Low Pressure Turbine
Blade at Low Reynolds Numbers
This paper presents a study of the performance of a high-lift profile for low pressure
turbines at Reynolds numbers lower than in previous investigations. By following the
results of Coull et al. (2008, “Velocity Distributions for Low Pressure Turbines,” ASME
Paper No. GT2008-50589) on the design of high-lift airfoils, the profile is forward
loaded. The separate and combined effects of roughness and wake passing are compared.
On a front loaded blade, the effect of incidence becomes more important and the conse-
quences in terms of cascade losses, is evaluated. The experimental investigation was
carried out in the high speed wind tunnel of Whittle Laboratory, University of Cam-
bridge. This is a closed-circuit continuous wind tunnel where the Reynolds number and
Mach number can be fixed independently. The unsteadiness caused by wake passing in
front of the blades is reproduced using a wake generator with rotating bars. The results
confirm that the beneficial effect of unsteadiness on losses is present even at the lowest
Reynolds number examined �Re3�20,000�. This beneficial effect is reduced at positive
incidence. With a front loaded airfoil and positive incidence, the transition occurs on the
suction side close to the leading edge and this results in higher losses. This has been
found valid for the entire Reynolds range investigated �20,000�Re3�140,000�. Rough-
ening the surface also had a beneficial effect on the losses but this effect vanishes at the
lower Reynolds numbers, i.e., �Re3�30,000�, where the surface becomes hydraulically
smooth. The present study suggests that a blade with as-cast surface roughness has a
lower loss than a polished one. �DOI: 10.1115/1.3148475�
Introduction
There is a need for airplanes that are cleaner, safer, and more

ffordable. To improve the fuel consumption and emissions, sev-
ral different solutions have been proposed, with new wing
hapes, lighter airplanes, and more efficient engines being particu-
arly important. A significant improvement can be achieved by
educing the weight of the low pressure turbine, which currently
epresents up to 30% of the weight of the complete engine. As
hown by Vazquez et al. �1�, this reduction can be obtained by
ecreasing the number of blades. However, in order to have the
ame work, the aerodynamic loading of each blade has to be in-
reased, which may have a detrimental effect on the efficiency. As
hown by Hourmouziadis �2�, the main difficulty encountered in
he design of high-lift profiles is the control and reduction in the
aminar separation bubble on the suction side due to high levels of
eceleration on the rear of the suction surfaces, especially at low
eynolds numbers.
Schulte and Hodson �3� found that the unsteady environment in

ow pressure turbines, which is mainly due to the wakes of up-
tream blade rows convecting through downstream blade rows,
as a beneficial effect on high-lift profiles. This is primarily due to
he suppression of the separation bubble on the suction side. This
uggested a new philosophy for the design of low pressure turbine
lades: highly loaded profiles taking into account the wake pass-
ng in the design process �3,4�.

The high-lift philosophy evolved to a point where, due to the
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high loading coefficient, the wake passing alone was not able to
reduce or suppress the separation bubble. For this reason many
authors have investigated new control methods, both passive
�5–7� and active �10�. The main idea is to promote the transition
before the laminar separation, thus reducing the losses on the
blade suction side. The region of interest is located between the
suction peak and the start of the separation bubble. Upstream of
this region, the strong acceleration and low Reynolds number in-
hibits the transition. Downstream, there is no advantage because
the boundary layer becomes turbulent due to the transition process
in the shear layer of the separated flow. As shown by Roman and
Howell �9� it is possible to promote transition using roughness
elements, thus obtaining more lift with the same level of losses.
Zhang and Hodson �5� compared different roughness levels and
positions of the roughness to find the optimum in terms of losses.
The studies accomplished by Zhang et al. �6� and Vera et al. �7�
showed how passive and active methods can be used to reduce or
suppress the separation bubble on the suction side.

Bloxham et al. �10� showed the effect of active flow control on
high-lift profile. In particular, by controlling the phase between
wake passing and jets, it is possible to obtain a further reduction
in terms of losses. One of the main problems of using active
control is concerned with their reliability in the harsh environment
of a real gas turbine.

As core size reduces, new aircraft engines tend to have low
pressure turbines with blades that have a reduced chord. This adds
to the significance of the separation bubble in terms of the profile
loss and the problems of controlling this with wakes alone. At the
same time there is a growing interest in high altitude flights. The
small size of the engines used for these applications and the low
density of air at high altitude, require blades that are able to op-
erate at very low Reynolds numbers.
By following the results obtained by Coull et al. �11� a new
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Downlo
igh-lift profile has been designed. The airfoil is experimentally
nvestigated with “as-cast” and polished surface finished, at Rey-
olds number lower than in previous investigations. For high-lift
nd ultra high-lift blades, it will be shown that there is an advan-
age in terms of the aerodynamic losses �and costs� by using a
lade with an as-cast surface finish, and this will be shown in this
aper. By considering that the optimum in terms of the loss at the
esign inlet flow angle is achieved by using a front loaded profile,
he incidence effect has been also evaluated.

Experimental Apparatus
The experiments were performed using the transonic wind tun-

el of the Whittle laboratory. This is a continuous closed-circuit
unnel with variable density, so that the Reynolds and Mach num-
ers can be fixed independently. To reach the Reynolds numbers
equired for this campaign, the vacuum system has been up-
raded. Three vacuum pumps, working in parallel are now avail-
ble to create subatmospheric inlet stagnation pressures as low as
000 Pa absolute. A compressor controls the pressure ratio and the
ach number in the circuit. Before entering the cascade, the air

asses through a honeycomb and screen and is then accelerated in
convergent nozzle. At the exit of the cascade, it is discharged

nto the large exit plenum that contains the test section. The inlet
ree stream turbulence is about 0.5%.

The presence of the wakes shed from an upstream blade row is
imulated using a wake generator. The high speed bar wake gen-
rator consists of 60 cylindrical metal bars equally spaced at the
uter periphery of a disk that rotates in a plane parallel to the
eading edge plane of the cascade. Compared with a moving belt
ystem, the circumferential speed of the bars can be increased to
he levels that are required in high speed experiments.

A cover encloses the rotating disk and bar assembly, thus cre-
ting a sealed cavity containing the bars. This sealed cavity is
eeded to prevent the leakage that would occur if the cavity were
pened to the exit plenum, i.e., to the exit conditions. A cross
ection of the high speed bar passing rig is shown in Fig. 1 along
ith a photograph taken looking toward the inlet.
For the current study, the bars are made of 0.41 mm diameter

ypodermic tube. The bar passing frequency is 3600 Hz, provid-
ng a reduced frequency for this cascade of fr=0.43, approxi-
ately the same as an upstream stator �12�. The ratio of bar di-

meter to chord, i.e., 1.48%, matches that used for the low speed
xperiments by Zhang et al. �6� �1.5%� and by Vera et al. �7�
1.3%�. The design value for the pitch to chord ratio is 0.784.

The static pressures upstream and downstream of the cascade
re measured using 0.3 mm diameter wall pressure tappings.
hree conventional Pitot’s tubes, upstream of the row of bars,
easure the inlet stagnation pressure. The inlet stagnation tem-

erature is measured using a thermocouple placed within the inlet

Fig. 1 View of high speed wind tunnel: „left… cross s
uct upstream of the test section.
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A calculation procedure is used to evaluate the mixed-out con-
ditions downstream of the bars. This calculation procedure and its
validation are presented by Vera et al. �12�. It is based on the
measurement of the drag coefficient of the bars. The drag coeffi-
cient has been evaluated at different Mach and Reynolds numbers
and a look-up table is used to find the drag coefficient for each
operating point. In the present work, this procedure has been vali-
dated again by comparing the results obtained with this approach
to the direct experimental evaluation of the losses generated by
the rotating bars. The cascade was removed and the stagnation
pressure was measured by traversing a probe in the pitchwise
direction at the same axial location as the leading edges of the
blades. The stagnation pressure distribution obtained with a
traverse downstream the rotating bars did not show any differ-
ence. The change in stagnation pressure across the bars, which is
due to viscous losses and viscous work input, is between two and
three times smaller than the loss of the cascade.

The cascade consists of nine blades. Adjustable bleed slots were
placed on the top and bottom walls at the inlet of the cascade in
order to control the flow periodicity. These are shown in Fig. 1.

The profile losses were evaluated using the data from a pitch-
wise traverse. The traverse plane is located one-half of an axial
chord downstream of the trailing edge plane of the cascade. The
traverses extended across the wakes of all of the vanes. The losses
have been evaluated using the central two blades. A fixed direc-
tion four-hole Neptune probe, similar to the one used by Siever-
ding and Maretto �13� was used to measure the exit flow field
�Fig. 1�. The local flow conditions at the exit were determined
from the calibration curve of the probe. The Mach number, flow
angle, and stagnation pressure were used to provide the mixed-out
values that were used to calculate the profile loss coefficient. The
mixed-out values were determined using a constant area mixing
calculation.

All pressures were measured using a 16-channel Scanivalve
DSA type 3017. The DSA had a range of 2.5 psid. A reference
absolute pressure was provided using a Druck DPI 520 pressure
controller. The accuracy of pressure measurements acquired with
the DSA 3017 is �17 Pa at full-scale. However the DSA has a
resolution of approximately 2 Pa. The stagnation pressure at the
inlet, before the rotating bars, was used as reference pressure for
all the transducers. Therefore, because of the low pressures in this
experiment, the resolution of DSA effectively determines the ac-
curacy of the loss data. The kinetic energy loss coefficient was
calculated with an accuracy of about 0.1% of the exit dynamic
pressure at the design condition �Re3=30.000�. It can be seen in
Fig. 1 that the DSA has been placed inside the pressurized wind
tunnel. This is because the slope of the calibration of a transducer
alters when the pressure inside the transducer is significantly dif-

on; „right… photograph taken looking toward the inlet
ecti
ferent to that outside of the unit.
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All the traverses were repeated more than three times. The
ariation in the kinetic energy loss coefficient was less than 1% of
he loss.

Hot wire boundary layer traverses were performed over the rear
art of the suction side, at 19 locations between 45% and 95%
urface length. At each position, the boundary layer traverses con-
ist of 13 points exponentially distributed normal to the wall. The
oundary layer traverses were performed up to a distance of 1.0
m from the wall. The first point close to the wall was at a

istance of about 0.02 mm. The location of the wall was found
ith the method described by Hodson �14�. This process was per-

ormed at the operating conditions to account for the aerodynamic
ifting of the probe and the small vibrations of the probe support.
o take into account the effects of heat transfer to the blade sur-
ace, the still-air correction method of Cox �15� was used.

The hot wire boundary layer traverses were carried out using a
ANTEC 55P15 boundary layer probe with 5 �m�1 mm
latinum-plated tungsten wire. The hot wire was operated in the
onstant temperature mode, using an overheat ratio of 1.8. A total
f 128 ensembles were acquired at each point of the measurement
rid. Each ensemble consists of 1024 points logged at 65 kHz,
orresponding to about 16 points for each wake passing. In the
urrent experiment, the frequency response of the hot wire is only
ne order of magnitude greater than the wake passing frequency.
n addition the calibration of a hot wire in a compressible flow is
function of the Mach and Reynolds numbers �7�. To be able to

se the calibration map, it is assumed that the static pressure and
tagnation temperature are constant across the boundary layer.
hese assumptions are reasonably valid in steady attached flows.
he presence of unsteadiness and flow separation compromises

he validity of these assumptions suggesting that the results pre-
ented should only be used to provide a qualitative picture of the
ow field rather than a quantitative one.
The profile used in this test is the H2 airfoil. This is a high-lift

irfoil, with an exit velocity and a diffusion factor similar to pro-
le H of Curtis et al. �4�. Two different loading levels have been
ompared, increasing the pitch of about 15% �Fig. 2�. The geom-
try of the cascade is given in Table 1.

The airfoils are manufactured using a wire cutting electrodis-
harge machining �EDM�. The first surface roughness investigated
as obtained with a single pass of the wire. The average rough-
ess level is 5 �m. The second airfoil was manufactured with
our passes of the wire and the resulting roughness is about

�m.
The surface quality was evaluated using an optical interferom-

ter. The value of Ra considered in this study is defined as the
rithmetic mean of the absolute departures of the roughness pro-
le from the mean line.
In Fig. 3 there is a comparison of the nondimensional rough-

Fig. 2 H2 ai
ess level of the H2 profile with the results of the previous inves-
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tigation of the HSU2 by Vera et al. �7�. The values are normalized
by the axial chord of the airfoil. The highest level is like a cast
surface, the lowest is like a polished one.

In order to achieve the low Reynolds numbers required for
these tests, the blades have a small chord of 27 mm. The operating
conditions of the cascade are provided in Table 2.

The trailing edge thickness of the blades is 0.41 mm. Due to the
small size of the blades and the need to preserve the surface fin-
ishes, it was not possible to instrument the blades with surface
static pressure tappings.

il schematic

Table 1 Cascade geometrical parameters

Parameter Unit Value

Chord, C �mm� 27
Design inlet flow angle, �1 �deg� 36.9
Design exit flow angle, �2 �deg� �59.04
Aspect ratio, AR - 3.78
Trailing edge thickness �mm� 0.41
Pitch/chord, S /C - 0.784, 0.896
Number of blades - 9, 8
Surface roughness Ra / �Cx 1000� - 0.185, 0.037
Axial distance bar to cascade l.e. �mm� 20

Fig. 3 H2 roughness compared to Vera et al. †9‡

Table 2 Cascade operating conditions

Parameter Unit Value

Exit Reynolds number - 30,000–145,000
Inlet Mach number - 0.36
Exit Mach number, averaged - 0.69
Reduced frequency, fr - 0.43
Incidence, I �deg� 0, +7
rfo
JULY 2010, Vol. 132 / 031018-3
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Profile Design
To design the blade, the 2D solver MISES �16� has been used.

igure 4 presents four computations of the isentropic Mach num-
er distribution with two incidence angles �0 /+7 deg� and two
itches �21/24 mm�. The incidence is defined as zero at nominal
onditions.

All the calculations in Fig. 4 are at the same Reynolds number,
.e., Re=30,000 and at the same exit Mach number, i.e., Mach
0.69, without imposed transition on the suction side. The nomi-
al condition is shown by the continuous line. The airfoil is a
orward loaded profile with the peak Mach number at about 45%
0 in the design case �zero incidence, 21 mm of pitch�. The load-
ng distribution of H2 follows the design approach suggested by
oull et al. �11� for low Reynolds number airfoils. Coull et al. �11�

tudied different velocity distributions on a flat plate with incom-
ng wakes. Their results show that a forward loaded aerofoil has
ower losses than an aft loaded one with the same amount of
uction side diffusion. In particular, they found that the laminar
eparation bubble on the suction side produces less loss and is
ore likely to be suppressed by the wake passing in the case of

he forward loaded aerofoil. They also found that the losses began
o increase significantly at diffusion factors above 0.2. For this
eason the H2 aerofoil has been forwarded loaded with a diffusion
actor of about 0.2 and the suction peak at 45% S0.

Figure 4 above shows that when increasing the incidence angle
dashed line� the rear part of the suction side remains almost un-
ltered. Only the front half of the profile is affected. The presence
f an extra diffusion part on the front side of the blade can gen-
rate an earlier transition layer on the suction side with conse-
uently higher losses.

By doubling the diffusion rate on the blade at nominal condi-
ions �dot dashed line� the airfoil becomes naturally more forward
oaded. As shown by Coull this has a beneficial effect on the
osses. Conversely at positive incidence �double dot dashed line�,

ost of the suction side has an adverse pressure gradient, increas-
ng the risk of an early transition.

The two-dimensional MISES code has been coupled to a pre-
cribed unsteady intermittency model �PUIM� �17� to locate the
ransition onset and the intermittency distribution. PUIM is an
n-house code that uses the freestream distribution of turbulence
nd the boundary layer data, in this case from MISES. Several
orrelations are available to predict the transition onset location
nd the spot production rate. In this case, Mayle’s correlation �18�
as been used.

Without wake passing, MISES-PUIM predicts a separation re-
ion located on the rear part of the suction side in all the cases. In
articular, the effect of incidence does not affect the transition
ocation on the suction side with steady inflow. This suggests that
he profile losses are almost unaffected by positive incidence
Table 3�.

By using a time varying inlet turbulence distribution, it is pos-

ig. 4 Isentropic Mach number distribution on H2, MISES calcu-
ations, Re3=30,000
ible to use PUIM to predict the transition onset with unsteady

31018-4 / Vol. 132, JULY 2010
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inflow and how the wake passing alters the transition location on
the suction side. A freestream turbulence level of 0.5% was speci-
fied and the wake was modeled using a Gaussian distribution with
a peak turbulence level of 10% in the center of the wake. The
simulations showed that with positive incidence, the wakes could
promote an early transition in the first decelerating region as high-
light by the black arrows in Fig. 4. As shown in Fig. 4 the Mach
distribution at positive incidence is relatively flat downstream of
the leading edge, and so the wake induced turbulent boundary
layer will remain turbulent along the remainder suction side. This
is expected to have a significant effect on the losses, especially at
higher Reynolds number. Based on the simulation at the design
point Re3=30,000, MISES-PUIM predicts an increase in the losses
of about 11% with positive incidence due to the earlier transition
of the suction side.

The blades used for the experimental measurements have an
average trailing edge thickness of 0.41 mm with a maximum
variation of 4%. For the central blades, which were used for the
loss evaluation, a difference of less than 1% has been measured.

The contribution of the trailing edge losses to the kinetic energy
loss coefficient has been numerically investigated using MISES.
The H2 profile has been modified on the pressure side by increas-
ing the thickness of the trailing edge by 20%. The suction side
retained the same isentropic Mach number distribution. The losses
increased by about 2% at Re3=30,000 and about 5% at Re3
=120,000. The dependency on the Reynolds number is due to the
fact that at the highest Reynolds numbers, the momentum and
displacement thickness of the suction side boundary layer de-
crease, and consequently the contribution of trailing edge losses
increases. These results indicate that the observed variations in the
trailing edge thickness have a minor effect on the results shown in
this paper.

4 Results

4.1 Design Wake Traverse. The kinetic energy loss coeffi-
cient of the profile has been calculated according to

KSI = 1 −

1

2
V3

2

1

2
V3,is

2

=
Ts3 − Ts3,is

T01 − Ts3
=
� Ps3

P01
�	−1/	

− �Ps3,is

P01
�	−1/	

1 − � Ps3

P01
�	−1/	

where states 1, 3, and 3,is represent the inlet, the mixed-out exit,
and the isentropic exit conditions, respectively.

The normalized kinetic energy loss coefficient of the blade is
shown in Fig. 5. The data are presented against the Reynolds
number for steady and unsteady inflow conditions at the design
exit Mach number of 0.69. The normalization is obtained using
the losses of high-lift blade H presented by Curtis et al. �4� at
Re3=130,000 under unsteady inflow with fr=0.78. In this way the
data are directly comparable with the other studies available in the
open literature such as those reported in Fig. 5 from Ref. �7�.

It is possible to relate the reductions in specific fuel consump-
tion to the changes in the two-dimensional losses presented in this
work. By considering the large aspect ratio �AR� of low pressure
turbines �LPTs� in modern engines, 80% of overall losses are due
to two-dimensional profile losses. By reducing the two-

Table 3 Separation and transition position at Re3=30.000 with
steady inflow

Case Separation S /S0 Transition S /S0

i=0, g=21 mm 0.76 0.84
i=7, g=21 mm 0.75 0.83
i=0, g=24 mm 0.61 0.68
i=7, g=24 mm 0.60 0.68
dimensional losses by 10%, the efficiency of LPT rises by about
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.5% according to Curtis et al. �19�. By using the results in Ref.
8�, this generates a reduction in specific fuel consumption �SFC�
f about 0.35% in today’s engines.

All the losses shown in Fig. 5 were obtained at 0 deg of inci-
ence, with the design pitch. The lines with white symbols repre-
ent the results obtained with unsteady inflow. The lines with tri-
ngles, �Ra=5 �m� are representative of a surface obtained using
casting process. The lines with diamonds refer to a previous

nvestigation reported by Vera et al. �7� for the HSU2 blade, which
as tested at a similar exit Mach number, i.e., Mach3=0.64, with

he same inlet and exit angles. The case chosen for comparison is
hat which produced the lowest losses with incoming wakes. The
oughness level is similar despite the fact that HSU2 uses a ribbed
urface.

Profile H2 has been studied at lower Reynolds numbers than
SU2. This is due to the new vacuum system of the high speed
ind tunnel, which achieves a lower Reynolds number by further

educing the air density. Comparing the losses of H2 �Ra
5 �m� and HSU2 at Re3=200,000 with steady inflow shows

hat there is a loss increment of about 20%. This is mainly due to
he different diffusion factors of two blades. In the case of HSU2,
t is about 0.44. Profile H2 has a diffusion factor of about 0.2 at
he nominal pitch.

Regarding the as-cast roughness level of profile H2, a reduction
n the losses due to the wake passing is shown in Fig. 5. By
omparing the as-cast surface with steady and unsteady inflows, a
eduction of about 22% is seen at Re3=30,000, and 8% at Re3
120,000 with unsteady inflow. This is equivalent to a reduction

n SFC of, respectively, 0.77% and 0.28%. As suggested by
chulte and Hodson �3� this reduction in losses is due to the
arlier transition induced by the wake passing, suppressing, or
educing the laminar separation on the suction side. At lower Rey-
olds numbers with unsteady inflow, HSU2 exhibits a larger in-
rement in loss when compared with H2. At Re3=90,000, the
ifference is about 66%.

Curves representing fully laminar flow �Re−0.5� and fully turbu-
ent flow �Re−0.2� are also presented in Fig. 5, the absolute levels
f which have been arbitrarily chosen. Comparing the experimen-
al data with the laminar curve indicates that the loss production

echanism is dominated by the laminar boundary layer at lower
eynolds number under unsteady inflow. This has been confirmed
ith a more detailed analysis of the suction side boundary layer.

4.2 Hot Wire Measurements. In order to confirm that at the
ower Reynolds numbers, the loss production at zero incidence is

ig. 5 KSI for steady and unsteady inflows, i=0 deg, Ra
5 �m
riven mainly by a laminar separation and the effects that the

ournal of Turbomachinery
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wakes have upon this, a hot wire was used to measure the bound-
ary layer on the suction side of the H2 profile with a surface
roughness of Ra=5 �m at a Reynolds number of Re3=30,000.
The reader is reminded that the hot wire results shown in this
paper are only qualitative.

The raw velocity data have been phase-locked averaged and are
presented in Fig. 6 at different time instants. The time step used in
Fig. 6 is tstep=3 /50 T, where T=1 / f and f is the wake passing
frequency. The colors correspond to the magnitude of velocity
field scaled by the value of the time-mean velocity in the
freestream at each surface distance. The x-axis is the suction side
surface length divided by the suction side overall length. The
traverse extends from about 45% to 95%. The y-axis is perpen-
dicular to the blade surface. The traverse has been done with a
clustering toward the wall. On the y-axis, the label indicates the
real distance from the wall.

The boundary layer in Fig. 6�a� represents the state of the suc-
tion side just before the wake arrives in the traverse domain. The
black dashed line is an approximate graphical representation of
the boundary layer thickness. In Fig. 6�b�, it is possible to observe
that the thickness of the boundary layer is reduced from between
about 45% and 55% S0. Given the position of the wake in Fig.
6�a�, this is due to the arriving wake, which accelerates the flow
close to the surface, reducing the thickness of the boundary layer.

As the wake moves downstream, it passes over the inflexional
boundary layer and it promotes a strong interaction, as detected in
Figs. 6�c� and 6�d�. It is possible to observe two different effects.
When the wake passes over the first part of the suction side, from
about 45% to about 60%, there is a reduction in the boundary
layer thickness. When it passes over the rear part there is the

Fig. 6 Ensemble average velocity magnitude on the suction
side from 45% S0 to 95% S0, Re=30.000, i=0 deg, g=21 mm,
unsteady inflow
generation of an extended region with low velocity. This behavior

JULY 2010, Vol. 132 / 031018-5
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ppears to be indicative of a roll-up mechanism similar to that
escribed by Stieger and Hodson �20� due to the interaction be-
ween the wake and an inflexional boundary layer. After the wake
as passed �Fig. 6�e�� the boundary layer displacement thickness
s reduced, and in the velocity contours there is no evidence of a
eparation bubble. At this low Reynolds number, the suppression
f the laminar separation due to the wake passing seems the most
mportant phenomenon relating to the loss reduction.

To identify the location of the wake, the perturbation field, not
hown in this paper, has been evaluated. The velocity perturbation
ectors are defined as the time averaged vector field minus the
nstantaneous one. The velocity defect associated with the wake
hen appears as a negative jet as described by Meyer �21�. It is
egative because the perturbation is directed toward the source of
he wake. Close to the suction surface the wake centerline is ap-
roximately normal to the wall, and in the perturbation field this
ppears as a jet pointing toward the surface. When the wake im-
inges on the suction side, the local pressure variation induced by
he wake generates an acceleration of the boundary layer down-
tream of the impingement point and a deceleration upstream. In
he perturbation field this is equivalent to a jet impinging on a
urface that splits into two perturbation streams: one pointed
ownstream along the blade and the other upstream along the
lade. The approximate location of the wake is indicated in Fig. 6
ith two arrows indicating how the negative jet splits when it

mpinges on the suction side.
In order to understand if this interaction is related to a laminar

r turbulent boundary layer, the phase-averaged Blackwelder pa-
ameter in the form of a distance-time diagram is shown in Fig. 7.
he Blackwelder parameter is the integral of the root mean square

RMS� fluctuations through the boundary layer nondimensional-
zed by the boundary layer edge velocity. It is defined as


TKE =
1

U98
2 �

y=0


98 1

2
�u�2 + v�2�dy

nd represents where on the profile the turbulence is active inside
he boundary layer. In this case only one component of velocity
as been measured. In the distance-time diagram, the white
ashed lines indicate approximately the position of the center of
he wake.

To understand if the boundary layer is separating under un-
teady inflow, the shape factor at the 92% S0 is also shown in Fig.
. The momentum thickness distribution is also shown to high-
ight the losses production mechanism. Both are derived from the
hase-averaged velocity. The high values of shape factor at 92%
0 show that on the rear part of the suction side, an open separa-
ion occurs between the consecutive wakes, as shown in Fig. 6�a�.

When the wake passes over the separated shear layer, there is a
apid reduction in the shape factor associated with wake induced
ransition and reattachment. The distance-time diagram shows a
igh level of turbulence in the boundary layer confirming that the

Fig. 7 „Left… s-t diagram of TKE th
edge, Re=30.000, i=0 deg, g=21 m
ake is promoting an attached turbulent boundary layer. At the
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same time the wake induces the rollup of shear layer through the
Kelvin–Helmholtz instability, detected in Figs. 6�c� and 6�d�.
These structures are not detected in the distance-time diagram of
Fig. 7, but the high level of momentum thickness evident at 92%
S0 immediately after the wake centerline, is probably associated
with the extra mixing induced by the breakdown of the rollup
vortex. A similar trend has been found by Coull et al. �11� in low
speed conditions.

The distance-time diagram of Fig. 7 shows that at about 70% S0
there is an increase in the level of 
TKE, along the path associated
with the wake passing, which is indicated by the dashed white
lines. Upstream of 70% S0, the Blackwelder parameter 
TKE is
low throughout the cycle, indicating that the boundary layer in
this region is laminar and is only slightly affected by the wake
passing. Downstream of this point, it is possible to distinguish a
triangular region with a high level of turbulence. The low shape
factor at 92% S0, and indeed at other surface locations �not
shown�, indicates that the boundary layer in this region is
attached.

The calmed region that follows, in time, the attached turbulent
region is identified by the simultaneously low level of 
TKE and
the attached boundary layer, as indicated by the low shape factor.
Hence the unsteady wakes cause the boundary layer to remain
attached for around 2/3 of the period before the separation starts
to grow again. Thus, the beneficial effect of the wake passing at
very low Reynolds number, which occurs by the suppression of a
laminar separation, is clearly visible. Figure 7 was obtained at a
reduced frequency of 0.43. At reduced frequencies above about
0.65, it is likely that there would be no separated flow at the
trailing edge.

4.3 Effect of Surface Roughness. The results shown until
this point are related to the as-cast surface finish. But it becomes
interesting to evaluate what happens if the blade is polished be-
cause the reader is reminded that in low pressure turbines used in
industrial engines, the blades are polished. The effect on the losses
is shown in Fig. 8. The line with white circles indicates the losses
of H2 with a polished surface and unsteady inflow. The other lines
are the same as in Fig. 5.

By comparing the two cases with unsteady inflow but different
surface finishes �lines with white circle and white triangles�, it is
evident that over a wide range of Reynolds numbers, there is a
beneficial effect associated with the rougher surface. The higher
roughness level is promoting an earlier transition of the suction
side boundary layer, thereby reducing the size of the separation
bubble. These observations are consistent with the work of Hour-
mouziadis and Hofmann �22� that correlates the maximum bubble
thickness with the losses. Moreover, using an as-cast finish re-
duces the manufacturing costs by removing the polishing
operation.

According to the open literature �23,24�, an important param-
eter in the case of transition induced by roughness elements is the

ness; „Right… � and H12 at trailing
Ra=5 �m, unsteady inflow
ick
m,
local Reynolds number based on the roughness height. The rough-

Transactions of the ASME

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



n
a
t
s
b
a
t
b
c
f
=
b
m
s
s
d
f

m
R
p
c
e
t
s
o
b
l
t

n
t
t
a
t

U
i
s
4
t
n
p
p
l

F
=

J

Downlo
ess Reynolds number for the as-cast surface at Re3=30.000 is
bout Rek=5 with ks�Ra. As shown by Roberts and Yaras �25�,
he effects of roughness spacing and shape are small in compari-
on to that of the roughness height. The roughness Reynolds num-
er gives an indirect measure of the portion of the boundary layer
ffected by the roughness element. At a higher Reynolds number,
he same roughness element has a greater effect on the transition
ecause it affects a greater part of the boundary layer. This is
onfirmed in Fig. 5, where the beneficial effect of a rougher sur-
ace decreases as the Reynolds number decreases so that at Re3
30,000, the two roughness curves intersect. Below this value
oth surfaces are hydraulically smooth. A possible improvement
aybe obtained using a higher roughness level and/or anisotropic

urface roughness, e.g., spanwise ribs. The main advantage of
uch anisotropic roughness is related to the introduction of 2D
isturbances parallel to the direction of flow, which are more ef-
ective in triggering transition �7�.

Due to the fragility of the rotating bars, the unsteady experi-
ents do not extend to the highest Reynolds numbers. Following
efs. �5,6�, which showed that the optimum roughness level de-
ends on the Reynolds number, it can be expected that the loss
urves corresponding to the two roughness levels tested here will
ventually cross. This is because there are two main contributors
o the loss: the thickness of the separation bubble on the suction
ide and the amount of suction surface covered by turbulent as
pposed to laminar boundary layer. At the higher Reynolds num-
ers, the boundary layer on a smooth surface will transition ear-
ier, and a higher roughness level merely serves to create addi-
ional loss.

4.4 Effect of Incidence. As suggested by the isentropic Mach
umber distributions in Fig. 4, the incidence has a strong effect on
he suction surface. To evaluate the effect of positive incidence on
he losses, a new inlet duct was used to produce an incidence
ngle of +7 deg. The plane of the rotating bars remained parallel
o the cascade inlet plane. The exit Mach number was again 0.69.

The lines of Fig. 9 represent the losses with steady inflow.
nder steady inflow conditions, the losses at 0 deg and +7 deg of

ncidence have very similar values in the Reynolds number range
tudied. This is consistent with the MISES computations �see Fig.
�, which suggested that the boundary layer remain almost unal-
ered by the positive incidence. The curve representing fully lami-
ar flow �Re−0.5� is also presented in Fig. 9. Comparing the ex-
erimental data with the fully laminar curve indicates that the loss
roduction mechanism is dominated by the laminar boundary

ig. 8 KSI for steady and unsteady inflows, i=0 deg, Ra
5,1 �m
ayer over much of the range of the Reynolds number. This sug-
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gests that the flow is still laminar after the second suction side
peak and that the leading edge spike at positive incidence is not
able to promote an earlier transition on the suction side.

In Fig. 10, there is a comparison of nominal and positive inci-
dences with and without the wake passing. As before the lines
with white symbols represent the losses with unsteady inflow.

With unsteady inflow and positive incidence, �dashed line with
white squares�, the wake passing reduces the losses for Re3
�80,000 when compared with the steady inflow case �dashed line
with gray squares�. Increasing the Reynolds number above 80,000
means that there is a detrimental effect connected to the wake
passing. Above this Reynolds number, the size of the separation
bubble is probably reduced, and the main source of loss is con-
nected to the higher portion of the suction side covered by turbu-
lent flow. A confirmation comes from the comparison of the losses
of H2 at i=7 deg to the laminar and turbulent trends. Under un-
steady inflow, the losses follow the laminar trend for Re3
�80,000. At higher Reynolds numbers, the losses follow a turbu-
lent trend, suggesting that the major source of losses is related to
the increased portion of suction side covered by turbulent bound-
ary layer. This was expected given the results of the Mises com-
putation. The experimental data showed that under unsteady in-
flow at Re3=30,000, there is an increment of about 11% moving
from nominal to positive incidence. The same increment has been
predicted using MISES-PUIM.

Fig. 9 KSI for steady inflow, i=0/+7 deg, Ra=5 �m

Fig. 10 KSI for steady and unsteady conditions, i=0/+7 deg,

Ra=5 �m
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Downlo
4.5 Effect of Pitch/Chord Ratio. In Fig. 11, the normalized
osses are plotted against the Reynolds number for different inci-
ences and loading levels. All of the cases are for unsteady inflow.
he steady isentropic Mach number distributions relating to these

our cases are shown in Fig. 4. Comparing the loss increment due
o positive incidence at a pitch of 24 mm, it is seen that at the
owest Reynolds number, i.e., Re3=30,000, the increment is about
%.

Increasing the pitch, the blade becomes naturally more front
oaded. As shown by Coull et al. �11�, this has a beneficial effect
n the losses because despite a higher diffusion rate, 0.4 instead
han 0.2, the diffusion gradient on the suction side is reduced.

hat we found experimentally is that this is valid at nominal
ncidence but it generates higher losses with positive incidence
nd unsteady inflow.

For higher Reynolds numbers Re3=120,000, it is about 20%. A
imilar increment in losses has been found with the design pitch
hen varying the incidence. This suggests that the same mecha-
ism is involved. In both cases the positive incidence induces an
arlier transition on the boundary layer on the front of the blade
ith unsteady inflow.

Conclusions
In the present work, a high-lift low pressure turbine blade has

een experimentally investigated. The Reynolds number range is
elow the values of previous studies. Different surface roughness
evels have been compared at two incidence angles and cascade
itches.

The experimental campaign shows that the beneficial effect of
ake passing on loss occurs even down to the lowest Reynolds
umber tested �Re3=30,000�. The comparison of the present re-
ults with laminar trends suggests that the main mechanism of loss
ormation is related to the laminar boundary layer separation
ubble. At the lowest Reynolds number, the hot wire measure-
ents on the suction side show that the interaction between the
akes and the inflexional boundary layer on the suction side is

ssociated with a rollup mechanism similar to that found by
tieger and Hodson �20�.
A comparison of the profile losses of blades with two surface

oughnesses shows that there is a beneficial effect associated with
he rougher surface. In particular, the as-cast surface finish has a
etter performance over a wide range of Reynolds number. The
se of as-cast surface finishes in low pressure turbines is made
ossible by removing the polishing operation. However the ben-
ficial effect of the roughness decreases with the Reynolds num-

ig. 11 KSI for steady and unsteady conditions, i=0/+7 deg,
a=5 �m, g=21/24 mm
er. A possible improvement may be obtained with a higher level
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of roughness. At Reynolds numbers higher than that used in the
present investigation, i.e., during the take off, it is possible that the
roughness has a negative or null effect on the losses.

At positive incidence, the losses with steady inflow are almost
the same as at zero incidence. The numerical simulations suggest
that this is because the boundary layer on the rear part of the
suction side is almost identical in both cases with only slightly
different locations of the separation bubble and of the transition
point.

With unsteady inflow and positive incidence, the laminar sepa-
ration bubble is still the major source of losses at the lower Rey-
nolds number. However at higher Reynolds numbers �Re3
�80,000� and with unsteady inflow, the dominant losses mecha-
nism appears to be an increase in the portion of the suction side
covered by a turbulent boundary layer. The effect of incidence
variations has to be taken into account during the design process.
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Nomenclature
C � true chord
f � bar passing frequency

fr � reduced frequency, f��C /V2�
� � inlet angle
� � exit angle
i � incidence
g � pitch

S0 � surface length
Re � Reynolds number based on chord

Rek � roughness Reynolds number, ks /C Re
ks � equivalent sand roughness

Ra
� mean peak to valley roughness, 1 /N 	

i=1

N

�hp−hv�

P � pressure
T � temperature
 � density
R � gas constant

Mach � Mach number
V � velocity

KSI � kinetic energy loss coefficient

TKE � Blackwelder parameter
H12 � shape factor, 
� /�

� � Momentum thickness

� � displacement thickness

u� ,v� � velocity variance components

Subscripts
0 � stagnation
1 � inlet conditions
2 � exit conditions from the cascade
3 � mixed-out exit conditions
S � static
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