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Improving Efficiency of a High
Work Turbine Using
Nonaxisymmetric Endwalls—Part
II: Time-Resolved Flow Physics
This paper is the second part of a two part paper that reports on the improvement of
efficiency of a one and a half stage high work axial flow turbine. The first part covered
the design of the endwall profiling, as well as a comparison with steady probe data; this
part covers the analysis of the time-resolved flow physics. The focus is on the time-
resolved flow physics that leads to a total-to-total stage efficiency improvement of
1.0%�0.4%. The investigated geometry is a model of a high work ��h /U2�2.36�, axial
shroudless HP turbine. The time-resolved measurements have been acquired upstream
and downstream of the rotor using a fast response aerodynamic probe (FRAP). This
paper contains a detailed analysis of the secondary flow field that is changed between the
axisymmetric and the nonaxisymmetric endwall profiling cases. The flowfield at the exit of
the first stator is improved considerably due to the nonaxisymmetric endwall profiling
and results in reduced secondary flow and a reduction in loss at both hub and tip, as well
as a reduced trailing shed vorticity. The rotor has reduced losses and a reduction in
secondary flows mainly at the hub. At the rotor exit, the flow field with nonaxisymmetric
endwalls is more homogenous due to the reduction in secondary flows in the two rows
upstream of the measurement plane. This confirms that nonaxisymmetric endwall profil-
ing is an effective tool for reducing secondary losses in axial turbines. Using a frozen
flow assumption, the time-resolved data are used to estimate the axial velocity gradients,
which are then used to evaluate the streamwise vorticity and dissipation. The nonaxisym-
metric endwall profiling of the first nozzle guide vane show reductions in dissipation and
streamwise vorticity due to the reduced trailing shed vorticity. This smaller vorticity
explains the reduction in loss at midspan, which is shown in the first part of the two part
paper. This leads to the conclusion that nonaxisymmetric endwall profiling also has the
potential of reducing trailing shed vorticity. �DOI: 10.1115/1.3103926�
2/021008/5754797/021008_1.pdf by ETH
 Zuerich user on 17 O
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Introduction
In order to improve efficiency and reduce costs, turbine design-

rs strive to reduce the number of stages and blades per row.
herefore, both stage loading and lift coefficients are being con-

inuously pushed up. With increasing stage loading, the secondary
oss rises and can be up to half of the total loss generated �1�. In
ow aspect ratio turbines such as that investigated here �NGV1:
.87, Rotor: 1.17, and NGV2: 0.82�, the losses are even more
ronounced as the hub and tip secondary flows interact closely
ith each other. A detailed review of secondary flows in cascades

an be found in Refs. �2,3�. The losses are generated in part from
issipation of the kinetic energy of rotation of the vortices, little of
hich is recovered in the following blade rows. Schlienger et al.

4� gave a detailed analysis of secondary flows in a shrouded axial
urbine �Fig. 1�.

In the past a variety of methods have been developed to reduce
econdary flows. One approach is the active methods such as
oundary layer blowing investigated by Sturm et al. �5� and
iesinger �6�, which showed reductions in loss.
However, many studies of passive methods have also been re-

orted. The most frequently used are blade leaning, and axisym-
etric and nonaxisymmetric endwall profiling. Harrison �7� inves-

1Corresponding author.
Contributed by the International Gas Turbine Institute of ASME for publication in

he JOURNAL OF TURBOMACHINERY. Manuscript received July 9, 2008; final manuscript
eceived January 27, 2009; published online January 12, 2010. Review conducted by
avid Wisler. Paper presented at the ASME Turbo Expo 2008: Land, Sea and Air
GT2008�, Berlin, Germany, June 9–13, 2008.
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tigated in detail the effect of blade leaning. He reported that there
is no loss reduction within the row in which blade leaning is
applied. The performance increase comes rather from an improved
flowfield into the subsequent blade rows.

The concept of axisymmetric endwall profiling was introduced
by Dejc et al. �8� as a contraction of the annulus from the leading
edge to the trailing edge. A loss reduction of up to 20 % was
verified in linear cascade tests by Morris et al. �9�. The most
promising endwall geometry incorporated a strong contraction
early in the passage �often known as the “Russian kink“� that
results in a thinner boundary layer. Atkins �10� investigated dif-
ferent endwall contours in a linear cascade. He showed that the
losses near the endwall can be influenced by its shape and the
resulting pressure field. Sauer et al. �11� described a loss reduction
by leading edge modifications.

During the past decade, emerging computational fluid dynamics
�CFD� capabilities have made it possible to design more complex
three-dimensional nonaxisymmetric endwalls. Nonaxisymmetric
profiling using such capabilities was first introduced by Rose �12�.
His goal was to have a more homogenous pressure field at the exit
platform, which would reduce the turbine disk coolant massflow.
Later Hartland �13� and Ingram �14� investigated nonaxisymmet-
ric endwall profiling in the Durham linear cascade and showed
that secondary loss reductions of 24% could be attained. Brennan
�15� et al. and Rose et al. �16� demonstrated an increase in stage
efficiency of 0.4% from computations and 0.59%�0.25% from
measurements. Duden et al. �17� and Eymann et al. �18� investi-
gated the combined effects of endwall contouring and blade thick-

ening.
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The work presented here improves our understanding of the
ime-resolved flow physics that lead to an improved stage effi-
iency. Furthermore, the work shows the potential of reducing
oth the endwall secondary losses and the losses at midheight in
ow aspect ratio turbines by reducing the trailing shed vorticity.

Experimental Method
The experimental investigation was performed in the research

urbine “LISA“ in the Laboratory of Energy Conversion at the
wiss Federal Institute of Technology. Recently the existing two-
tage, shrouded turbine configuration �19� was redesigned as a one
nd a half unshrouded turbine that it is representative of a high
ork, cooled turbine. Further details of the new design are pre-

ented by Behr et al. �20� but its salient features are described
elow.

2.1 Experimental Turbine Facility. The air loop of the fa-
ility is quasiclosed and includes a radial compressor, a two-stage
ater to air heat exchanger, and a calibrated venturi nozzle for
ass flow measurements. Upstream of the turbine section is a 3 m
ow conditioning stretch to ensure a homogenous flowfield. Ad-
itionally the flow undergoes an acceleration ahead of the turbine
ection in order to reduce the significance of remaining flow uni-
ormities from upstream. At the exit of the turbine section, the air
oop opens to atmosphere. A dc generator absorbs the turbine
ower and controls the rotational speed with an indicated accu-
acy of �0.02% ��0.5 rpm�. A heat exchanger controls the inlet
otal temperature Tt,in to an accuracy of �0.3%. A torquemeter
easures the torque on the rotor shaft. With the compressor ratio

imited to �c,max=1.5, it is necessary to add a tandem deswirl
ane arrangement to recover the static pressure at the exit of the
econd stator back to the ambient level, in order to reach the
ntended turbine pressure ratio of �1.5=1.65. The turbine is un-
hrouded with a nominal tip gap of 1% of the span. The variation
n the tip gap between builds is less than 1% of the tip gap, which
nsures good repeatability. At the exit of the first nozzle guide
ane row, the flow is compressible with an exit Mach number of
.53.

2.2 Measurement Technology. The unsteady flow field is
easured with a fast response aerodynamic probe �FRAP�, which
as developed at the LEC �21,22�. The probe is capable of cap-

uring unsteady flow features up to frequencies of 48 kHz based
n measurements including the total and static pressures, flow
aw and pitch angles, and Mach number. The frequency band-
idth of the temperature is limited to a frequency of 10 Hz. How-

ver, the influence of the measured temperature on the velocity is
ery modest. The FRAP probe has a 1.8 mm tip diameter and is
quipped with two sensors. The probe is operated in a virtual-
our-sensor mode to measure three-dimensional, time-resolved

Fig. 1 Secondary flow model by Schlienger †4‡
ow properties. The data are acquired at a sampling rate of 200

21008-2 / Vol. 132, APRIL 2010
kHz over a period of 2 s. The postprocessing is done for three
consecutive rotor pitches. The sampling rate resolves 82 points in
the relative frame of reference. Table 1 gives the typical measure-
ment uncertainties of the FRAP probe.

2.3 Measurement Plane. The spatial resolution of the mea-
surement grid consisted of 39 radial and 40 circumferential points
�covering one stator pitch� with a radial clustering near the end-
walls. The data are acquired at a sampling rate of 200 kHz over a
period of 2 s. The postprocessing is done for three consecutive
rotor pitches. The temporal resolution is 82 points per blade pass-
ing period.

3 Results and Discussion
In Sec. 3.2 and 3.3, the time-resolved flowfield data are pre-

sented. The analysis focuses on the changes of the secondary flow
features. The data case has axisymmetric endwalls, while the pro-
filed case has nonaxisymmetric hub and tip endwalls in stator 1
and a nonaxisymmetric rotor hub endwall.

3.1 Operating Conditions. During the measurements, the
turbine 1.5 stage total-to-static pressure ratio is kept constant at
�1.5=1.65. The constant entry temperature is kept constant to per-
mit an accurate comparison between measurements made on dif-
ferent days. To account for the change in ambient pressure on
different measurement days, the pressures are nondimensionalized
by the respective inlet total pressure. Table 2 gives the operating
conditions as well as the characteristic geometrical parameters.

Figure 2 shows the geometry and the relative positions of sta-
tors 1 and 2, as well as the relative position of the traverse planes
S1ex and R1ex.

3.2 First Stator Exit Flow Field. Figure 3 shows the total
pressure field at the exit of stator 1. The plots show a downstream
view of one stator pitch at the same relative blade position. Al-
though it is generally considered sufficient to look at steady data
to evaluate the flow field of a stationary row, the current result
illustrates that there is already a strong unsteady signature at the
exit of stator 1 due to the downstream rotor. This unsteady signa-
ture results from the unsteady work done by the rotor upstream
potential field, also termed as the bow wave.

One can identify clearly the stator secondary flows and the
wake as low total pressure regions. The core of the hub passage
vortex �HPV� extends from about 5–15% span, while the tip pas-
sage vortex core lies between 80% and 90% spans. The high total
pressure zone to the left of the pitch centerline is the signature of

Table 1 Uncertainty bandwidth of FRAP probe

Yaw angle Pitch angle pt / �pt− ps� ps / �pt− ps�

0.24 deg 0.36 deg 1% 1.2%

Table 2 Operating conditions and characteristics of geometry

�1.5 1.65�0.4%
Tt,in 328�0.2 K

ṁ�Tt,in

pt,in

152 � 0.2% kg K1/2 /s bar

N
�Tt,in

2.48 � 0.05 rps /K1/2

Aspect ratio �S1/R1/S2� 0.87/1.17/0.82
Mach number �S1/R1/S2� 0.54/0.26/0.46
Reynolds number �S1/R1/S2� ��105� 7.1/3.8/5.1
Blade count �S1/R1/S2� 36/54/36
Transactions of the ASME
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he rotor bow wave. The low total pressure cores at hub and tip, as
ell as in the wake region, are more pronounced in the axisym-
etric case.
Figure 4 shows the pitch angle variation in the time-space for-
at at midheight, which is shown as line Y in Fig. 3. Inside the
ake, there is a much stronger inward pitch angle in the axisym-
etric case identified as the white region, as well as a strong

utward pitch angle shown as the dark color regions. This results
n a stronger circumferential pitch angle gradient than for the pro-
led case. This stronger gradient is the signature of stronger trail-

ng edge vorticity due to the variation in lift up the span. There-
ore, there is more streamwise vorticity, as well as higher
issipation within the wake. As a result there is more loss at
idheight in the datum case.
In order to better understand the unsteady rotor-stator interac-

ion, time-space diagrams at three radial heights corresponding to
he lines X, Y, and Z in Fig. 3 are presented in Fig. 5. The first cut
t Z=10% span goes through the hub passage vortex, the second
ut at midheight Y shows the wake interaction, and the third cut at
=82% details the tip passage vortex. Vertically oriented features

n the stationary frame space-time diagrams can be attributed to
he stator flowfield, while rotor flow features show up as inclined
arallel structures. The inclined highest total pressure regions in
ig. 5 are the rotor bow waves. The low total pressure region at
.3 pitch is either the stator secondary flow or the wake depending
n the radial height. When this region interacts with the rotor
eading edge, its total pressure increases close to the freestream
evel. One can also see the wake that moves circumferentially as it
nteracts with the rotor leading edge. At the hub of the baseline

Fig. 2 Illustration of geometrical relations
Fig. 3 Total pressure at

ournal of Turbomachinery
case, the rotor-stator interaction is stronger. The endwall profiling
shows beneficial changes at all three heights. The low total pres-
sure regions are smaller and less profound in the profiled case.
However, the effect at midheight is strongest because of the re-
duced shed vorticity in the profiled case. This effect was not an-
ticipated in the design phase.

Figure 5 shows that endwall profiling in low aspect ratio tur-
bines reduces the losses both in the endwall region and also at
midheight. At height Z the profiled case seems to be more homog-
enous in the freestream region compared with the baseline
measurement.

Figure 6 shows the relative total pressure at midheight. The
circumferential coordinate given as a fractional of stator pitch is
plotted against time. One can see an underlying variation in the
stator pitch direction due to the potential field of the vane. This
creates work lines in the relative frame. It can be seen as much
larger regions of low relative total pressure in the data case. In the
freestream the relative total pressure varies over time. This is the
result of a time variation of the rotor lift and indicates unsteady
flow in the rotor frame of reference.

3.3 Rotor Exit Flow Field. Time resolved. The unsteady in-
teraction of stator 1 flow features and the rotor flow features are
next examined. A good indicator of flow features are the root
mean square �rms� values of the random part of the total pressure
signal. Regions of high rms are indicative of eddy shedding or
regions of high turbulence. Using the triple decomposition of the
time-resolved pressure signal, as shown in Eq. �1�, the random
part p��t� can be evaluated as the difference between the raw
pressure p�t� signal of the FRAP probe and the phase-locked av-
eraged pressure p̄+ p̃�t�. The same approach was used by Porreca
et al. �23� to derive turbulent quantities.

Fig. 4 Time-space diagram: pitch angle at traverse plane S1ex
traverse plane S1ex

APRIL 2010, Vol. 132 / 021008-3
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p�t� = p̄ + p̃�t� + p��t� �1�
Figure 7 shows the downstream view of the relative total pres-

ure field of two stator pitches at one instant in time. One can see
he secondary flow features of the three blades as three low rela-
ive total pressure zones. From 90% span to the tip, one can iden-
ify the loss core of the tip leakage vortex labeled as 1 in between
0% and 80% spans the loss core of the rotor tip passage vortex 2
nd finally between 15% and 35% spans the loss core of the rotor

Fig. 5 Time-space diagram: tot

ig. 6 Time-space diagram: relative total pressure at traverse
lane S1ex
Fig. 7 Relative total pressu

21008-4 / Vol. 132, APRIL 2010
hub passage vortex 3.
The two passage vortices are connected by the rotor wake. The

shape of the loss cores of the secondary flow features changes
between different zones of interaction �A–C�.

Figures 8 and 9 show the normalized relative total pressure and
rms in space-time diagrams. The diagonal bands of low relative
total pressure and high rms are associated with the rotor wake.
One sees only minor differences between the data and profiled
cases. At 0% pitch the upstream potential effect of the second
stator is seen as a high relative total pressure zone. Furthermore,
there is a horizontal feature of high relative total pressure and high
rms labeled 1. This zone shows the remains of the stator 1 wake.
The data case shows a much larger zone of high relative total
pressure, which also contains higher unsteadiness in terms of rms.
The wake of stator 1 shows a 4% increase of relative total pres-
sure of the stage total pressure drop over the rotor in both cases.
This indicates that work is done on the wake in the relative frame,
which is consistent with the results presented in Ref. �24�.

The more extended high relative total pressure zone in the data
case results in greater mixing loss and lower efficiency. Based on
the stationary flow field, one can differentiate between the three
interaction zones. The traverses, marked as A–C in Figs. 7–9 are

ressure at traverse plane S1ex
re at traverse plane R1ex

Transactions of the ASME
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epresentatives of these three interaction zones. In zone A, the
otor flow features interact with flow features coming from the
pstream vane characterized by a region of high rms between the
wo rotor wakes. Traverse B shows the interaction of the rotor
econdary flows with the leading edge of the downstream stator,
een as a high relative total pressure zone in Fig. 8. Finally, along
raverse C there are no significant rotor-stator interactions charac-
erized by low rms values in the freestream region between the
wo rotor wakes.

In order to further analyze the interactions, the three radial

Fig. 8 Time-space diagram: relative

Fig. 9 Time-space diagram: rms of the t
R1ex „Pa…
Fig. 10 rms of the total pressure rand

ournal of Turbomachinery
traverses at A–C are plotted against time, seen in Figs. 10 and 11.
Figure 10 shows the radial-time diagram of the root mean square
values of the random part of the total pressure signal. One can
differentiate between different levels of unsteadiness in the three
cases. The regions of high rms are indicative of a potential source
of loss that subsequently dissipates and causes a rise in entropy.

Figures 10�e� and 10�f� representing traverse C show only mini-
mal rotor-stator interactions characterized by the lowest integral
rms values. The rotor flow features identified in Fig. 7 can be seen
as high rms regions. From 90% span to the tip, one can identify

tal pressure at traverse plane R1ex

l pressure random part at traverse plane
to
ota
om part at traverse plane R1ex „Pa…

APRIL 2010, Vol. 132 / 021008-5
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he tip leakage vortex labeled with 1 in between 60% and 80%
pans the rotor tip passage vortex 2 and finally between 15% and
5% spans the rotor hub passage vortex 3. With endwall profiling,
he unsteadiness of the hub passage was reduced. The tip passage
ortex is almost unaltered, while the tip leakage vortex was re-
uced with endwall profiling.

In traverse B, the unsteadiness in the rotor hub passage vortex
ises due to the interaction with the downstream stator leading
dge. In the profiled case, the rotor hub passage vortex seems to
e larger but less intense in terms of the unsteadiness.

Along traverse A the integral rms values rise once more as
dditional high rms zones occur. These zones show the remains of
he upstream vane flow features. There is a high rms zone at the
ub labeled 4 associated with the upstream vane hub passage vor-
ex. With endwall profiling this region has reduced in size and
ntensity. The high rms zone at 70% span labeled 5 can be asso-
iated with the vane tip passage vortex. Also, this zone has re-
uced in size and intensity in the profiled case. Finally, there is the
igh rms zone labeled 6, which can be identified as the residual
ignature of the upstream stator wake. Also the rms values in this
egion have reduced with endwall profiling. In traverse A, the
nsteadiness has decreased profoundly with endwall profiling.
his is mainly a consequence of improvements in stator 1.
Figure 11 shows the radial-time diagram for the pitch angle of

he radial traverses A and C. If streamwise vorticity is present in a
owfield, one will find circumferential gradients of pitch angle.
s the rotor vortices travel circumferentially through the radial

raverse, time gradients seen in Fig. 11 are related to circumfer-
ntial pitch angle gradients in the rotor frame of reference.

Figures 11�c� and 11�d� show the pitch angle distribution of
raverse C. Between 15% and 35% spans, there is a positive time-
ise pitch angle gradient associated with the rotor hub passage 3.
ith endwall profiling, this gradient has reduced by ��
10.2 deg per blade passing period from �=65 deg per blade
assing period in the baseline case. At around 80% span, there is
pitch angle gradient of opposite sign, which is induced by the tip
assage vortex 2. The region of negative pitch in the profiled case
s much more pronounced. The minimum pitch at 80% is 6 deg
ower in the profiled case. Around 90% span, there is another

Fig. 11 Pitch angle
Fig. 12 Total pressure a

21008-6 / Vol. 132, APRIL 2010
pitch angle gradient, which is associated with the tip leakage vor-
tex 1. The gradient is modest in both cases leading to the conclu-
sion that the tip leakage flow is only of modest vortical nature.

Figures 11�a� and 11�b� shows the radial-time diagram of
traverse A. In the data case, there is a strong negative pitch angle
zone labeled 4 that is coincident with the high rms zone associated
with the vane hub passage vortex. In the profiled case, this zone
has merged with the low pitch angle region of the rotor hub pas-
sage vortex leading to a reduction in pitch angle gradients near the
hub.

Figure 12 shows the radial-time diagram of the total pressure
for traverse A. The rotor loss features are seen as low total pres-
sure zones. However, the hub loss features that originate from the
upstream vane, which are seen as regions of high rms in Fig. 10
and of low pitch angle in Fig. 11, have a higher total pressure
level compared with the freestream region 4. In the profiled case,
the region labeled 4 is more homogenous. The inhomogeneities in
the data case will mix out and result in higher losses.

Using the rms plots, the vane and rotor loss cores at the exit of
the rotor can be identified and the associated rotor exit total pres-
sure values of the stator 1 wake and hub passage vortex can be
also determined. The freestream total pressure value at rotor exit
is defined as the total pressure value coincident with the lowest
rms region in traverse A. The rotor inlet freestream total pressure
is defined as the time-averaged midspan value at �0.2 pitch. The
stator 1 wake total pressure value at rotor inlet is defined as the
minimum value at midspan. The upstream vane hub passage vor-
tex total pressure at rotor inlet is defined as the minimum value at
height Z. Using these values, the total pressure drop of the stator
1 wake and hub passage vortex fluid, as well as the total pressure
drop in the freestream, can be calculated. Table 3 gives the total
pressure drop of the freestream and the upstream vane wake and
hub passage vortex. The pressure drop is nondimensionalized by
the average stage total pressure drop. There is a 20% less total
pressure drop of the stator 1 loss regions compared with the
freestream. The loss features of the profiled case show 3.8% and
2.5% higher total pressure drops in the wake and hub passage
vortex, respectively. This means that there is a higher work ex-
traction in the profiled case, which contributes to the higher effi-

traverse plane R1ex
at
t traverse plane R1ex
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iency. These results show that the upstream nozzle guide vane
ake and vortices do less work on the rotor than the freestream, a

onclusion that is consistent with the ideas presented in Ref. �24�.

3.4 Streamwise Vorticity. The time-averaged streamwise
orticity and the dissipation function are next examined. The
treamwise vorticity is the scalar product of the vorticity, whose
omponents are given in Eqs. �2�–�4� and the primary flow vector.
he streamwise vorticity is related to secondary flows as it intro-
uces flow perpendicular to the primary flow direction, defined as
he circumferentially mass-averaged velocity profile. Therefore, a
eduction in streamwise vorticity normally leads to a reduction in
econdary loss. To calculate the three-dimensional vorticity vec-
or, the axial gradients of the radial and circumferential velocity
omponents are needed. In a single axial plane traverse, it is not
ossible to calculate these axial gradients.

�x =
1

r
� �

�r
�ru	� −

�ur

�	
� �2�

�r =
1

r

�ux

�	
−

�u	

�x
�3�

�	 =
�ur

�x
−

�ux

�r
�4�

Therefore, the axial gradients are estimated using the time-
esolved data, with the assumption that the flow structures are
rozen over one timestep. Multiplane measurements performed
ubsequent to this paper verify that this assumption is valid; these
easurements will be presented in a future publication. For ex-

mple, the following approximation for the axial derivative of the
adial velocity can be used:

�ur

�x
�

�ur

ux · �t
�5�

This approach is only correct if the flow direction is within a
ery small range such as �10 deg, with respect to the axial direc-
ion. For a larger range, it is necessary to interpolate in the cir-
umferential direction using the circumferential displacement d	
f a fluid particle over one timestep t. So if the fluid particle is
raveling in positive circumferential direction, it is displaced by
d	 relative to the traverse Tr in the preceding timestep. There-

ore, an interpolation within the measurement grid consisting of
he radial traverses Tr is required to determine the velocity at the
ame circumferential position. Equation �5� is then rewritten as
q. �6� and illustrated in Fig. 13.

�ur

�x
�

ur�t,	� − ur�t + 1,	 + d	�
ux · dt

�6�

Figure 14 shows the streamwise vorticity at stator exit time
veraged in the stationary frame of reference. At 85% span, there
s a region of positive streamwise vorticity 3, which is associated
ith the tip passage vortex. Zone 1 shows the vorticity of the
pposite sign that represents the tip trailing shed vortex. Zone 2
hows the negative streamwise vorticity of the hub passage vor-
ex. Zone 4 shows the positive vorticity that represents the hub
railing shed vortex. Between 15% and 75% spans, there is a band
f positive vorticity that is associated with trailing shed vorticity

Table 3 Nondimensional total pressure drop

Data Profiled �%

reestream 1.0 1.0
1 Wake 0.78 0.81 3.8%
1 HPV 0.80 0.82 2.5%
. This trailing shed vorticity has been reduced by a factor of 2
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with nonaxisymmetric endwall contouring.
Figure 15 shows the streamwise vorticity at rotor exit time av-

eraged in the rotating frame of reference. The positive streamwise
vorticity at 20% span is due to the rotor hub passage vortex la-
beled 3. It is therefore evident that the nonaxisymmetric rotor hub
endwall reduces the vorticity of the hub passage vortex as was the
design intent. Zone 5 shows the negative streamwise vorticity of
the hub trailing edge shed vortex. It is therefore evident that the
nonaxisymmetric rotor hub endwall also reduces the strength of
the hub trailing shed vortex. At 75% there is a region of negative
streamwise vorticity 2. This region is associated with the tip pas-
sage vortex. Zone 4 shows the tip trailing shed vortex. Along the
casing the positive vorticity signature of the tip leakage vortex is
seen in zone 1. As the turbine has an unshrouded rotor, no endwall
contouring at the tip is possible. The tip gap size is only changed
by 1% of gap size. Therefore, the observed changes in the outer
part of the annulus come from the different stator 1 exit flow field.
One sees an increase in vorticity in the tip passage vortex region
as well as a reduction in the tip leakage region with endwall
profiling.

3.5 Dissipation. The rate of irreversible heat generation by
doing work against the viscous forces is given in Eq. �7� given in
Ref. �25�. The viscosity in Eq. �7� is the molecular or laminar
viscosity. In order to evaluate the dissipation correctly, one would
need a fine spatial resolution. The instantaneous velocity vector
with its deterministic and turbulent fluctuations is also needed. In
practice, the spatial resolution is limited by the traverse grid size
and the temporal resolution is only deterministic. For these rea-
sons, the calculated dissipation must be regarded with some care
as the modest spatial resolution and the deterministic time signa-
ture will result in an underestimate of the dissipation.

dQF = dt · �V · 
 · � �7�

�, the viscous dissipation function, is given in cylindrical co-
ordinates in Eq. �8�. The required axial gradients are approximated
in the same manner as for the streamwise vorticity shown in Fig.
13 and given in Eq. �6�.
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In order to better quantify the dissipation function, it is normal-
ized by the flux of kinetic energy given in

ṁ ·
u2

2
= � · ux · Ax ·

u2

2
�9�

where

u2 = u2 + u2 + u2 �10�

Fig. 13 Illustration for circumferential interpolation
x r 	
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Thus we have the modified dissipation function D given in

D =

 · �

� ·
u2

2

�11�

Fig. 14 Time-averaged streamwise vorticity in the

Fig. 15 Time-averaged streamwise vorticity in the
Fig. 16 Time-averaged D parameter in the stator f

21008-8 / Vol. 132, APRIL 2010
Figure 16 shows the time-averaged dissipation function at the
stator exit in the stationary frame of reference. For purposes of
scaling, we present contours of the D parameter. D can be inter-
preted as the percentage rate at which kinetic energy is converted
into heat per second. It should be noted that Fig. 16 shows the

tor frame of reference at traverse plane S1ex „1/s…

tor frame of reference at traverse plane R1ex „1/s…
sta
rame of reference at traverse plane S1ex „%/s…
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issipation over only one single traverse plane. In order to relate
he dissipation to loss, one would need to integrate over the whole
olume. Nevertheless the nonaxisymmetric profiling considerably
educes the D parameter over the whole span. This is a good
ndication of the observed loss reduction. At the casing the high
issipation region in the nonaxisymmetric case is confined to the
ndwall, whereas it is accumulated in the baseline case. The dis-
ipation in the wake of the axisymmetric case is four to five times
igher. At the hub the zone of high dissipation is no longer visible
n the nonaxisymmetric case.

Figure 17 shows the time-averaged D parameter at rotor exit in
he rotating frame of reference. In Fig. 17 the dissipation is much
tronger than at the exit of the upstream nozzle guide vane, as
hown in Fig. 16. The scale is an order of magnitude greater. The
ighest values are measured both in the tip leakage region and in
he interaction zone of the trailing edge shed vortex and the tip
assage vortex. The dissipation at the hub is much less pro-
ounced and reduced with endwall profiling. At 75% span, the
ntegrated dissipation is about the same. However, the axisymmet-
ic case shows a more intense core, while the core is diffused over
larger area in the nonaxisymmetric case.

Conclusions
The results shown in this paper provide detailed explanations

or the improved efficiency of about �tt=1.0%. In this particular
esign, most of the improvement can be found in the first vane
ow. With a new approach using time derivatives, the streamwise
orticity could be calculated from a single plane traverse. Doing
his it became evident that the endwall profiling has suppressed
he streamwise vorticity of the secondary flow in stator 1 and the
otor hub as intended in the design. However, it was found that the
ain reductions in streamwise vorticity with profiling, more than

0%, were achieved in the nozzle wake due to the reduced trailing
hed vorticity. The dissipation function in the wake at nozzle
uide vane exit is reduced by a factor of 5 with nonaxisymmetric
ndwall profiling. The reduction in streamwise vorticity and dis-
ipation are mainly responsible for the stator 1 loss reduction of
2% reported in the first part of this two part paper.

The rotor hub endwall profile contributed to the total efficiency
ncrease by reducing the streamwise vorticity of the hub passage
ortex. The less distorted stator flowfield of the profiled case,
hich enters the rotor leads potentially to a larger work extraction,

s well as to a more homogenous rotor exit field. With a more
omogenous rotor exit flowfield, the mixing losses are reduced. At
otor exit it was possible to identify the wake and loss cores of the
pstream vane via their rms signature. The variation in pitch angle
nd relative total pressure in the zone of rotor and upstream vane

Fig. 17 Time-averaged D parameter in the roto
nteraction seem to have reduced with endwall profiling.

ournal of Turbomachinery
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Nomenclature
A � area �m2�
D � dissipation function �%/s�
h � enthalpy �J/kg�
ṁ � massflow �kg/s�
N � rotational speed �rps�
p � pressure �Pa�
p̄ � time mean part of pressure signal �Pa�
p̃ � periodic part of pressure signal �Pa�

p� � random part of pressure signal�Pa�
Q � amount of heat �J�
r � radial coordinate �m�
T � temperature �K�
T � blade period �s�
t � time �s�

U � mean height blade speed �m/s�
u � velocity �m/s�
V � volume �m3�
x � axial coordinate �m�

Greek
 � efficiency
	 � circumferential coordinate �m�

 � viscosity �kg/ms�
� � pressure ratio
� � density �kg /m3�

� � dissipation function �1 /s2�
� � vorticity �1/s�

Subscripts
c ,max � compressor

F � frictional
in � turbine inlet
r � radial coordinate
t � stagnation flow quantity

tt � total-to-total
x � axial coordinate
	 � circumferential coordinate

1.5 � total-to-static 1.5 stages

Abbreviations

rame of reference at traverse plane R1ex „%/s…
FRAP � fast response aerodynamic probe
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HPV � hub passage vortex
NGV1 � first nozzle guide vane
NGV2 � second nozzle guide vane

rms � root mean square
R1ex � rotor 1 exit

R1 � rotor 1
R1ex � rotor 1 exit
S1ex � stator 1 exit

S1 � stator 1
S2 � stator 2
Tr � traverse number
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