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This paper presents a comprehensive study of the effect of shroud design in axial turbine
aerodynamics. Experimental measurements and numerical simulations have been con-
ducted on three different test cases with identical blade geometry and tip clearances but
different shroud designs. The first and second test cases are representative of a full
shroud and a nonaxisymmetric partial shroud geometry while the third test case uses an
optimized partial shroud. Partial shrouds are sometimes used in industrial application in
order to benefit from the advantage of shrouded configuration, as well as reduce me-
chanical stress on the blades. However, the optimal compromise between mechanical
considerations and aerodynamic performances is still an open issue due to the resulting
highly three-dimensional unsteady flow field. Aerodynamic performance is measured in a
low-speed axial turbine facility and shows that there are clear differences between the
test cases. In addition, steady and time resolved measurements are performed together
with computational analysis in order to improve the understanding of the effect of the
shroud geometry on the flow field and to quantify the sources of the resultant additional
losses. The flow field analysis shows that the effect of the shroud geometry is significant
from 60% blade height span to the tip. Tip leakage vortex in the first rotor is originated
in the partial shroud test cases while the full shroud case presents only a weak indigenous
tip passage vortex. This results in a significant difference in the secondary flow develop-
ment in the following second stator with associated losses that varies by about 1% in this
row. The analysis shows that the modified partial shroud design has improved consider-
ably the aerodynamic efficiency by about 0.6% by keeping almost unchanged the overall
weight of this component, and thus blade root stresses. The work, therefore, presents a
comprehensive flow field analysis and shows the impact of the shroud geometry in the
aerodynamic performance. �DOI: 10.1115/1.2777187�
ntroduction
In any turbomachine, sealing between moving blade rows and

tationary component at the casing is achieved using a number of
ifferent design strategies that focus on the reduction of leakage
ow over the blades. The leakage flow that occurs in between this
ap is still considered as a main source of aerodynamic loss and
everal researches have focused on this aspect �Denton �1�, Gier et
l. �2�, and Peters et al. �3��. Typically, tip leakage loss accounts
or almost 1 /3 of the overall turbine stage loss. Obviously, the
maller the gap, the lower are the losses, however, mechanical and
hermal considerations do not allow the reduction of this gap to
ess than, typically, 1% of the blade height. Minimizing aerody-
amic losses and maintaining tight tip clearances over the life of
he engine in such a hot environment are still very critical issues
n modern turbomachinery design.

In the unshrouded blade design, the blade tip is extended to-
ard the rotor casing while keeping a reasonable gap between

otating and stationary parts. Positioning a shroud around the
lades ensures a better seal of this gap with a corresponding in-
rease of aerodynamic efficiency. However, this design requires a
ore complicated cooling arrangement to ensure reasonable tem-

eratures in the shroud part. This requires more coolant flow to be
xtracted from the compressor section, and therefore a higher ef-
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ficiency penalty on the overall performance. This cooling arrange-
ment also significantly increases the manufacturing cost per blade.
Additionally, the increased weight at the highest radius of the
blade increases considerably the blade/disk centrifugal stresses.
For these reasons and in view of higher engine core temperature,
higher blade speeds, and reduced airfoil number, several alterna-
tive solutions are under consideration. In some cases, partial
shrouds are already in use in order to reduce the weight and main-
tain the aerodynamic benefit of the shrouded turbines. However,
with a partial shroud, the resultant flow field is highly three di-
mensional and unsteady and care should be taken in the optimal
match between the blade tip profile and shroud/cavity geometry.

The first published use of partial shroud design is from Patel
�4�. The author claimed an efficiency improvement of 1.2% with
respect to a plain tip. The measured angle shows that the winglet
does not change the maximum underturning associated with the
tip leakage vortex but it is suggested that the passage secondary
vortex is reduced.

Yaras and Sjolander �5� conducted a study of the influence of
winglets on the pressure side, suction side, and both sides of the
blades in a low turning airfoil linear cascade. The authors claimed
a modest reduction of tip leakage losses; particularly, the pressure
side winglet seemed to reduce the discharge coefficient while the
suction side winglet reduces the pressure difference across the tip.
Harvey et al. �6,7� proposed a new concept design of blade
“winglet” where a partial shroud is extended on the tip blade.
Their intent was to find a way to reduce the exit velocities of the
tip leakage flow and the free stream on the suction side tip in
order to reduce mixing. Additionally, they sought to aerodynami-
cally off-load the rotor tip by applying a tangential lean without
compromising the mechanical design and to reduce the leakage

mass flow. Experimental results on this geometry show an in-
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reased performance of this new shroud design applied on a mod-
rn high pressure �HP� turbine section. The performance of the
inglet is comparable to a fully shrouded blade with two fins.
espite the positive results obtained for winglets, none is known

o have entered commercial service yet.
Nirmalan and Bailey �8� performed an extensive experimental

nd numerical study on a linear cascade with three different
hrouds: full shroud, medium shroud, and deep scalloped shroud.
he authors showed that the shroud geometry has a large impact
n the performance loss. The unscalloped shroud �equivalent to a
ull shroud� shows the highest performance as expected, but as the
ip gap increases �higher than 1% of the blade height�, the shroud
eometry does not play a major role. However, it should be noted
hat their study did not take into account rotation or flow unsteadi-
ess.

This study presents a comparison of three test cases with the
ame blade geometry but different shrouds. The test cases are
epresentative of a full shroud �FS� configuration, partial shroud
PS� configuration, and enhanced partial shroud �EPS� geometry.
he overall effect of the partial shroud geometry on the turbine is
n increase of flow unsteadiness due to the formation of a vortex
attern on the shroud cutback close to the trailing edge, which
ignificantly affects the flow field in both rotating and stationary
lade rows. A change in the turbine flow capacity is observed in
he partial shroud cases due to the increased flow area of the rotor
assage at the tip caused by the shroud geometry. Additionally,
ignificant change in the aerodynamic efficiency has been mea-
ured in the second stage.

est Cases
The test cases under investigation are representative of a mod-

rn gas turbine blading used for power generation purposes. The
erodynamic design of the two stages includes noncylindrical
tacking of both stator and rotor and smooth geometry down-
tream the rotor shroud. Three test cases are taken in consideration
n this work. The airfoil geometry is the same in all test cases
xcept for the design of the shroud on both rotors 1 and 2 �shown
n Fig. 1�. The first test case �named FS in the following sections�
ses an axis-symmetric full shroud typical of modern engine de-
ign that is adapted to the geometrical constraints of the parallel
nnulus of the facility. This shroud has three inclined forward fins
nd a one-step labyrinth path in the first rotor and two-step path in
he second rotor. The other two test cases use partial shroud ar-
angements. The PS case has two vertical fins with a one-step
abyrinth path and nonaxisymmetric shroud platform and cutback
t the leading and trailing edges. Moreover, the shroud platform
eaves the region from about 65% Cax to the blade trailing edge
TE� uncovered.

The EPS has a similar geometry to the PS case but the shroud
latform partially covers the blade passage at the TE, as shown in

ig. 1 Meridional view of the two-stage geometry and the
hroud different configurations
ig. 2. In all cases, the tip clearance is identical and equal to 1%

31016-2 / Vol. 130, JULY 2008
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of the blade height. All test cases are examined at a constant
turbine pressure drop and constant rotational speed. The mass
flow is then a result of the slightly different flow capacity due to
the different shroud geometry.

Experimental Method

Research Facility. The experimental investigation has been
performed in the research turbine “LISA” at the Turbomachinery
Laboratory of the ETH Zurich. The facility can accommodate a
maximum of two stages of an axial turbine. The air loop is of a
closed type, and thus includes a radial compressor, a two-stage
water to air heat exchanger, and a calibrated venturi nozzle for
accurate mass flow measurements. A DC generator absorbs the
turbine power and controls the rotational speed of the turbine
shaft. The first and second rotors are mechanically decoupled by
use of a twin spool shaft design. A pair of independent torqueme-
ters allows the torque of each rotors to be separately measured.

To achieve the same rotational speeds, the shafts are coupled
again before the DC generator. More details can be found in Por-
reca et al. �9�. The turbine is normally operated at constant pres-
sure difference across the stages. The turbine entry temperature is
controlled to an accuracy of 0.3% and the rpm is kept constant by
the generator within the range of �0.02% ��0.5 rpm�. The main
operational parameters of the facility are listed in Table 1.

Measurement Technology. Flow parameters including total
and static pressures, flow angles, velocity components, and Mach
numbers are measured at frequencies of up to 40 kHz using a
two-sensor fast response aerodynamic probe �FRAP�. This probe
is a modified version of the conventional single sensor probe; a
second sensor that is sensitive to pitch angle variations of the flow
is incorporated. This two-sensor FRAP has been used in previous
investigations �Porreca et al. �9,10��. The FRAP also provides
unsteady temperature measurements at a low frequency of up to
10 Hz. The absolute uncertainties in the measurements are listed
in Table 2. Temperature measurements obtained with FRAP have
an absolute uncertainty of the order of �0.3 K.

The measurement grid comprises 1502 points that are distrib-
uted uniformly in the circumferential direction at every 3.5% pitch
�32 points in a pitch range of 1.1� and 47 points clustered toward
the end walls in the radial direction. Data from the sensors are
sampled at 200 kHz, which corresponds to 109 samples for each
blade passing period. Phase-locked averaging of the data is done

Table 1 Main parameters of the “LISA” two-stage axial turbine
research facility

Rotor speed �rpm� 2625
Overall pressure ratio 1.38
Mass flow �kg/s� 10.65
Blade count �stator/rotor� 42 /42
Aspect ratio 1.8
Outer tip diameter �m� 0.8
Mach number �stator/rotor� 0.35 /0.1
Reynolds number �rotor� 2�105

Fig. 2 Schematic of the shroud geometry: FS „left…, PS
„middle…, and EPS „right…
Transactions of the ASME
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ver 80 rotor revolutions.
Steady state measurements are performed using miniaturized

neumatic five hole probes with a 0.9 mm diameter cobra head
hape �Treiber et al. �11��. The probe is calibrated for ranges of
14 deg in yaw and �30 deg in pitch angle. The uncertainty of

neumatic probe measurements is reported in Table 2 for angles
f �10 deg in yaw and �10 deg in pitch. For higher pitch angles,
igher uncertainty is detected.

umerical Method
The full stator and rotor passages for both stages are modeled in

he computational mesh, except for the labyrinth path in the hub
egion. The tip clearance and shroud geometry are fully modeled
n the meshing process �Fig. 3�. To facilitate efficient meshing of
he nonaxisymmetric partial shroud geometry and to reduce the
urnaroundtime for grid generation, unstructured meshes covering
oth the main flow path and the tip leakage paths were chosen for
ll the test cases. Due to the same blade count number in both
tator and rotor passages, the computational domain takes into
ccount only one blade passage. Periodic boundary conditions are
pplied.

Following the hybrid meshing strategy of the commercial grid
enerator CENTAUR, prismatic elements were applied in regions of
igh flow gradients, and tetrahedra were used elsewhere with
yramids used in some locations to allow for a transition between
he prisms and the tetrahedra. The total number of elements for
oth stages is about 2.7�106, corresponding to 1.2�106 nodes.
he stator mesh is limited to 1.7�105 nodes, while the rotor
lades, due to the resolved labyrinth seal passage, accounts for
bout 4�105 nodes. The resulting averaged nondimensional wall
istance for all test cases is between 6.5 and 9.9 in the shroud
egion and to 25 on the rotor blades.

The simulations were performed using the commercial flow
olver ANSYS CFX 10.0, which is an element-based conservative
nite-volume method. All the calculations started with a frozen
otor, i.e., no averaging at the interface stator/rotor. Then the so-
ution was switched using a mixing plane method which means
hat all the flow quantities are averaged in the circumferential
irection at the interface stator/rotor. The solution residuals were
onitored continuously for the momentum, energy, and turbu-

ence equations. The residuals in all cases drop from 10−2 to 10−6

or the momentum equations, while the energy equation residual
rops to 10−5. The fidelity of the computational results is summa-
ized in Table 3. Total computational time was about 4 hours us-
ng 16 parallel processors.

The measured total pressure profile and total temperature were
rescribed at the inlet to the computational domain. The flow was
ssumed to be fully turbulent and turbulence closure was achieved

Table 2 Uncertainty in measurements of 5HP and FRAP

robe type � �deg� � �deg� Pt �Pa� Ps �Pa� Ma

HP 0.3 0.3 60 130 0.4
RAP 0.3 0.3 100 150 0.5

ig. 3 Details of the numerical mesh on the shroud location:

S „left…, PS „middle…, and EPS „right…

ournal of Turbomachinery

 https://turbomachinery.asmedigitalcollection.asme.org on 08/12/2019 Terms of U
using a standard k-� turbulence model. The inlet turbulence inten-
sity of 2% and a turbulent length scale of 0.1 m were chosen to
reflect the flow conditions of the test facility. A reference static
pressure at the exit and the radial equilibrium condition were pre-
scribed at the outlet. All walls were assumed to be adiabatic to
reproduce the thermal equilibrium conditions achieved during the
experiments.

Flow Field Analysis

First Rotor Exit. The leakage flow downstream of the first
rotor still retains a large amount of the momentum of the upstream
stator, as shown in numerous investigations. Therefore, in modern
turbine design, an alignment between leakage flow and main
stream is preferred in order to reduce the entropy production due
to mixing process. For this reason, some designs adopt “bladelets”
to turn the leakage flow in order to reduce the difference in tan-
gential momentum. These devices have been found to be more
effective when placed in the stationary frame �Rosic and Denton
�12�� compared to the shroud �Wallis et al. �13��.

Figure 4 shows the mass-averaged absolute yaw angle down-
stream of the first rotor of the two test cases. In all cases, the flow
has the same features from hub to midspan. Closer to the tip in the
PS and EPS test cases, the measured data show that the fluid is
underturned from approximately 60% span to the tip. The degree
of underturning is much higher in the PS case. In the PS case, a
vortex of considerable strength develops due to the TE cutback of
the shroud. This feature is observed in the overturning-
underturning behavior �of the order 10 deg� from the tip to 80%
span. In the absence of the shroud platform, the main flow ex-
pands in the cavity region and rolls up in a vortex. This feature
results in a marked underloading of the rotor blade from approxi-
mately 60% to 100% span �Fig. 4�. In the EPS case, the presence
of the shroud platform reduces the formation of this vortex even
though there is a considerable degree of underturning/overturning
from 60% to 100% blade span. Unsteady measurements show that
this vortex is still shed by the rotor blade and is enhanced by the
PS geometry. Close analysis of the tip region shows that the de-
sign intent of aligning the cavity flow with the main stream in the
FS and EPS cases is quite well achieved. The flow is appropriately
turned and the blading is fully loaded until 95% span. Closer to
the tip region �from 95% to 100% span�, the flow is underturned
and better aligned with the cavity flow. In the PS case, the blade is
underloaded from 60% span to the tip and the main flow mixes
with the leakage layer and reaches an almost axial flow direction
�yaw equal to zero�. In all cases, a secondary flow structure is
detected in the hub region. Previous investigations �Behr et al.
�14� and Schlienger et al. �15�� have shown that the development
of the hub passage vortex is greatly affected by the reentry of the
labyrinth leakage flow of the upstream stator hub shroud.

Figure 4 right shows the comparison between the measured and
calculated absolute yaw angles in the EPS case. CFD calculations
show good agreement with the measured data at midspan. The
difference between the computed and measured yaw angles in this
region is limited in the range of �0.5 deg. At the tip, calculations
can correctly predict the yaw angle trend up to the cavity. The
underturning-overturning behavior at the hub region is not pre-
dicted. This is expected due to the fact that the stator hub leakage
flow is not modeled in the CFD calculations. The vortical struc-

Table 3 Quantity imbalance between turbine inlet/outlet of the
computational domain for all test cases

Imbalance �%� FS PS EPS

Mass flow 0.0028 0.0043 0.0048
Energy in R1 0.0156 0.0007 0.0036
tures in this location result from the interaction between leakage
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rom the stator cavity and hub rotor passage vortex.
The larger cavity of the PS test case at the exit of the first rotor

roduces a strong leakage flow interaction with the main stream.
n the EPS case, even though the geometry of the cavity is the
ame as that of the PS case, the presence of the shroud platform
revents the main flow from expanding in the cavity and reaccel-
rating during the reentry in the main passage. Profile static pres-
ure distributions at 75% span across the second stator blades
how a typical negative incidence behavior in the PS test case.
his is a result of the underloading of the PS tip rotor blade region
nd the incoming flow of the jet leakage. In the EPS case, a slight
egative incidence is detected but with a smaller value compared
o the PS case.

Total relative pressure measurements at the exit of the first rotor
re presented in Fig. 5. Marked differences between the test cases
re detected from 60% span to the tip. In the relative frame of
eference, the total pressure reduction can be considered as a mea-

Fig. 4 Mass-averaged absolute yaw ang
expt. data „left…, and expt. and CFD data

Fig. 5 Mass-averaged relative total pres

„Plane A1…: expt. data „left…, and expt. and C

31016-4 / Vol. 130, JULY 2008
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sure of loss. In the PS case, from 60% span where the yaw angle
plot shows the start of the underturning, a considerable reduction
of the relative total pressure is measured.

This is associated with the strong vortex at the tip at the TE
cutback. A similar total pressure reduction is seen for the EPS case
in this region but with a significantly lower absolute value. Addi-
tionally, the same trends in the FS and EPS are observed from
90% span up to the cavity region. One can conclude that the
presence of the shroud platform in the EPS case guarantees a
similar flow field at the blade tip compared to the FS case. In the
FS case, the reduction of Cpt in both absolute and relative frames
at 90–100% span is due to the wake generated by the rim at the
TE of the shroud platform and the low momentum fluid coming
from the labyrinth path.

Figure 6 shows the relative pressure coefficient plotted at the
exit of the first rotor �Plane A1 in Fig. 1�. For all test cases, the

at the exit of the first rotor „Plane A1…:
he EPS case „right…

e coefficient at the exit of the first rotor
le
of t
sur

FD data of the EPS case „right…

Transactions of the ASME
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ame rotor blade fixed position is shown. In all cases, the hub
assage vortex is identified by reduction of the total pressure co-
fficient between 20% and 30% blade span.

These flow structures appear to be quite similar in all test cases
nd their evolution and interaction with the wake and the down-
tream second stator row have been reported in detail and dis-

ig. 6 Measured relative total pressure coefficient at the exit
f the first rotor at one blade passing position „Plane A1…
ussed by Behr et al. �14�. The wake is also identifiable in all

ournal of Turbomachinery
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cases. Significant differences appear close to the blade tip.
In the FS case, almost no pressure reduction corresponding to

the tip passage vortex is observed. In this full shroud configura-
tion, the boundary layer is sucked into the leakage path, and there-
fore, the passage vortex is rather weak. In the PS and EPS cases,
however, a significant total pressure reduction is measured at
about 80% blade span. In the PS case, this reduction is attributed
to the tip vortex that originates from the uncovered region of the
blade of the TE and expands on the cavity region. In the EPS case,
the total pressure reduction is attributed to the growth of the pas-
sage vortex downstream of the shroud platform and mixing with
the leakage layer. The formation and the evolution of this vortex
are documented in the 3D-PIV measurements in Yun et al. �16�. In
the FS and EPS cases, the low total pressure region very close to
the blade tip that extends around the pitch is clearly visible. This
pressure reduction is attributed to the presence of a low momen-
tum fluid that comes from the leakage layer and is entrained in the
main flow. In the PS case, the leakage layer is mixed with the
vortex that is present due to the expansion of the main flow in the
cavity region; thus the leakage layer is not visible in the upper
blade span �span greater than 100%�.

In Fig. 7, the time evolution of the relative total pressure coef-
ficient is plotted as a function of the measurement position with
respect to the stator blade pitch. The vertical dashed lines denote
the position of the leading edge of the second stator. The regions
of reduced relative total pressure associated with the vortical
structure described previously in relation to Fig. 6 are seen to lie
along the inclined lines in Fig. 7. This inclination indicates that
the regions of lower total pressure move together with the rotor
blade. At 80% span, the degree of interaction with secondary flow
is relatively high and a broad region of decreased total pressure is
observed. As the leading edge of the second stator is approached
by the flow structures, the size of the region of low relative total
pressure decreases.

Differences are clear between the three test cases. In the FS
case, the tip passage vortex is relatively weak because the bound-
ary layer at the inlet of the rotor tip casing is sucked into the
leakage path. The new boundary layer develops in the lower part
of the FS but, due to the full coverage of the shroud, the tip
passage vortex does not expand in the labyrinth cavity. For this
reason, the relative total pressure drop visible as inclined features
�Fig. 7 top� is quite small at all circumferential positions. Corre-
sponding with the LE of the second stator, a local total pressure
reduction of the same magnitude as that corresponding to the vor-
tex is measured showing that the flow field is mainly influenced
by the potential field of the downstream second stator at this span.

In the PS case, a substantial relative total pressure reduction is
observed �Fig. 6 middle�. This reduction is associated with the tip
vortex that is generated by the uncovered portion of the shroud
platform. Moreover, this total pressure reduction is weakly influ-
enced by the potential field of the second stator, i.e., the magni-
tude of the total pressure drop is nearly independent of the time.

The EPS Case �Fig. 7 bottom� shows similar features as the PS
case but with a reduced magnitude. As shown in Fig. 6, the tip
vortex originates at the blade tip but with a reduced pressure drop
compared to the PS case. Additionally, the variation of the pres-
sure drop along the time axis is more pronounced compared to the
PS case. This variation suggests that there is a higher degree of
unsteady interaction such as vortex stretching and growth in this
geometry, compared to the other two, between the shed vortex
from the first rotor and the second stator leading edge �LE�. A
detailed analysis of the unsteady loss mechanisms in this region is
presented in Yun et al. �16�.

Second Stator Exit. The flow detected at the exit of the first
rotor significantly affects the aerodynamic behavior of the second
stator row. The flow is similar for all test cases from hub up to
midspan. At the hub, a passage vortex is established with typical
overturning-underturning �Fig. 8�. More radially outward, a

marked underturning-overturning behavior is observed at 70% of

JULY 2008, Vol. 130 / 031016-5
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he span in the FS test case. This feature is caused by the cavity
ow in the first rotor that is accelerated by the reentry channel in

he main stream and rolled up with the tip passage vortex. In the
S case, the turning from the stator row at the tip is reduced by as

ig. 7 Measured time-distance diagram of relative total pres-
ure coefficient at 80% blade span at the exit of the first rotor
Plane A1…
uch as 25% with respect to the FS case, with the result that the

31016-6 / Vol. 130, JULY 2008
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inlet stator angle has a negative incidence. Consequently, the
overturning-underturning of the tip passage vortex is decreased
and occurs at 90% span due to the presence of the indigenous
stator passage vortex. The local total pressure losses are decreased
in the FS case. At midspan, a local decrease in the total pressure is
identified and attributed to the compression of the wake structure
due to the transported leakage vortex that comes from the first
rotor. In the EPS case, the yaw angle profile follows the same
trend as in the FS case. The flow behavior is almost unchanged
until 60% span, then, closer to the tip, while the change in flow
angle is the same, for the EPS case, the underturning-overturning
occurs at larger angles. The comparison between the measured
and computed data of the EPS case �Fig. 8 right� shows that the
CFD is in reasonably good agreement with the experiment. Dif-
ferences in the flow angles are limited to 2–3 deg. This compari-
son, together with the total pressure coefficient plot in Fig. 9, is
representative of the other cases. The good agreement validates
the use of the CFD results �presented below� to quantify the loss
generation mechanisms.

Figure 10 shows the contour of the steady total pressure coef-
ficient downstream of the second stator together with the second-
ary flow vectors. The vortex structures are very similar for all test
cases from the hub to 40% span. The TE wake is identified in all
three cases at approximately −20% blade pitch. The hub passage
vortex that contributes to the total pressure reduction at about 10%
span is very similar in all cases, as expected.

In the PS test case, a strong vortex is seen at midspan. This
structure is thought to be the leakage vortex that originates from
the first rotor. In the FS test case, the moderate leakage vortex is
rolled up into the passage vortex and can be identified from the
total pressure reduction that is between 60% and 80% blade span.
The EPS case has secondary flow structures that are very similar
to those measured in the FS case. Additionally, similar vortical
structures that are associated with the secondary flow total pres-
sure reduction cores can be seen. However, a close analysis of the
EPS case shows that the low pressure region associated with the
tip passage vortex between 60% and 80% span is more extended
toward the middle of the stator passage �around a pitch of 0.4�.
This behavior in the EPS case is clearly shown in the mass-
averaged total pressure coefficient profile shown in Fig. 9. The
flow profile is almost identical when compared to the FS case
until 70% span, beyond which there is a significant total pressure
drop measured in the EPS case. It can be concluded from the
analysis of Figs. 9 and 10 that the partial shroud of the PS case
completely alters the secondary flow pattern at the exit of the
second stator.

This is achieved by a lower blade loading at the tip �lower flow
turning�, and therefore reduced secondary losses at the blade tip.
Moreover, due to the negative incidence at the LE, the radial
pressure gradient is enhanced, which displaces vortical structures
close to midspan. On the other hand, the EPS case has a similar
blade loading and also similar secondary flow features; however,
the associated losses at the tip are higher. The reason for this
behavior is that greater losses are generated at the first rotor tip
during the vortex mixing and dissipation in the interstage region.
This high loss fluid is then reaccelerated in the second stator pas-
sage and entrained in the tip passage vortex. The results of this
dynamic process is a lower total pressure value at the stator exit.
Figure 11 shows the calculated streamlines and the entropy func-
tion coefficient exp�−�s /R� �Denton �1�� on the suction surface of
the second stator blade row.

These results are derived from the CFD simulation. The stream-
lines show that there is a well established two-dimensional flow
between 20% and midspan, while at the hub, an identical lift-off
of the passage vortex is observed for all three test cases. At the tip,
major differences are seen in the secondary flow structures. The
tip passage vortex appears quite weak in the PS case and has
lower associated losses compared to the other cases. On the other

hand, the EPS case has the highest secondary losses. By compar-
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ng the measurements of Fig. 10 streamlines and losses in Fig. 11,
ne can see excellent agreement in the details of the computed
econdary flow structures induced by the shroud geometry on the
econd stator blade row. The aerodynamic efficiency of the blade
ow is quantified in a following section. To help our understanding
f the vortex and loss transport mechanisms, the area-averaged
eridional entropy function derived from the CFD computations

s plotted in Fig. 12. The entropy function is set equal to 1 at the
nlet of the first rotor, and thus, the losses are measured relative to
his location. The upper plot represents the FS case, the middle the
S, and the lower the EPS. The main differences occur, as ex-
ected, in the upper part of the span height, from midspan to the
lade tip. In the FS case, the highest entropy production is inside
he labyrinth leakage path both in the first and second rotors as a
esult of strong flow recirculation and mixing between the shroud

Fig. 8 Mass-averaged yaw angle at the e
„left…, and expt. and CFD data of the EPS

Fig. 9 Mass-averaged total pressure c

„Plane A2…: expt. data „left…, and expt. and C
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fins.
In the reentry process, e.g., downstream the first rotor, the leak-

age and the main flow mix together and results in the higher
entropy level that is seen between 90% span and the casing of the
interstage region. This high loss fluid enters the second stator
passage and is then both convected downstream and radially
moved downward by the tip passage vortex. Region A in Fig. 12
top denotes this loss core. In the same region, a total pressure drop
was measured, as shown in Fig. 10. In the PS case, it is shown that
the loss generation is less pronounced in the labyrinth path but
more diffused over a large region that extends from 80% span up
to the casing. Measurements of the relative total pressure shown
in Fig. 6 confirm this behavior. Also, this high loss fluid is con-
vected downstream into the second stator and the second rotor,
thereby adversely affecting their performances.

f the second stator „Plane A2… expt. data
se „right…

ficient at the exit of the second stator
xit o
ca
oef

FD data of the EPS case „right…
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The EPS case has similar features to the FS case, as in the
abyrinth path there is considerable entropy loss and the reentry of
he leakage flow into the main flow is also similar to the FS case.
owever, the losses are higher at the exit of the second stator,

lose to the tip �Region A�, as also indicated by the total pressure
easurements. From the analysis of Fig. 12, it can be concluded

hat the leakage flow and the flow structures generated over the
pper height of the blade in the first rotor derive the loss produc-
ion mechanisms and significantly affect the flow field of the sec-
nd turbine stage. The analysis also shows that the EPS case has
mproved aerodynamic features, which are more similar to the PS
ase than to the reference FS case.

Turbine Exit. The turbine exit flow field is also influenced by
he shroud geometry. The design intent at this location is to align
he flow with the axial direction at midspan in order to minimize
xit swirl, while at the hub and tip, moderate negative and positive
wirls are still detected. Figure 13 shows the absolute yaw angle
easured downstream of the second rotor. The same flow features

ig. 10 Measured total pressure coefficient and secondary
ow vector plot at the exit of the second stator FS*

„top…, PS*

middle…, and EPS „bottom… „Plane A2… „data marked with aster-
sk are from Porreca et al. †9‡…
re similar up to midspan. Closer toward the tip region, the flow
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angles are similar to those observed for the first rotor. A significant
underturning occurs in the PS case, and the measured angles are
about 20 deg different with respect to the reference FS test case.
Moreover, the presence of underturning-overturning between 90%
and 100% span shows the presence of the tip vortex that occurs in
the PS case. Within the leakage layer �blade span greater than
100%�, the PS case has only a moderate swirl, which indicates
that mixing between the leakage flow and main stream has oc-
curred upstream during the expansion of the main flow in the
cavity region.

The FS case on the other hand has an almost constant yaw
angle up to 90% span and then, similar to the first rotor, the main
flow tends to be aligned with the leakage layer. The yaw angle of
the EPS case presents a profile that lies in between the FS and PS
cases. A moderate underturning is detected from 60% span, while
close to the tip, an overturning-underturning is measured between
80% and 90% span as a result of the growth of the passage vortex
as in the first rotor. The CFD results �Fig. 13 right� are in good

Fig. 11 Calculated streamlines and entropy function on the
second stator suction surface: FS „top…, PS „middle…, and EPS
„bottom…
agreement with the measured absolute yaw angle. The main flow,
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as well as the overturning/underturning, is well captured with dif-
ferences limited to �1 deg at midspan and �2 deg in the tip
secondary flow region.

To clarify the details of the flow structures that occur at the tip,
the streamlines at several radial planes are presented in Fig. 14.
The colored contours show the entropy function level with a ref-
erence at the inlet of the rotor row. In the FS case, as shown also
in the circumferentially averaged plot in Fig. 12, a high loss level
is detected in the labyrinth passage downstream of the last shroud
fin. A circumferentially oriented vortex, which dissipates energy
from the leakage flow, is seen. Downstream of the blade row, the
effect of the leakage layer is visible only in a small portion of the
boundary layer on the tip casing. Also, vortical streamlines due to
the tip passage vortex do not appear. In the PS case, the expansion
of the main flow in the leakage cavity and the roll up into a
streamwise vortex are observed. Lower loss generation occurs in
this case in the cavity; however, a higher level of entropy increase
is diffused into the main flow. Higher entropy levels are also seen
at the casing boundary layer and at the blade suction side surface.

The streamwise vortex drives the loss generation and diffusion
processes. In the EPS case, the growth of the tip passage vortex in
the streamwise direction can be seen along the radial planes in
terms of associated losses. The entropy level is lower than the PS
case and less diffused in the main flow region.

The analysis of Fig. 14, however, is not sufficient to draw a
conclusion regarding the entropy production mechanism and to
quantify the effect of the shroud geometry on the losses generated
in different locations. Thus, a budget of the entropy production is
performed in order to quantify the contribution on the losses of
different flow structures in the second rotor, and then relate this to
the measured aerodynamic efficiency.

Loss Generation Budget. A control volume analysis was used to
evaluate the loss budget in the second rotor row. From the energy
equation, it can be written that

�
�

�d� +�
A

k � T

T
ndA =

�

�t�
�

	sd� +�
A

	sVndA

where � is the entropy production rate per unit volume, k is the
thermal conductivity, and Vn is the normal velocity directed out of
the volume. In the present analysis, the flow can be considered
incompressible �as the maximum measured Mach number is equal

bine exit „Plane A3…: expt. data „left…, and
ig. 12 Calculated area-averaged meridional entropy function:
Fig. 13 Mass-averaged yaw angle at the tur
JULY 2008, Vol. 130 / 031016-9
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o 0.31� and adiabatic. Therefore, the previous equation can be
ritten, for steady state simulations, as:

�
�

�d� =�
A

	sVndA

ince the CFD results are in good agreement with the measured
ow field in the two stages, the entropy production rate is evalu-
ted over four control volumes that quantify the contribution to
he losses arising from different flow features. The control vol-
mes are divided in the radial direction as follows. The “hub”
ontrol volume is defined as the volume from the hub to the 33%
pan where, based on the measurements, the hub passage vortex
ccurs. The “midspan” control volume is between 33% and 66%
pan in which the only identified feature is the wake structures,
nd the “tip” control volume lies between 66% and 98% span
here the tip passage vortex is dominant. The remaining volume

s the “leakage” control volume that includes the labyrinth path up
o the rotor casing wall and the exit cavity where the leakage flow

ig. 14 Calculated streamline evolution at the turbine exit re-
ion „second rotor…. Colors indicate entropy level.
s prevailing. Table 4 summarizes the location of the control vol-

31016-10 / Vol. 130, JULY 2008
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umes used in this analysis. The inlet of the control volume is the
axial plane at 13% Cax upstream the LE and the outlet is placed at
36% Cax downstream the TE.

To show the contribution from the different control volumes,
the overall entropy generation rate in the second stage was taken
as 100% for each test case. Figure 15 shows the respective en-
tropy production as a percentage of the stage value.

Figure 15 shows clearly that the contribution of the hub passage
vortex is significant and accounts for about 20% of the overall
entropy production for all test cases. The contribution of the wake
structure is limited between 6% and 7.3%, while the contribution
of the tip region is even smaller. These results can be explained by
taking into account the fact that the second blade row has a rela-
tively low loading at the tip, and therefore, the contribution of the
tip passage vortex is rather small in all cases. Additionally, the PS
and EPS cases, due to the shroud geometry, have a lower loading
in the region between midspan and the tip; thus, the tip passage
vortex is weakened.

Therefore, the entropy production in this case is lower �PS
=4.3% and EPS=5.3%� compared to the FS case �5.45%�. In the
leakage region, significant differences are observed between the
test cases. In the FS case, the entropy produced in the labyrinth
path and in the mixing of the leakage with the main stream at the
blade row exit contributes with 15.8% of the overall entropy gen-
erated in the second stage.

In the PS case, this is increased up to 25.8%, while the EPS
case has an intermediate value. The reason for this improvement is
related to the flow kinematics and interaction between the leakage
flow, the tip passage vortex, and the main stream, which have
been described in the above sections.

The entropy generation budget analysis quantifies clearly the
relative contributions of the different flow regions to the total
aerodynamic stage losses. Therefore, in order to improve the aero-
dynamic performance, the most beneficial design strategy is to
pay more attention to the labyrinth path region and the mixing of
the reentry of the leakage flow. The use of the partial shroud as in

Table 4 Control volume location in the loss generation budget
analysis of the second rotor

Region Location �% of blade span�

Hub 0–33
Midspan 33–66
Tip 66–98
Leakage 98–113

Fig. 15 Entropy generation rate in different regions of the sec-
ond rotor blade row as a percentage of the total entropy pro-

duction in the second stage
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he PS case results in an aerodynamic penalty in this region of
bout 10% of the total stage losses �15.7% in the FS case com-
ared to 25.8% in the PS case�. On the other hand, the optimized
onfiguration EPS shows that this penalty is reduced to only 3.9%
hen the matching between the main stream and the leakage flow

s improved, as has been shown in the previous section.

easured Aerodynamic Performance
A mechanical method is used to evaluate stage efficiency. The

econd stage torque is measured with a sampling frequency of
Hz during the entire time of the data acquisition. In the EPS test

ase, a second torquemeter has been installed, and thus, the tur-
ine torque and second rotor torque are measured simultaneously.
he second stage pressure ratio P03 / P01 is calculated by mass
veraging the inlet total pressure over the area at the exit of the
rst and second rotors. By referring the measured shaft power to

he isentropic power provided by the fluid, the efficiency can then
e evaluated.

In the current arrangement and in all three test cases, mechani-
al dissipation is negligible and comparable to each other as the
echanical arrangement is the same in all test cases. The first

orquemeter is in fact directly connected to the second stage shaft
power dissipation in the bearing is negligible because the relative
otion between the first and second rotors is essentially zero�,
hile the second torquemeter measures the torque immediately

bove the mechanical coupling between the inner and outer shafts.
The turbine reaches a constant thermal state after about 2 hours

nd afterward the measurement test starts; thus, heat transfer con-
ribution to the efficiency calculation is negligible. The following
quation is used to calculate the aerodynamic efficiency:


 =
M2�/ṁ

T01
�Cp�1 − �P03

�/P01
����−1�/��

he facility is open to the atmospheric pressure at the turbine exit.
he turbine pressure drop may vary up to �0.3% during a typical
0 hours operation. The measured pressures are corrected with a
tandard day condition. The error analysis �Pfau �17�� shows that
he absolute overall uncertainty range of the efficiency �for a
iven geometry� is equal to 0.6%, while the relative uncertainty
ange between two test cases is equal to 0.3%. All test cases are
perated at the same overall pressure drop and at the same rota-
ional speed. The measured mass flow varies from case to case
epending on the capacity of the turbine. In particular, the PS case
xperienced a higher mass flow of 3.3% while the EPS case has a
ass flow almost identical to the FS case �difference of 0.1%�.
he reason of the increased mass flow is the increased flow area
f the rotor passage due to the uncovering of the blade throat. The
econd stage performance is significantly affected by the flow
eld that is established in the first stage. In all three test cases,
ain differences in the aerodynamic efficiency are measured. The
S test case with a full shroud arrangement has the highest effi-
iency at all the operating points. This conclusion was expected
ince the turbine aerodynamic design process was based on this
xis-symmetric shroud. However, the aim of evaluating the per-
ormance was to quantify the aerodynamic penalty of the PS and
PS cases in spite of their advantage of a reduced mechanical
tress on the blades due to the reduced weight. The PS test case
as an aerodynamic efficiency penalty of about 1.1% at design
ondition and between 0.8% and 1% at off-design conditions.

This penalty arises from the flow angle distribution along the
adius in both rotors and the different flow field at the blade tip.
igh deviations between the measured and design flow angles are
etected and a significant unloading from 60% to 100% span is
bserved. Moreover, a strong tip leakage develops due to the un-
overing of the throat passage. Consequently, mixing process is
nhanced and losses are generated.

In the EPS test case, the shroud is extended toward the TE of

he rotor blade and covers partially the blade passage. The forma-
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tion of the tip vortex is reduced and flow angles are in between the
FS and the PS case. The blade loading control is also improved
when compared to the PS case. The second stage efficiency is thus
improved by 0.6%. Unfortunately measured data are missing at
off-design pressure drop in the EPS test case. Figure 16 summa-
rizes the measured efficiency on the second stage. The loss coef-
ficient within the second stator passage is estimated for all test

cases using the following equation, where P01
� and P02

� represent
the mass-averaged second stator inlet and outlet total pressures
and p̄2 is the stator static outlet pressure:

Y =
�P01
� − P02

��

�P02
� − p2�

It was observed that the losses in the second stator are increased
by almost 1% in the FS test case when compared to the PS ge-
ometry �Table 5�. In the latter case, two opposing effects occur.
On one hand, a strong negative incidence is detected from 60% to
100% span in the stator blade. This incidence mismatch obviously
increases the profile losses at those locations. On the other hand,
the flow turning in this region is decreased by around 25% when
compared to the FS case. Therefore, the losses associated with the
tip passage vortex are reduced. The extent of these two effects
shows that the reduction of secondary flow losses is larger than
the increase of the profile losses. This result again illustrates that
for a low aspect ratio high turning blade row, the effect of the
vortical structure is dominant compared to other loss generation
mechanisms. In the EPS case, the stator total pressure losses are
almost 1% higher with respect to the FS case. This behavior is
once more attributed to the nonmatching conditions between the

Table 5 Measured total to total second stage relative effi-
ciency and second stator loss coefficient for the PS and EPS
test cases

Turbine pressure difference �Pa� FSa PS EPS

Total to total efficiency �second stage� �%�

33,900 100 −1.0
37,485 100 −1.1 −0.5
40,575 100 −0.8

Loss coefficient �second stator� �%�

37,485 — −1.06 +0.95

a

Fig. 16 Measured total to total second stage efficiency in the
FS, PS, and EPS test cases
Reference case.
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xit flow field of the first rotor and the design of the inlet of the
econd stator.

onclusions
Partial shrouds arrangements are used more and more in current

ndustrial turbine design because of reduced weight, reduced
lade stresses, and thus improved blade life. However, the actual
mpact of this geometry on the aerodynamic performance has of-
en been not quantified. This study presents a unique and unprec-
dented experimental and numerical study of industrially relevant
urbine shroud configurations.

The flow field downstream the first rotor is dominated by the
ffect of the different shroud geometries. The uncoverage of the
lade throat in the PS case causes the flow to expand in the cavity
egion and reenter in the main path. The enhanced mixing process
nd the formation of a strong tip vortex decrease the aerodynamic
fficiency by 1% in comparison with a classic fulll shroud case.

An optimized partial shroud geometry is used in the EPS case
dopting a platform onto the trailing edge region of the rotor blade
n order to prevent the flow expansion in the cavity region. Mea-
urements and computations clearly show that this modification is
ffective and the flow field is significantly modified toward the
esign intent of an axis-symmetric full shroud.

Surprisingly, in the optimized shroud case, the second stator
ow total pressure losses increase by about 2% with respect to the
S case, showing that the mismatch of the flow field at the outlet
f the first rotor and the inlet of the second stator still has a
ignificant effect. However, the second stage aerodynamic effi-
iency has been improved by about 0.6% compared to the previ-
us PS case.

A budget of the entropy production is also made in order to
uantify various loss sources in the hub, midspan, tip, and leakage
egions. Results show that the leakage and reentry flows in the PS
ase have the highest contribution �about 25%� to the overall stage
oss.

A comprehensive flow field investigation is carried out and the
ffects of the shroud configuration in terms of the aerodynamic
erformance are quantified. The measurements show that an opti-
ized partial shroud platform geometry has only 0.5% aerody-

amic penalty compared to a 1.1% penalty for a non-optimal par-
ial shroud. This finding quantifies the benefit of an improved

atching between the blade and shroud design.
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omenclature
Cax  blade axial chord
Cp  specific heat at constant pressure
Cpt  total pressure coefficient

�P0meas− PSexit� / �P0inlet− PSexit�
ṁ  mass flow
M  second stage torque
P  pressure

�s ,s  entropy
T  temperature
31016-12 / Vol. 130, JULY 2008
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CFD  computational fluid dynamics
PS  partial shroud test case
FS  full shroud test case

EPS  enhanced partial shroud test case
5HP  five hole probe

FRAP  fast response aerodynamic probe
PIV  particle image velocimetry

Greek
�  pitch angle
�  isentropic exponent

  aerodynamic efficiency
	  density
�  yaw angle
�  rotational speed

Subscripts/Superscripts
0  total conditions
S  static conditions

1,2,3  measurement plane A1, A2, and A3

P� ,T�  mass and area-averaged data

P̄ , T̄  area averaged data
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