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ABSTRACT

Mixing losses due to cavity related flows in axial steam
turbines contribute considerably to overall aerodynamic losses.
The coherent study presented in this paper examines the
influence of rotor inlet cavity geometry on stage efficiency. The
experimental work is supported by computational analysis. Inlet
cavity geometry has been varied by reducing the axial and radial
cavity lengths along with the volume. Six different configurations
have been examined, focusing mainly on the flow interactions
occurring at the zone between the cavity and main flow and their
impact on stage efficiency. An upper stator-casing platform
prolonged by 17% and 34%, and a radial wall length shortened
by 13% and 25% offered a cavity volume reduction of 14% and
28%, respectively, compared to the initial cavity volume. The
axial cavity wall length reduction impacts drastically on the
vortex formation inside the cavity. A 17% length reduction leads
initially to the bifurcation and re-connection of the vortex during
inflow, whereas the 34% length reduction completely eliminates
the presence of any vortex. On the other hand, the radial cavity
wall length reduction affects the vortex positioning. Generally,
the cases with radial wall length reduction show higher efficiency
relative to the axial cavity length reduction. For the 14% cavity
volume reduction cases this difference rises to 1%, and for the
28% cavity volume reduction the difference is even higher,
attaining a 1.7% efficiency increase.

NOMENCLATURE
a cavity axial wall length
b cavity radial wall length
c normalized cavity axial length
Chp pressure coefficient
(Pt - Ps,exit) /(Pt,inlet - Ps,exit)
F force
h normalized blade span
P pressure
r radius
r, radius of the streamline
R1 1* rotor
R2 2" rotor
S1 1% stator
S2 2" stator
v velocity
v volume

Greek

a absolute flow yaw angle
v flow pitch angle

p density

Abbreviations

CV cavity volume

ConV control volume

CVR cavity volume reduction
HS high solidity

LS low solidity

Aeff efficiency difference
Subscript

r radial direction

s static

t total

z axial direction

0 tangential direction
INTRODUCTION

Modern turbomachinery design aims to increase blade loading
and the pressure ratio while maintaining and even increasing
efficiency. With this perspective, secondary flows, unsteady
blade-to-blade and vortex-to-blade interactions and the
interactions between the leakage and main flows contribute
considerably to the overall turbine losses. Aerodynamic losses
owing to secondary flow effects have long been under
investigation. Particularly in low-aspect ratio blading the
secondary flow effects are dominant in the overall loss
mechanism, [1, 2, 3]. Denton [4] attributes a large part of these
losses, almost 1/3 of the total aerodynamic losses in axial
turbines, to the mixing occurring at the interaction zone. The
leakage flow that re-enters the main stream has a different
momentum and flow angle and mixes out with the main flow.
Gier et al. [5] performed a loss breakdown for inner and outer
cavities and concluded that 60% of the losses caused by the
cavities are due to the mixing during leakage flow re-entry.
Therefore, controlling the path of the exiting leakage flow is
crucial. With the use of bladelets, either in the stationary system
[6], or on the rotor shroud itself [7], the control of shroud leakage
has been attempted. Schlienger et al. [8] attempted to improve the
re-entry of the leakage flow with the use of inserts. Curtis et al.
[9], used an air-curtain to reduce the shroud leakage. A jet angled
at 45 degrees to the axial direction provided opposing momentum
to the shroud leakage flow and an efficiency gain of 0.4% was
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measured. Apart from the mixing itself occurring at the
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interaction zone, the egress of the leakage flow impacts on the
subsequent stator. Anker et al. [10] carried out work on the
strengthening of the upper passage vortex. Pau et al. [11] showed
the enhancement of all counter-rotating vortices with respect to
the main passage vortex due to the low turning experienced by
the leakage flow. The strong negatively signed vorticity
dominating the secondary flows at the interaction zone has also
been reported by Adami et al. [12]. Li et al. [13] reported on the
influence of leakage flows even after 2 bladerows. Hunter and
Manwaring [14] on the same topic and using ethylene tracer gas,
traced the low momentum fluid at the downstream rotor row and
two additional vortices in the following stator passage associated
with the radial variation in the circumferential flow angle of the
upstream rotor. Flow visualization has also been carried out by
Vakili et al. [15]. Through their PIV measurements they reported
on the significance for leakage reduction of the fin axial location
and angle and the step height. Flow visualization was also used
by Rhode et al. [16], [17] to measure the leakage resistance with
respect to step shape and height. Pfau et al. [18], [19], carried out
a detailed study of the dominant kinematic flow feature in the
cavity region, the toroidal vortex residing in the cavity and
derived design recommendations to make use of the interaction
flow.

Most of the studies on cavity flows deal with the interaction
between the two flows at the rotor exit cavity, the mixing that
occurs and their impact on the downstream bladerows. This work
focuses however on the interaction zone of the rotor inlet cavity
and the associated interaction between the leakage and main
flows at the rotor inlet. The different geometries of the rotor inlet
cavity created by cavity volume and length scale modifications
affect the leakage re-entry path. Geometry changes -create
changes in the toroidal vortex that handles the in and out flows.
The exact place and timing of the fluid egress impacts on the
efficiency through the leakage flow that exits the cavity
facilitating the tip passage vortex.

INLET CAVITY CONFIGURATIONS

ThE research turbine has a sealing configuration of 4 seals
with a gap of 0.44% of the blade span. The inlet cavity under
investigation is the one illustrated in Figure 1 and corresponds to
the baseline case. The dimensions are 0.24C, and 0.36C,
respectively, in the axial and radial directions, which provide a
minimum safety operating distance of 0.16C, between the rotor
shroud and stator casing (Figure 1). The test cases examined in
this study are shown in Figure 3. The cavity sizes under
investigation are 14% and 28% smaller than the baseline case.
The volume reduction is accomplished either by an extension of
the upper stator casing platform or by a reduction of the cavity’s
radial wall. The six cases are divided into two groups. In every
group the cavity volume is kept constant so as to exclude any
influence of the cavity volume on the mass flow that escapes
through the labyrinth over the rotor. In the two cases where the
upper stator casing platform was extended, the cavity’s axial
length was reduced by 17% and 34% respectively, as shown in
Figures 3a and 3d. The radial wall length was reduced by 14%
and 25%, (Figures 3b, 3¢, 3¢ and 3f) to achieve the cavity volume
reductions of 14% and 28% respectively. The lowering of the
upper axial cavity wall was intended to create a more circular
cavity vortex by eliminating the area where fluid was originally
drifting between the cavity vortex and the wall. The design
intention of the additional curvature of the cases presented in
Figure 3¢ and 3f was to eliminate the counter-rotating vortex that
resides in the corner formed between the downstream radial
cavity wall and the upper axial wall. All cases originated from
the baseline case with the use of extensions. The extensions are
depicted in red in Figure 3.
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Fig. 1 Illustration of the inlet cavity

EXPERIMENTAL METHOD

The research facility
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Fig. 2 Schematic diagram of the two-stage axial turbine
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The measurements were performed in the ‘LISA’ two-stage
axial research turbine at the Laboratory for Energy Conversion
(LEC) of ETH Zurich (Figure 2). The turbine inlet temperature
TET is kept constant at 310 K, with an accuracy of 0.9 K. A DC
generator maintains a constant operating speed of 2750 +0.5
RPM (£0.02%). The measurement uncertainty of the test facility
concerning total-to-static efficiency of the second stage is
+0.21%. A more detailed description of the test facility is
available in Schlienger et al. [20]. The stator blade row
configurations differ as shown in Table 1. The first stator is of a
high solidity (0 =1.43) design, whereas the second stator has a
low solidity (0 =1.25). Both stators are designed to have the
same exit flow angle and axial chord. The associated operating
parameters based on the LS stator are summarized in Table 2.
More detailed measurements on the baseline test case can be
found in Tashima et al. [21].

Table. 1 Geometric details of stator blades.
(' Indicates that the dimension is measured at 50% span)

Parameter HS stator LS stator
Blade count Zs 48 36
Axial chord” C, [mm] 50 50
Chord length” C [mm] 66.3 77.4
Pitch” T [mm] 46.5 62.0

Blade span H [mm] 90 90
Aspect ratio AR = H/C [-] 1.36 1.16
Solidity 6 = C/T [-] 1.43 1.25
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Fig. 3 Inlet cavity conﬁguratlons Cavity volume reduction 14% for (a) (b) and (c), and cavity volume reduction of 28% for (d), (e) and ().
Extension of the upper casing stator platform by a. 17% and d. 34% of the cavity’s axial length and shortening of the radial wall length by 13%

for (b) and (¢), and 25% for (e) and (f).

Instrumentation

Both steady and unsteady flow field measurements are made. In
the main flow the steady flow field is measured using a 5-hole
pneumatic probe (SHP) with a 0.9 mm head diameter, whereas the
unsteady flow field is captured with the use of a 2-sensor Fast
Response Aerodynamic Probe (FRAP), which has a 1.8 mm head
diameter as shown in Figure 4. For the measurements inside the
cavity, a miniature 4-hole pneumatic probe (4HP) was used for the
steady flow field, together with a pair of miniature FRAP probes of
0.84mm head diameter for the unsteady flow field. Each miniature
FRAP probe is one-holed; one miniature FRAP is yaw sensitive
and the other is used for the pitch measurement. A detailed
description of the two miniature probes can be found in Pfau et al.
[22] The FRAP has a measurement bandwidth of 48 kHz. The
measured flow parameters and their absolute uncertainties are
listed in Table 3. Absolute uncertainties of the measured flow
quantities in Table 3 are expressed as a percentage of the
calibration range for the angles, a percentage of the dynamic head
for pressures and a percentage of the absolute Mach number for the
velocity. The use of FRAP and pneumatic probes in the ‘LISA’
turbine facility has been detailed in several publications, including
Lenherr et al. [23].

Table. 2 Main parameters of the test case configuration based on
the characteristics of the LS stator.

Rotor speed [RPM] 2750
Overall pressure ratio [-] 1.32
Mass flow [kg/sec] 7.87
Turbine inlet temperature [°C] 37.8
Blade number count stage-1 (stator/rotor) 48/48
Blade number count stage-2 (stator/rotor) 36/48
Tip/hub diameter [mm] 800/620
Flow coefficient (stage-2) [-] 0.3
Loading coefficient (stage-2) [-] 1.0
Mach number (stator/rotor) 0.32/0.1
Reynolds number (rotor) 2%x10°

5 hole probe

Unsteady probe (FRAP,
2
~ A
/ ﬁTH}ZLBmm
D = 0.9mm Sensor 1 Sensor 2

Fig. 4 SHP and 2-sensor FRAP measurement probes

Table. 3 Absolute uncertainties in probe measurements for a
calibration range of yaw +30° pitch +20° and for a Mach number of
0.3. (uncertainties in pressure are shown as a percentage of
dynamic head, uncertainties in Mach number are shown as a
percentage of the absolute Mach number).

o Y Py P M
FRAP 0.5° 0.7° 1% 1.2% 1%
5HP 0.3° 0.3° 1.8% 2% 0.06%

Probe measurements were made at the rotor exit and
downstream of the LS stator. Measurements at the stator exit were
made 6mm downstream of the stator at h=1 while inside the cavity.
The measurement plane is located at 0.224C, downstream of the
2" stator’s trailing edge at midspan. The measurement grids
consist of 48 points and 61 points evenly distributed in the radial
and circumferential directions. The circumferential traverse was
conducted over three LS stator pitches. Data are sampled at 200
kHz, which corresponds to 92 samples per blade passing period. A
phase-lock data-averaging procedure was subsequently performed
over 90 revolutions.

Numerical method

The numerical study presented in this paper was performed
using the ANSYS CFX flow solver. The second stage of the
turbine (Figure 5a) was meshed using an unstructured mesh with 8
million nodes, as shown in Figure 5b. The stator-rotor blade count
ratio of the second stage is 3:4. As the periodicity is related to the
stator-rotor blade count ratio, 30 degrees were meshed, i.e. three



stator passages and four rotor passages. The y* values on the walls
were all below 30. The flow solver was run in unsteady mode using
the transient rotor-stator interface. The results of the steady
simulations were used as initial conditions. A reduction of the
maximum mean square value for the residual from 107 to 10" was
used as a convergence criterion. The standard k-¢ turbulence model
with a turbulence intensity of 5% at the inflow boundary layer was
employed. The experimentally measured mass-averaged total
pressure, together with the flow angle distribution and the static
temperature constituted the boundary conditions at the inflow,
whereas at the outflow the measured static pressure distribution
was used for the steady simulation, which provided a good initial
solution. The circumferential boundaries are periodic and a no-slip
condition was applied at the adiabatic walls.
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Fig. 5 The simulation domain is bordered by the measurement
planes, solid lines at stage inlet and outlet. The center line
sketches the simplified fluid path without the stator hub
cavity. The domain interface is indicated by the dashed line.
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Fig. 6 Comparison of experiment and CFD for (a) the pitchwise
mass-averaged flow yaw angle distribution and (b) the pitchwise

mass-averaged axial velocity distribution at stator exit.

Figure 6 shows the comparison of experimental and numerical
data of the pitchwise mass-averaged flow yaw angle and axial
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Mass Averaged Axial Velocity [m s‘1]
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velocity distribution at the stator exit. There is a very good
agreement within 0.5 degrees for the yaw angle up to 0.95 of the
span. The CFD does not predict the underturning of the flow close
to the upper casing. Moreover, inside the cavity because of the
strong secondary flows. the difference between experimental and
computed results rises by up to 5 degrees. The pitchwise mass-
averaged axial velocity shows a very good agreement over the
blade span. The difference is within 1 m/s. Inside the cavity,
although the trend is captured. the CFD predicts higher velocities.

RESULTS AND DISCUSSION

The experimentally measured stage efficiency for the cases
considered in this study is shown in Figure 7. Overall the radial
wall length reduction performs better than the axial reduction for
both the 14% CVR and 28% CV cases. For cases 14.2 and 28.2, the
use of the additional curvature between the upper axial cavity wall
and the downstream radial wall does not act beneficially. It offers a
0.15% efficiency gain for case 14.2 compared to case 14.1 and an
efficiency fall of 0.7% for case 28.2 compared to case 28.1.

0.025

28.0 28.1 28.2

0.02

0.015

-14% CVR

0.01
#28%CVR

Aeff

0.005

14.0 141 14.2

-0.005
Fig. 7 Aeff for the cases examined in this study. Cases 14.0 and
28.0 are used as references for the cases with the same CVR

The experimentally measured pitchwise mass-averaged total
pressure loss coefficient is shown in Figure 8a for the cases with
14% cavity volume reduction and in Figure 8b for the cases with
28% cavity volume reduction. No measurable differences are
identified in the main flow for the cases with 14% CVR. The stator
casing platform extension of the 14.0 case does not influence the
formation of the boundary layer on the casing. The axial cavity
wall length reduction leads to lower pressure inside the cavity,
which potentially decreases the leakage mass flow through the
labyrinth. The comparison between the cases with 28% CVR
shows an area of lower loss being generated at the tip section of the
blade in the region of the casing’s boundary layer. The extension of
the stator casing platform acts beneficially.

The experimentally measured pitchwise mass-averaged relative
flow yaw angle is shown in Figure 9a for the cases with 14% cavity
volume reduction and in Figure 9b for the cases with 28% cavity
volume reduction. For the cases with 14% CVR the 14.1 case
exhibits a smaller tip passage vortex when compared to cases 14.0
and 14.2. The straight black line from 0.6 to 0.85 of the span
coincides with the designed metal exit angle of the rotor blade. For
the 28% CVR cases, cases 28.0 and 28.2 resemble each other, with
case 28.1 being different. The tip passage vortex in case 28.1 is
located at a lower span position compared to cases 28.0 and 28.2.
This also causes some disturbance in the flow underneath at 0.4

span.
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Fig. 8 Experimentally measured pitchwise mass-averaged total
pressure coefficient for the cases with 14% CVR (a) and the cases
with 28% CVR (b). Stator exit

In Figure 10, the computed radial velocity distribution is plotted
on a meridional plane at the exit of the stator and for h=0.95 till
h=1.18, for all cases examined in this study. The red colour
indicates upward fluid movement. The plot is for a time instant and
during inflow to the cavity. The 14% CVR cases are presented in
Figures 10a, 10b and 10c and the 28% CVR cases in Figures 10d,
10e and 10f. Secondary flow vectors are projected onto the plane.
White lines denote the flow path.

Great differences are present between the cases of axial and
radial CVR for the same volume. The ratio of axial to radial wall
length, presented in Table 4, has a direct impact on the vortex
formation inside the cavity. The vortex formed in the 14.0 case has
an ellipsoidal shape owing to the ratio of the cavity wall length.
The rectangular cavity shape with a ratio of axial to radial wall
length of 0.55 stretches the vortex in the radial direction. To the
contrary, the radial wall length reduction of cases 14.1 and 14.2
leads to the formation of a more circular vortex with its centre
located at a lower radial position compared to case 14.0. The radial
wall length reduction offers an efficiency improvement. The upper
15% of the cavity was dominated by the counter-rotating vortex
and fluid residing between the main cavity vortex and the wall. The
lowering of the upper axial wall by 14% in case 14.1 eliminated the
fluid that previously drifted between the cavity vortex and the
upper axial wall leading to extra losses.

Table. 4 Ratios of cavity’s axial to radial wall length

Case | 140 | 141142 | 280 | 28.1/28.2

ab | 055 | 077 | o044 | 09
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Even greater differences in efficiency are measured for the 28%
CVR group between the cases examined. The difference in the
ratio of the axial to radial cavity wall is apparent when comparing
case 28.0, which has a/b=0.44, with case 28.1 that has an a/b=0.9.
The almost square cavity shape provided an efficiency increase of
1.8% relative to the rectangular shape of case 28.0. As has been
presented in detail and discussed by Barmpalias et al. [24], the ratio
of a/b=0.44 eliminates the presence of the cavity vortex that
continuously and smoothly regulated the in and outflows and
strong radial jets dominated the cavity flow. These jets penetrate
the main flow, abruptly redirect the flow from an axial to a radial
direction and cause extensive mixing at the interaction zone. To the
contrary, the almost square cavity of case 28.1 provides a great
efficiency advantage. The drifting mass flow between the cavity
vortex and the wall is also not present. The vortex core has now
migrated to a lower span position, though still extending within the
cavity area. The lower end of the cavity vortex during outflow
reaches the interaction zone. The fluid that exits the inlet cavity is
already oriented in the axial direction and a smooth re-entry angle
is achieved. On the other hand, the rectangular cavity shape
demands a radial transport of the fluid inside the cavity, since the
cavity vortex is stretched and at a higher span location. In such a
case the fluid will intersect with the main flow and will be abruptly
re-directed to the axial direction, thus being a major source of loss
generation.

1
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Fig. 9 Experimentally measured pitchwise mass-averaged relative
flow yaw angle for the cases with 14% CVR (a) and the cases with
28% CVR (b). Rotor exit

The flow path inside the cavity plays a key role inside the
cavity. Nevertheless, the path of the mass flow that is to enter the
cavity is of great importance. The flow that exits the stator blade
passage and is within the upper 10% of the blade span is quick to
enter the cavity or interact with the cavity flows. Figure 11 shows a
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streamline that exits the stator and enters the cavity. The control
volume presented in Figure 11 is bordered by the axial planes
located at c=0 and c=1. For cases 14.0 and 28.0, the upstream
axial plane is taken at ¢=0.17 and ¢=0.34, respectively. The inner
surface was chosen to be at h=0.9. At this radial location the area
integration delivers a net radial mass flow of approximately 0.
The outer surface is at h=1.0, the interaction zone between the
cavity and main flows. The local pressure gradient across this
control volume is not sufficient to keep the flow at a constant
radius. Streamlines originating from the stator side enter the
cavity. There are three driving mechanisms that bend the
streamline upwards and inside the cavity: The radial pressure
gradient between the two radial locations, the sudden area
increase due to the cavity and the sucking of the leakage mass
flow. For the case under study, the radial equilibrium can be
simplified to

vl v’ __ 1w, F

r, r p or

1
pVConV

assuming that the mean streamline enters the control volume
axially. Using CFD computed values over the control volume a
representative streamline with an average meridian radius of
r.=13mm is calculated for all cases examined. For the cases with
radial wall length shortening, the streamline enters the cavity at
¢=0.8. This coincides with the CFD results in Figure 10, where
most of the inflow to the cavity takes place from ¢=0.8 to c=1.0.
For the cases with axial wall length reduction, as the streamline

. e. .
Fig. 10 CFD computed results of the inflow for cases (a) 14.0, (b) 14.1, (c) 14.2, (d) 28.0, (e) 28.1, and (f) 28.2. The simulations show a
meridional cut. The planes are colored with radial velocity and the secondary flow vectors are projected onto them. The flow paths are denoted
by white lines.
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f.

curvature remains unaltered the main inflow region is moved to a
more downstream position. The same streamline now impinges
on the inclined surface of the shroud and is abruptly redirected

h[]

o |~
N rc=13m2 I—Iu |’
BY%

1.0

0.9

T T
0 1.0 cl]

Fig. 11 Streamline curvature of the mean streamline that enters
the control volume bordered axially by planes at cavity inlet and
exit and radially at h=1 and h=0.9.

from the axial direction radially upwards, forming a strong jet.
Even though the overall mass flow leaking though the labyrinth
remains the same for all cases examined, the stronger jet formed
in cases 14.0 and 28.0 leads to greater mixing at the interaction
zone, therefore generating more losses.

In Figure 12, the radial sum mass flux at the cavity inlet from
¢=0.85 to c¢=1.0 is plotted where most of the inflow takes place.



The mass flux is axially summed over the last 15% of the cavity
inlet. As seen in Figure 12, the peak values for case 14.0 are
increased up to 60% and 66% compared to the 14.1 and 14.2
cases, respectively. The formation of a strong jet in case 14.0 in
the last 15% of the cavity inlet leads to increased mixing through
abrupt fluid flow re-direction, causing efficiency deficits
compared to the 14.1 and 14.2 cases. In Figure 12b, the radial
sum mass flux in the last 15% of the cavity inlet is presented for
the cases with 28% cavity volume reduction. Case 28.0 shows an

1x10'3

o
(2]

—14.2

mass flux [Kg/(m*sec)]
o

-1 -0.5 0 0.5
theta [°]
a.

o

mass flux [kg/(m*s)]

-1 -0.5 0 0.5 1 1.5 2

theta [°1
b

Fig. 12 Computed (steady CFD) mass flux at cavity inlet from
¢=0.85 till c=1 for the cases with (a) 14% CVR and (b) 28%
CVR. Data are axially summed

increase in peak values of 100% compared to the 28.1 and 28.2
cases. This leads to a considerable increase in the mixing and in
the flow disturbance and impacts negatively on efficiency for the
28.0 case.

ogx10®
@
e -1
2
=15
- }
[~
& -2
g —14.1
5 —14.2
281 0.2 0.4 0.5

0.3
theta [°]

Fig. 13 Computed (steady CFD) mass flux for cases 14.1 and
14.2 summed from c=0 to ¢=0.17 at the circumferential location
where the outflow from the cavity takes place.

The curvature introduced between the upper axial wall and the
downstream radial wall in cases 14.2 and 28.2 intensifies the
vortex of the cavity. Although designed to eliminate the counter-
rotating vortex of the upper right corner of the cavity and to assist
the flow re-direction from a radial to an axial direction, the
curvature does not act beneficially. The mass flow initially
trapped in the counter-rotating vortex is now circulating into the
main vortex of the cavity. Therefore, more mass flow is
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exchanged in the interaction zone between the cavity and main
flows and more mixing takes place. In Figure 13, the mass flux
from ¢=0 to ¢=0.17 axially averaged, is plotted for cases 14.1 and
14.2 during the outflow from the cavity. The peak values of the
outflow for case 14.2 are increased by 25% compared to case
14.1. This is owing to the mass flow that is re-directed axially
upstream and then radially downwards because of the rounding
of the upper right corner of the cavity. The situation is identical
in cases 28.1 and 28.2.

As already shown, the curvature introduced at the upper right
cavity corner increases the mass flow that is re-directed towards
the main cavity vortex. The flow that enters the cavity once it
reaches the upper axial wall will be re-directed left or right
(Figure 14a). A percentage of the mass flow that initially enters
the cavity is redirected left to the main cavity vortex. This mass
flow will later interact with the main flow at the interaction zone.
The remaining mass flow turns right to feed the counter-rotating
vortex. Part of the mass flow of the counter-rotating vortex will
escape through the cavity over the rotor. The left and right
vortexes are shown in Figure 14a. The graph in Figure 14b
presents the percentage of the flow that follows the left or the
right vortex. The data were taken from a z-0 plane at h=1.07, as
shown in Figure 14a. The rounding of the upper corner of the
14.2 and 28.2 cases redirects 13% and 8% more flow to the left
vortex compared to cases 14.1 and 28.1 respectively. The high
percentage of the right vortex for case 28.0 is due to the fact that
the toroidal cavity vortex has given its place to strong radially
moving jets that wash in and out of the cavity, as shown by
Barmpalias et al. [24]

he] Left Vortex  Right Vortex

o il |

1.07-
1 -
T T
0 1 c [']
a.
100%
W Left Vortex
80% B Right Vortex
60%
40%
20%
0%
14.0 141 14.2 28.0 281 282

b.
Fig. 14 Distribution of the flow between the left and the right
vortex on a z-0 plane at the radial height of h=1.07.

CONCLUSIONS

This paper examines the impact of the mixing process
occurring at the interaction zone between the cavity and main
flows. A series of experiments has been carried out to investigate



the influence on efficiency of six different rotor inlet cavity
designs that modify the cavity volume along with the length.
Experimental results were supported by computational analysis.
The initial cavity volume of the baseline case was reduced by
14% and 28%. This was achieved by extending either the upper
casing stator platform or through a radial wall length reduction.

In both the 14% and 28% groups the cases with radial wall
length reduction performed better. The radial wall length
reduction in the 14% case had an efficiency gain of 0.85%.
Following the same trend, the radial wall length reduction of
28%, (case28.1) showed an efficiency benefit of 1.7% compared
to case 28.0, the baseline case. This is due to the presence of the
strong radial jets that replaced the cavity vortex, causing extra
losses in case 28.0.

The additional curvature introduced in the upper right corner
of the cavity increased the efficiency by 0.15% in the 14% CVR
group, which is within the efficiency accuracy measurement of
the test facility. In the case of the 28% CVR group the efficiency
decreased by 0.7% owing to the increased mass flow that was
circulated by the cavity vortex and interacted with the main flow.
The additional mass flow originated from the mass flow that was
trapped in the counter-rotating vortex of the upper right corner.

This study suggests that the square shaped cavity performs
better than the rectangular cavity. Additionally, the presence of
corners inside the cavity is beneficial, as the mass flow trapped
does not interact with the main flow. Nevertheless, the turbine
designer has to account for all reasons responsible for creating
losses and balance them against each other.
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