Making Use of Labyrinth
Interaction Flow

It is the aim of this publication to attract the designers attention to the end wall flow
interactions of shrouded high pressure turbines. One of the key issues for designing better
turbines is the understanding of the flow interactions set up by the presence of labyrinth
seals. Those interaction flows are carefully examined in this publication using the control
volume analysis and the radial equilibrium of forces acting on streamlines. The conse-
quences on secondary flow development and mixing losses are discussed and quantified.
Out of this insight, design recommendations are derived, which attempt to make use of
the nature of the labyrinth interaction flow. The open labyrinth cavities are classified in a
systematic way. The aim of this approach is to work out the characteristic differences
between hub and tip cavities and those having a leakage jet or sucking main flow fluid
into the labyrinth. The influence on the main flow is discussed in terms of the incidence
flow angle of downstream blade rows and the associated loss production mechanisms.
The design strategies presented in this paper follow two paths: (a) Optimization of the
mixing losses of the leakage jets at hub and tip is estimated to result in an efficiency
increase of up to 0.2%. (b) The nonaxisymmetric shaping of the labyrinth interaction flow
path aims at the secondary flow control in downstream blade rows. This approach might
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contribute in the same magnitude of order as reduction in the mixing losses.
[DOL: 10.1115/1.2218571]

Introduction

Labyrinth leakage flow in shrouded turbines is looked upon as
an inherently detrimental effect and something which the designer
cannot avoid. One design recommendation is to minimize the
leakage flow through designing better labyrinth seals and to re-
duce the gap widths as much as possible. If heat transfer is an
issue as in a gas turbine the gap must allow enough leakage mass
flow in order to cool the turbine shrouds. The inlet to a labyrinth
and the exit including the leakage jet alter the flow field in turbine
end wall regions. This is of special significance in low aspect ratio
turbine stages where secondary flows are strong. The labyrinth
seal can be optimized for itself including mechanical limits and
through flow coefficients.

The subject of cavity interactions in turbines was initially ad-
dressed by Denton and Johnson [1]. However, it is only in recent
years that this subject attracted the attention of the turbomachin-
ery research community. Peters et al. [2] examined the effect of
gap size on the steady interaction between the leakage flow and
the secondary flow field of a subsequent stator in a 1.5 stage,
shrouded axial turbine. Hunter and Manwaring [3] reported about
two extra vortices generated in a downstream stator blade row.
Wallis et al. [4] observed that strong interactions are present in
open cavities of shrouded turbine blades. The following blade
rows were found to receive the tip flow at a negative incidence.
Cao et al. [5] report about an unsteady, incompressible flow phe-
nomenon affecting the interaction between the rim seal and main
annulus flows and not being related to the blade passing fre-
quency. Anker and Mayer [6] numerically investigated the leakage
interaction with the main flow and found that the tip leakage flow
is not uniform in the pitch-wise direction. Schlienger et al. [7]
changed the geometry of the labyrinth exit cavities by introducing
inserts and compared the effects on the main flow as well as on
the efficiency. These studies have focused mainly on the interac-
tion occurring in the main flow and following blade passages.
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However, as the origins of these interactions are open cavities,
an increased emphasis should be placed on the associated steady
and unsteady flow interactions within these cavities. From these
considerations the question arises: Is there any potential in im-
proving the overall performance of low aspect ratio, shrouded
turbines by looking at the combined system of main flow duct and
labyrinth seal? In that respect, the present publication attempts to
conclusively summarize and complete the work which already has
been published in [8,9]. It is the aim of this publication to give an
overview of labyrinth interaction effects occurring in shrouded
turbines with large inlet and exit cavities. Additionally, all open
cavities are treated in a systematic way and effects on the main
flow are discussed and quantified. Based on the detailed flow un-
derstanding, which was experimentally gained in a two stage,
shrouded, low speed turbine, new design features are derived for a
range of open cavities. With this step, design modifications are
proposed, which actually make use of the labyrinth interaction
flows.

Test Rig, Measurement Technology, and Data Set

The cavity interaction flow was investigated in the two-stage
low speed axial turbine “LISA.” The test rig is described in detail
in Sell et al. [10]. The main characteristics of the turbine are
summarized in Table 1.

The constant annulus of the turbine and the four blade rows are
depicted in Fig. 1. The stepped shrouds on the blades together
with three sealing fins form the labyrinth seal. The geometry un-
der investigation is similar to steam turbine applications, where
large inlet and exit cavities allow for axial displacement of the
rotor shaft due to thermal expansion of the rotor. Consequently,
the blade profiles are of a medium loaded type with 50% reaction
and leaned stator blades. The cylindrical coordinate system used
in this publication is indicated in Fig. 1. The results are presented
looking upstream as the observer indicates. The cavities are num-
bered for an easier identification in later discussions.

The measurement technology applied was a miniature five-hole
probe of 0.9 mm head diameter and a virtual four sensor probe of
0.84 mm head diameter. The accuracy of the five-hole probe read-
ings is discussed in detail in [11]. The corresponding error bars are
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Table 1 Main characteristics of the test turbine
Pressure ratio 1.32 Mass flow 9.86 kg/s
Max power 400 kW Turbine speed 2700 rpm
Tin]sl 40°C Pexit Ambient
Mach 0.1-0.4 Recyy 10°
n (rotor/stator) 42 Tip diameter 800 mm
Blade passing 1890 Hz Blade aspect ratio 1.8

given in the diagrams. In [12] the virtual four sensor probe is
described in detail. The advantages of this measurement technol-
ogy are:

(I) Very small head, minimizing blockage.

(2) Three-dimensional flow vector.

(3) Unsteady total and static pressure field.

(4) Temporal resolution of the flow field up to 25 kHz.

The results gained with the five-hole probe are considered to be
the time averaged picture. A comparison to the virtual four sensor
probe showed that this is a justifiable assumption ([12]).

A seal gap variation was performed covering two aspects:

(a)  The first gap variation of 1% blade height is close to the
range found in real applications and a realistic flow field
in terms of leakage jet strength and mixing can be ex-
pected.

As a second case, a smaller gap width of 0.3% blade
height was chosen to investigate the pure main flow to

cavity interaction in a more controlled approach.

(b)

The experiments were performed at a rotational speed of
2700 rpm and a mass flow of 9.86 kg/s. In real steam turbines the
fluid dynamic conditions are Re=3 X 10% and M=0.3 with a suc-
tion peak velocity of around M=0.8. Therefore, compressibility as
well as viscous effects are not fully modeled in this turbine. How-
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Table 2 Number of axial measurement planes: 1+17, 1 plane
time averaged, 71 plane time resolved

Cavity 1 2 3 4 2!
1% gap 1+1 1+0 1+1 1+1
0.3% gap 1+1 1+1 6+5 1+1

ever, as the velocity triangles and reduced frequencies match to an
actual stage, unsteady effects like vortex or potential field interac-
tions are comparable.

In Table 2 the number of axial measurement planes in each
cavity measured with the five-hole probe (time averaged) and
measured with the virtual four sensor probe (time resolved) are
listed. Most cavities are resolved with one measurement plane
containing roughly 350 measurement points. The single plane was
positioned in mid-axial gap position (Z=0.5). Cavity 4 was re-
solved with six time averaged and five time resolved measurement
planes in the 0.3% gap case having an average spacing of AZ
=0.15.

Experimental Results and Discussion
Cavity 2 (Outlet, Tip)

Pitch-Wise Mass Averaged Results. First, a short comparison
between the velocity fields of the 0.3% and 1% gap case of the
seal gap variation is given in Fig. 2. The diagram shows the pitch-
wise mass averaged tangential and axial velocity components. The
black bars indicate the errors of the five-hole probe measurement
chain. The error bars vary with radial height, since the error de-
pends on the flow angle and the Mach number. For the 0.3% gap
case the influence of the leakage jet onto the flow field at this
location is negligible. The weak jet mixes out quickly downstream
of the last seal and is not detected in the velocity profiles. In
contrast, the leakage jet in the 1% gap case alters considerably the
flow field due to its stronger mass and momentum flux. The leak-
age fluid can be localized in a radial band from R=1.03 to R
=1.07. For further investigations in this section the authors con-
centrate on the 1% gap case, where mixing and interaction flows
are more realistic than in the 0.3% gap case.

Rotor Relative, Time Averaged Results. The unsteady data sets
taken in cavity 2 are postprocessed to the time-averaged picture in
the relative frame of reference. The static pressure (3), the relative
Mach number (4), and the radial velocity component (5) were
chosen for display and discussion. The arrows indicate the sense
of rotation of the relative coordinate system. The curved dashed
line indicates the tip radius of the turbine blades. The shroud
trailing edge reaches from R=1 to R=1.06. The discussions of the
results within this section happen in the relative frame, if not

Fig. 1 Meridional cut of the test section
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Fig. 2 Pitch-wise mass averaged velocity profiles, cavity 2, Z=0.5: (a) tangential, (b) axial
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Fig. 3 Nondimensional static pressure C,,s time averaged, ro-
tor relative frame, Z=0.5

stated otherwise.

The static pressure distribution (Fig. 3) reveals the trailing edge
position of the rotor blade at ®,,=-0.3 (dashed line), where a
high static pressure is induced. The circumferential pressure varia-
tion from high to low pressure at ®,,=0.3 in the main flow region
is also seen in the cavity. A stripe of higher static pressure at the
radial position of the leakage jet (R=1.06) is found. The circum-
ferential variation at R=1.06 is such that a low pressure region
occurs at 0,;=0.38. In addition, the level of static pressure within
the cavity is on average ACp,=0.01 higher than in the main flow.
The circumferential static pressure distribution is imposed onto
the cavity flow by the blade to blade pressure field.

The M, distribution (Fig. 4) shows the rotor wake at O
=0.05 (dash-dotted line). The wake is convected into tangential
direction by A®,;=0.35 from the location of the trailing edge. On
the pressure side of the wake, a higher M, is detected than on the
suction side. Assuming a constant relative total pressure of the
rotor exit flow, this effect is induced by the static pressure field.

Closer to the tip radius the wake becomes wider. A band of
lower M, is found between R=1.03 and R=1.07, which corre-
sponds to the leakage jet position observed in Fig. 2. In a region
having its center at ®,,=0.2 and R=1.05, M, reaches a local
minimum of 0.24. The relative total pressure in the cavity is set up
by the leakage jet and distributed such that the local minimum in
velocity is found on the pressure side of the rotor wake. For this
circumferential distribution of the leakage fluid two reasons can
be provided: first, the momentum and kinetic energy distribution
of the leakage jet at the exit of the last seal and, second, the static
pressure field set up by the flow field in the main annulus includ-
ing the trailing edge pressure field.

Discussing the radial velocity component given in Fig. 5, addi-
tional details of the leakage interaction are found. The rotor wake
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Fig. 4 Relative Mach number M,;, time averaged, rotor relative
frame; Z=0.5
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Fig. 5 Nondimensional radial velocity component, time aver-
aged, rotor relative frame, Z=0.5

is indicated with the dashed line. The regions of large negative
radial velocities v,=-0.15 (red) are not considered for discussion.
The reason for this is the fact that the error in the results for the
virtual four sensor probe rapidly rises for absolute Mach numbers
lower than 0.06. The gray shaded symbols at R=1 indicate a band
of radial positions where the absolute Mach number falls from 0.1
to below 0.06. This deficit of absolute velocity corresponds to the
wake of the shroud. The radial velocity is negative within the
region of the leakage jet (R=1.06) having a minimum radial ve-
locity of v,=-0.09 at the circumferential position of the wake.
This value is of the same order of magnitude as the radial velocity
within the wake itself (v,=—0.08). The leakage fluid moves out of
the cavity mainly below the wake position, filling up the area of
lower relative kinetic energy of the wake.

Leakage to Main Flow Interaction. The basic components of
the leakage jet to main flow interaction found in the 1% gap case
in cavity 2 comprise three points:

(1) Leakage fluid migrates into the rotor wake causing the
leakage streamlines to contract into the wake area. The ra-
dial migration of the leakage fluid leads to a broadening of
the wake in the vicinity of the blade tip. The wake seems to
attract low kinetic energy fluid.

(2) The potential field of the rotor trailing edge divides the
leakage sheet into distinct jets. Figure 6(a) shows the time
averaged relative velocity triangles within the relative
frame of reference for the first rotor exit flow field (cavity
2). It represents the velocity vectors found with two cuts in
4, one at R=0.91 and the other at R=1.06. The upper vec-
tors represent the leakage jet (R=1.06) and the lower one
the main flow at R=0.91. Note that the base of the velocity
vector is representing the location of the circumferential
coordinate. The arrow represents 100% of the shroud rim
speed. The circles point out the base of velocity vectors,
which are facing the trailing edge position of the rotor
0,,=-0.25. The leakage mass flow is redistributed from a
homogeneous distribution within the last gap. A maximum
of leakage mass flow is found in the mid position between
the trailing edges where it forms a distinct jet (see the dot-
ted ellipse). The main flow is much less affected by the
trailing edge pressure field than the leakage jet. The main
flow vectors reveal the wake of the rotor blade.

(3) The potential field of the stator leading edge three-
dimensionally redistributes the flow field in the absolute
frame of reference. This effect is visualized in Fig. 6(b),
which presents the circumferential distribution of the abso-
lute velocity triangles in the stator frame of reference for
the 1% gap case. The diagram depicts the velocity vectors
of the leakage fluid in the upper part and the velocity vec-
tors of the main flow at R=0.9 in the lower part. The ve-
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Fig. 6 Time averaged velocity triangles, cavity 2: (a) relative
frame, (b) absolute frame

locity arrow represents 20% of the shroud rotational speed.
The leading edge position of the stator is obvious in the
downstream flow field of the first rotor (cavity 2), where it
causes a deviation of streamlines. The circles point out the

wake

base of velocity vectors, which are facing the leading edge
position of the stator at @, =-0.22. Downstream of the
second rotor (cavity 2') this effect is not present and the
velocity vectors of the leakage jet are constant around the
circumference (not shown in a diagram).

These observations are brought together in a descriptive flow
model given in Fig. 7(a). The arrows indicate the rotor passage
vortex, the radial migration within the wake, and the tangential
redistribution of the leakage mass flow (red) due to the rotor trail-
ing edge pressure field. The gray shaded area corresponds to the
higher leakage mass flow and the blue ellipse marks the area of
the radial movement of the leakage fluid out of the cavity into the
wake.

Mixing Calculation. At this stage of investigation it is of inter-
est to know the losses generated by the leakage jet mixing with
the main flow. Since the mixing is a three-dimensional process,
the authors propose a two-step mixing approach in order to cap-
ture pitch-periodic effects. From the experimental results, it is
known that the radial movement of the leakage fluid (Fig. 5) out
of the cavity occurs prior to the full mixing of the two streams. In
this radial movement different flow qualities do interfere due to
the fact that the flow is nonaxisymmetric (wake, leakage mass
distribution). Therefore, the mixing process is modeled in two
steps as indicated in Figs. 7(b)-7(d):

(1) The idealized flow field shown in Fig. 7(b) is describing the
situation depicted in Fig. 7(a). Two areas represent the
leakage and main flow each having its proper tangential
variation in velocity triangles. The first mixing step is per-
formed under constant area for each of the 20 circumferen-
tial sections of the blade pitch (Figs. 7(b) and 7(c)).

(2) The second step is performed mixing all 20 stripes to the
final mixed out situation (Figs. 7(c) and 7(d)).

The boundary conditions for this mixing calculation are given
in Table 3. The inner radius of the mixing domain R; was set to
0.72 such that the loss core of the stator is covered. This implies
that the mixing of the leakage jet with the main flow will be
restricted to the end wall region rather than mixing with fluid at
the hub. The outer radius R, was adjusted to the leakage to main
mass flow ratio. From the measurement with FRAP probes one

Fig. 7 (a) Rotor relative descriptive flow model, (b)—(d) two-step mixing calcu-

lation of leakage and main flow
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Table 3 Boundary conditions for mixing calculation

Ry-R [-] T3 [°C] p [kPa] sy i [9%]
0.028 Jet: 34.7 11.0 1.39
Main: 33.3

also gains the time averaged total temperature of main and cavity
flow. The leakage jet was found to have a 1.4°C higher relative
total temperature than the main flow.

The mixing losses are expressed in terms of entropy rise as
calculated with the entropy equation

As=c,in 2 RIn 2 (1)
T, P2

The indices refer to the stagnation values of temperature and
pressure at the inlet and exit of the stage. The values of entropy
are nondimensionalized using the stage losses as derived from the
performance measurements (see Table 4). The mixing of the leak-
age jet downstream of the first stage generated 6.7% of the stage
losses, where on average 22% of the loss is contributed by the

mixing of different total temperature streams.

Cavity 3 (Outlet, Hub). In Fig. 8 the pitch-wise mass averaged
results are presented and a comparison of the 0.3% and 1% gap
case is given. The velocity components are made nondimensional
with the rotor hub speed. The total pressure of the cavity flow

Table 4 Mixing losses of cavity 2, contribution of temperature
term to entropy generation

P ix [% stage loss] AS/AS [%]

1% gap 6.7 22
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depends strongly on the gap width. A larger gap decreases the
total pressure which is in conjunction with a lower tangential ve-
locity component. A reason for this could be that the higher leak-
age mass flow in the 1% gap case has not fully adjusted to the
circumferential speed of the rotor hub cavities. In the 0.3% gap
case the tangential velocity in the cavity is much closer to the hub
velocity. The axial velocity component (Fig. 8(b)) shows a mass
deficit around R=0.05 in the 1% gap case and a higher axial
velocity at R=—0.08. The first is caused by the higher mass flow
being sucked into the inlet cavity, the latter is due to the stronger
leakage mass flow. The point of zero through flow v =0 is located
at R=-0.12.

Surprisingly, the radial velocity components (Fig. 8(d)) show
mostly negative values. The radial migration of flow under the
radial static pressure gradient is one explanation for the main flow
region. However, the leakage mass flow was expected to show on
average positive radial velocity components since the leakage
mass flow has to leave the cavity at some point. In the circumfer-
ential mass averaged diagram this seems to happen further down-
stream, e.g., at Z=0.8. A stronger outflow between Z=0.8 and 1
would also explain the difference in radial velocity component at
R=0.05 between the two gap cases. The main flow streamlines at
this point (Z=0.5, R=0.05) would see a greater blockage at the
rotor hub, causing the streamlines to bend into the main flow
again (Av,>0).

The velocity triangles of the leakage (R=-0.08) and the main
flow (R=0.2) for both gaps are compared in Fig. 9. From this, the
rotor hub region can expect a negative incidence around AB=
=70 deg. This large value might decrease, if the leakage flow
passes the exit corner of the cavity, where the fluid is accelerated
and deviated into stream-wise direction.

Figure 10 presents the total pressure and the radial velocity
component distribution at Z=0.5 of the 1% gap case. The thick
dashed line represents the hub radius of the blades. The thin
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Fig. 8 Pitch-wise mass-averaged, Z=0.5: (a) total pressure, (b) axial, (c) tangential, (d) radial velocity

components
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Fig. 9 Pitch-wise mass-averaged velocity triangles, Z=0.5: (a)
0.3% gap, (b) 1% gap

dashed lines are indicating the stator trailing edges which also go
along with a high static pressure region. The dash dotted line
highlights the position of the wake. The loss core is small since
the incoming boundary layer is sucked away at the hub inlet cav-
ity. The wavy flow structure between the main and the cavity flow
is showing a distinct inflow jet on the pressure side of the wake
similar to what was found for cavity 4 in [9]. Below the wake
position (®=0.25) the radial velocity becomes positive. This is
also the region where most of the leakage flow will leave the
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Fig. 10 Downstream stator 2, 1% gap case, Z=0.5: (a) total
pressure, (b) radial velocity component
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Stator hub @
)
Fig. 11 Flow model for cavity 3

cavity further downstream.

From these observations a short descriptive flow model can be
given for this cavity (Fig. 11). The thin lines indicate dividing
stream lines. The static pressure field set up by the high swirl and
the stator trailing edges is expanding into the cavity. This has two
consequences:

(1) The leakage flow is rather pushed into the cavity rolling up
into a toroidal vortex, than moving out of the cavity imme-
diately at Z=0.1. The outflow happens further downstream
around Z=0.9.

(2) The three-dimensional pressure field redistributes the leak-
age mass flow such that most of it will leave the cavity at a
certain circumferential position relative to the stator leading
edge. Due to the convection of the wake into tangential
direction both locations (wake and outflow) might coincide
(e.g., at ©@=0).

Cavity 4 (Inlet, Tip). In an earlier publication, Pfau et al. [9]
described the vortical flow structure in the inlet cavity (cavity 4)
as in- and outflows set up by the stator flow field. A toroidal
vortex was observed moving at high tangential velocity (83% of
rotor speed). This toroidal vortex was discovered to be subject to
unsteady vortex stretching. In this publication further details and
quantification of the flow are presented.

Results on the Interface Surface. The interface surface between
the cavity and the main flow is defined as a cylindrical surface
with R=1. In the absolute frame of reference the radial velocity
distribution shows the location of in- and outflows set up by the
stator flow field as presented in Fig. 12(a). At the axial position
Z=0.5 a comparison between the two gap cases is given in Fig.
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Fig. 12 Radial velocity component, absolute frame: (a) inter-
face surface, R=1, 0.3% gap, (b) Z=0.5, 0.3% and 1% gap
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Fig. 13 Relative frame: (a) Radial velocity component, 0.3%
gap, R=1, (b) relative stream-wise vorticity, Z=0.83

12(b). The shape of the circumferential distribution of the radial
velocity component is the same, but the level is shifted according
to the bigger leakage mass flow being sucked into the cavity for
the 1% gap case. The inflow region with positive radial velocity
component is obvious. The corresponding fluid stems from the
pressure side corner of the stator passage, as described in [9].
Within the relative frame the radial velocity distribution given
in Fig. 13(a) shows the upstream effect of the rotor passage. The
isoline of zero radial velocity is indicated with a dashed line. On
the pressure side of the rotor passage fluid is pushed into the
cavity, while it is sucked out on the suction side. This interaction
process is an additional contributor to the torque balance of the
cavity, which will be discussed in the following section. Further-
more, it alters the inflow condition to the rotor end wall region
considerably. For the discussion of this effect Fig. 13(b) shows the
relative stream-wise vorticity distribution time averaged in the
rotor relative frame of reference. The dashed line indicates the
zero radial velocity isoline. The arrows indicate that negative
stream-wise vorticity is sucked into the rotor passage on the suc-
tion side. This fluid has the same rotational direction as the rotor
passage vortex which develops further downstream in the passage.

Mass and Momentum Exchange

Time averaged (absolute frame). The mass and momentum ex-
change due to the interaction of the main flow with the open inlet
cavity is investigated using the control volume as shown in Fig.
14(a) and an integration tool. The integration tool uses linear in-
terpolation within the measurement grid. Each time step is evalu-
ated in a quasisteady way. Nonslip conditions at the stationary and
rotating walls are applied. The region between the nearest mea-
surement point to the point on the wall is linearly interpolated.
The integration can be performed on surfaces of constant radii,
constant axial, or circumferential position. In circumferential di-
rection, pitch-periodic conditions are assumed. The boundary con-
ditions on the inlet and exit axial plane Z=0 and Z=1 are set to
the measurement values of the closest measurement plane.

The outer surface at R=1 represents the interface between main
and cavity flow. The inner surface was chosen to R=0.91. At this
radial location the area integration of constant radius delivers a net
radial mass flow of approximately 0. For R>0.91 this integration
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Fig. 14 Control volume for mass and momentum integration:
(a) measurement grid, (b) external forces on control volume F,,
F; radius of average streamline curvature

becomes positive, for R <0.91 negative. Therefore, R=0.91 is in-
terpreted as a dividing stream surface: Below R=0.91, the nega-
tive radial migration of the main flow dominates, above R=0.91
the flow field is affected by sucking mass into the cavity.

The results of the integration are given in Table 5 representing
the full annulus. Fluxes out of the control volume are counted
positive and external forces on the control volume are calculated.
In tangential direction the momentum flux is expressed as torque.

Considering first the sum of mass flows and fluxes in the last
row of Table 5, continuity is preserved within 11 g/s, which is
0.1% of the main mass flow. The sum of the momentum fluxes is
positive in radial and negative in axial direction. Sucking mass
flow into the cavity reduces the axial momentum in the end wall
region, since some of the incoming axial momentum is trans-
formed into radial momentum. In tangential direction, the sum is
close to 0, since no external forces act in this direction. The com-
ponents of the external force acting on the control volume are
depicted in Fig. 14(b).

The mass flow passing through the control volume amounts to
6% of the main mass flow. The assumption n13=0 is met to within
0.02% of the main mass flow. The net mass flow at surface 4
compares well to the leakage mass flow, which was evaluated to
37 g/s. Associated to the inflow into the cavity at surface 4 is the
transport of a torque of 1.8 Nm.

The local radial pressure gradient across this control volume is
not sufficient to keep the flow on a constant radius. Streamlines
from the stator pressure side corner enter the cavity. This effect
arises from the presence of a sudden area increase due to the
cavity and from the sucking of the leakage mass flow. The radial
equilibrium of forces acting on a circular motion is given by

)

. . U? U ldp F,
v siny+—cosy——=———+—
dz r r por pV

Z

where 7, denotes the radius of the streamline in the meridian
plane. The first term describes the radial acceleration along the
streamline. The second term is the radial component of the cen-
tripetal acceleration due to the meridian curvature. The third term
on the left-hand side represents the centripetal acceleration di-
rected radially inward due to the main swirling flow. These three
terms are balanced by the radial pressure gradient and the radial

Table 5 Control volume integration according to Fig. 14(a):
mass flow and momentum fluxes on the full annulus

Surface i m; [g/s] F,. [N] T; [Nm] F;. [N]
1 (in) 606 0.5 242 -17.1
2 (out) 562 1.8 223 142
3 (in) 2 0.4 -0.2 -0.2
4 (out) _35 0.4 1.8 0.6
Sum 11 3.1 —0.3 24
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Table 6 Mass and momentum fluxes across surface 4, abso-
lute frame

Table 7 Mass and momentum fluxes across surface 4, rotor
relative

Surface i m; [g/s] F,. [N] T; [Nm] F;. [N] Surface i m; [g/s] F, [N] T; [Nm] F;. [N]
4 (in, v,>0) 127 0.9 5.1 1.5 4 (in, v,>0) 148 1.6 L1 14
4 (out, v,<0) -92 -0.5 -33 -0.9 4 (out, v,<0) -110 -0.6 -1.3 -0.9
Sum 35 0.4 1.8 0.6 Sum 38 1.0 —0.2 0.5

external force. In this case, Eq. (2) can be simplified with the help
of the experimentally based assumption that the pitch angle of the
initial streamlines in surface 1 of Fig. 14(a) is approximately zero
which leads to
v_?vé)z_l&_p+i (3)
por pVey
The unknown in this equation is r,. All other terms can be
derived out of the measurement volume. The second term on the
left-hand side is evaluated in taking the arithmetic average of all
values within the control volume according to

r, r

2 2
Vo _ Voijk )
r rijk

A representative radial pressure gradient is found in taking the
pressure difference of each opposing pair of grid points, which lay
on surfaces 3 and 4. These local pressure differences are arith-
metically averaged. The external radial force is taken from Table
5. An average v, on surface 1 can be given to 19% of shroud rim
speed. From this approach a representative streamline with an
average meridian radius of r,=26 mm is calculated. The stream-
line is included in Fig. 14(b) as a dotted circular arc starting at
mid-radial height of surface 1 with an assumed pitch angle y=0.
The inflow of surface 1 connects well to the area around Z=0.8 of
surface 4, where most of the inflow to the cavity happens (see also
Fig. 12(a)).

The axial component of the external force F, (Table 5) is the
result of a static pressure increase across the cavity. To verify this
assumption a pressure force integration was performed taking the
measured static pressure at surfaces 1 and 2. The force calculated
with the pressure difference becomes —2.6 N, which compares
well to the control volume integration. Across the cavity opening
a positive axial pressure gradient is observed. The same procedure
applied to the main flow region (R<<0.91) results in a negative
axial pressure gradient as expected.

Additional insight could be gained by observing the quantities
associated to the in- and outflows across surface 4, which are
summarized in Table 6. As much as four times of the leakage mass
flow enters the cavity and convects up to 5 Nm of torque, 0.9 N of
radial momentum flux, and 1.5 N of axial momentum flux. The
outflow of roughly three times the leakage mass flow conveys less
momentum in all three components. However, the major contri-
bution to the radial and axial momentum balance of the control
volume are found in surfaces 1 and 2.

Time averaged (rotor relative frame). The associated fluxes to
the in- and outflow generated by the rotor pressure field are dis-
cussed in this section. To do so, the surface integration of surface
4 in Fig. 14 was performed in the relative frame of reference. The
radial velocity distribution of this surface is presented in Fig.
13(a). In comparison to Fig. 12(a), the results are restricted to five
axial positions, which reduces the area covered by experimental
results. The integration results are shown in Table 7. The mass
flow integration compares well to the results in Table 6 because
the time averaged radial velocity components were adjusted to the
five-hole probe results. The radial component of momentum
fluxes is larger than in the stator relative flow field. The axial
component of the momentum fluxes compares well to the results
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in the absolute frame of reference. The important result here is
that the rotor in time average extracts torque from the cavity, since
the sum of in- and outflows is negative.

Systematic Classification of Open Cavities

Characteristics of Open Cavities. There are three characteris-
tics in which the open cavities differ (see also Table 8):

(1) The strength of the radial pressure gradient at the interface
surface due to the swirling main flow: Downstream of the stator
the swirl angle is constantly high inducing a much stronger radial
pressure gradient (dCp,/dR=0.02) than downstream of the rotor
(dCpy/dR=0.004). The exit flow of the rotor depends on the
power extraction in which the stage is working. In the case of
medium loaded stages the exit swirl of the rotor is small.

(1I) The location at hub or tip: Radial pressure gradients are
pointing either out of the cavity as is the case at the tip or pointing
into the cavity as at the hub. Low kinetic energy fluid migrates on
lower radii according to the pressure gradient than fluid of higher
kinetic energy. Therefore, the leakage fluid in cavity 3 under the
influence of the radial pressure gradient set up in the main flow
region moves closer to the hub with negative radial velocity, thus
forming the toroidal vortex there. The center of the vortex is
found at R=-0.12. At the tip, the low kinetic energy fluid within
the cavity is sucked out of the cavity, such that the center of the
toroidal vortex in cavity 4 moves toward lower radii (R=1.06) and
the vortical flow is observed at the interface surface (R=1).

(II) The leakage jet: The leakage jet in the exit cavities adds
fluxes of axial and tangential momentum to the cavity flow. In
addition, the mixing of the jet is a loss production mechanism.
The leakage mass flow does no work to the rotor. This causes a
higher total temperature of the leakage flow than the main flow
downstream of the rotor. Downstream of the stator the total tem-
perature of both fluxes is the same. Within the inlet cavities no jet
is present, but end wall fluid is sucked into the labyrinth seal.
Thus, the inlet cavity acts as a sink of axial and tangential mo-
mentum.

Table 8 Characteristics of open cavities in turbines

Swirl Position Jet Incidence Loss production
No. I I 111 a) b)
1 - Hub - Aa=0 deg Sucking of BL at hub,
sucking smaller hub loss core and
secondary flows in rotor
passage
2 Tip T9>T7° Aa=-30 deg Mixing of the jet with
e cavity and main flow
Jet increases. BL-
thickness
3 ++ Hub T0=7° AB=-70 deg Mixing of the jet with
e cavity and main flow
Secondary flow
development in rotor
passage
4 ++ Tip - AB=-7 deg  Vortex stretching, wall
sucking friction in cavity

Secondary flow
development in rotor
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Fig. 15 Rotor relative descriptive flow model and two-step
mixing calculation of leakage and main flow

Influence on Main Flow and Performance. Each of the open
cavities differs in their influence on the main flow and the perfor-
mance of the machine. The effects discussed here are the change
of incidence and the loss production mechanisms induced by the
corresponding cavity (Table 8).

(a) Incidence angle to the end wall regions of downstream
blade rows: The leakage jet in cavities 2 and 3 causes a negative
incidence due to the mismatch of the velocity triangles. At the
inlet to the downstream blade row the incidence angles at the end
wall regions are of the order of —30 deg and —70 deg. Cavity 4
induces negative incidence via sucking of circumferential momen-
tum. Evaluating the flow with the help of a control volume analy-
sis and further modeling the flow predicts an incidence angle of
—7 deg for the 1% gap case. Cavity 1 is estimated to induce no
incidence since the exit flow of the rotor, which is sucked into the
hub labyrinth, has no circumferential momentum.

(b) Loss production mechanisms: Sucking of boundary layer
fluid at cavity 1 can be beneficial, since a thinner boundary layer
enters the stator hub and thus less secondary flow is generated. In
cavity 4 the effect of sucking may be less beneficial since the
cavity is pressure loaded and interaction mass flows of up to four
times the leakage mass flow do leave the cavity again. These
interaction outflows then enter into the rotor tip region enhancing
the secondary flow development with a sheet of positive stream-
wise vorticity at the suction side of the rotor passage (see Fig.
13(b)). In addition cavity 4 contributes to the loss production via
vortex stretching and enhanced wall friction due to the toroidal
vortex system. In cavities 2 and 3 the leakage jet mixes with the
cavity and main flow in addition to generating strong negative
incidences to the downstream blade rows.

Design Proposals

In this section the gained flow understanding is used to propose
design changes and to quantify a beneficial effect if possible.

Cavity 2. The approach for cavity 2 is to optimize the leakage
mixing process. As reported in the previous section, 6.7% of the
stage losses are attributable to the mixing. In a further step of
investigation the mixing calculation model was used to investigate
three cases of leakage mass distribution. The cases are visualized
in Fig. 15. The upper distribution of velocity vectors belongs to
the experimentally found situation.

Case 1: Homogeneous distribution of velocity vectors.

Case 2: Mirrored at 0,,=0.

Case 3: Most of the leakage mass flow into the rotor wake.

By varying the leakage vector distribution the leakage mass
flow as well as the momentum fluxes were kept constant. From
this approach, an improvement of 0.1% in efficiency is predicted
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Fig. 16 Nonaxisymmetric shroud design in cavity 2: (a) up-
stream view of the last sealing gap, (b) side view

for cases 1 and 3 in comparison to the experiment. Case 2 does
not show improvements. In case 1, downstream blade rows re-
ceive a more homogeneous inflow, which is in accordance to
Dawes’ comment about design goals in end wall regions [13].
Case 3 seems to be beneficial, since feeding the leakage flow into
the wake reduces nonuniformity in the main flow and therefore
reduces the mixing contribution in step 2 of the mixing model.
Despite the rough assumptions applied to the mixing model, the
results do indicate possible improvements.

In order to achieve a leakage jet distribution similar to case 3, a
design modification for a nonaxisymmetric shroud contour is pro-
posed, as shown in Fig. 16. The gap variation around the circum-
ference varies between completely closed at mid-pitch and open at
the rotor trailing edge position. The gap area is kept the same as in
the 1% gap case. The leakage mass flow passing through the seal
gap below the trailing edge will end up mixing with the rotor
wake, when the leakage fluid leaves the cavity. Thus the leakage
flow is used to reduce nonuniformities in the end wall region of
the turbine.

The design of the nonaxisymmetric gap depends on the re-entry
behavior of the leakage flow. A simple model is proposed to de-
scribe the circumferential position of the maximum gap relative to
the rotor trailing edge (A®, ;) as depicted in Fig. 17. The model
uses three parameters:

(1) The characteristic length scale of the problem is the axial
gap width of the exit cavity z.,,.

(2) The average relative flow angle of the leakage flow from
last seal gap to the re-entry into main flow ;.

(3) The relative flow angle of the main flow at the rotor tip SB;.

In addition, the designer has to define the location along the
convective path of the wake, where it is desirable to let the leak-
age flow interact with the wake (wake window). These parameters
combine to the nondimensional circumferential position of the
maximum gap of

Oric = ~(tan Br— 1.3 tan B) 5)
P

< =
Bl e, il Wake
~ ~ .
2 cav S S<X\_Wwindow

Fig. 17 Simple model for shroud design
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Fig. 18 Nonaxisymmetric shroud and cavity design, cavity 3:
(a) upstream view, Z=0.5, (b) side view with nonaxisymmetric
insert

The local blade pitch is denoted with p. The factor 1.3 describes
the geometric fact of this configuration, that the leakage jet starts
at a more upstream axial position than the wake (seal gap position
versus trailing edge position). For this test case and cavity the
position for the maximum gap results in 0 ;=0.05, which is
very close to the trailing edge position.

Cavity 3. In cavity 3, the same principal as described above for
cavity 2 can be applied. Thus a more uniform flow distribution
would be generated at the inlet to the rotor hub and the leakage
mixing losses would be reduced. As reported in [7], inserts into
the exit cavities were investigated preventing the toroidal vortex
to develop and guiding the leakage flow back into the main flow.
The upstream effect of the rotor passage onto the leakage flow and
distribution on the incoming vorticity field has been shown in the
experimental results for cavity 4. In order to control the mixing
and the re-entry of the leakage flow at the hub the authors propose
to extend the idea of nonaxisymmetric end wall contouring as
described, e.g., in [14] or in [15] into the exit cavity and combine
it with the nonaxisymmetric design of the shroud trailing edge and
last seal gap. The resulting design is depicted in Fig. 18. The gap
shape is highlighted in green. The maximum gap is shifted to the
suction side of the stator passage. Thus the leakage flow can be
expected to reenter into the main duct at the circumferential posi-
tion of the stator wake.

Using the approach presented for cavity 2, an equation for the
hub exit cavity can be given

Zca
®G =

~(1.3 tan a; — tan ay) (6)

Taking an average flow angle of the leakage fluid of «a;
=75 deg and the swirl angle at the hub ay=67.5 deg, this results
in a circumferential position of the maximum gap of ©5;=0.8,
relative to the stator trailing edge position. The underlying as-
sumption is that the average flow angle of the leakage «; remains
the same with the inserts. The beneficial effect will be of the same
order as in cavity 2, i.e., around 0.1% absolute turbine efficiency.

The nonaxisymmetric insert is designed such that the leakage
flow is guided into the rotor passage in a favorable way. The
design shifts the incoming leakage fluid onto the suction side of
the rotor passage. This aims at two effects:

(1) The leakage fluid is found on the suction side, thus the
secondary flow development in the passage due to the
movement of the low kinetic energy fluid in the cross pas-
sage pressure gradient is reduced. Wall shear stresses at the
end wall due to the development of a new boundary layer
could be reduced.

(2) The distribution of the leakage fluid to the suction side
reduces the likelihood of a separation bubble at the pressure
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Fig. 19 Shroud leading edge design for reduced rotor passage
to cavity flow interaction

side of the rotor leading edge due to the strong negative
incidence of the leakage flow. Instead of leakage fluid, a
thin boundary layer of main flow fluid is hitting the rotor
leading edge at the correct angle of attack.

Cavity 4. The inlet cavity to the rotor tip labyrinth seal is
subject to large in- and outflows as described in detail in [9].
Three approaches will be discussed, which are considered to be
favorable in terms of loss production and reduction of unsteady
interaction and secondary flows.

(1) Nonaxisymmetric end wall contouring in the stator passage
is a promising tool to reduce secondary losses as reported in [16].
This approach has the potential to reduce the inflow and outflow
due to the end wall curvature. Applied to the inlet cavity this
would mean that the end wall on the pressure side would have to
be convex. The induced static pressure drop would provide the
fluid in the pressure side corner with additional kinetic energy.
Thus the fluid particles tend to penetrate less into the cavity. The
same target can be followed by introducing a local lean to the
stator trailing edge, which would cause a local load increase. The
pressure side corner fluid then would experience an additional
radial force due to the imposed local static pressure gradient. A
larger radius of streamline curvature is resulting from this and less
amount of fluid is penetrating into the cavity.

(2) The lip on the stator side of the cavity, as depicted in Fig.
19, is designed to reduce the circumferential wake as found in [9]
and to turn the fluid at the edge of the toroidal vortex into axial
direction. The static pressure gradients originating from the stator
trailing edge and acting on the interaction zone are reduced due to
the potential field decay.

(3) The shroud leading edge depicted in Fig. 19 is designed to
reduce the interaction flow across the cavity-to-main flow inter-
face. One expected effect would be that the radial velocity distri-
bution as presented in Fig. 13(a) is more homogeneous and the
peak radial velocities are reduced. On the pressure side of the
rotor passage the shroud leading edge is positioned at a higher
radius than on the suction side. The effect of this is that stream-
lines of a lower curvature are entering on the pressure side. Less
fluid is pushed into the cavity at this point. On the suction side,
the cavity fluid has to reach lower radii in order to be sucked into
the rotor passage. In terms of streamline curvature, more fluid is
pushed into the cavity at the suction side than on the pressure side.

The design modification described above with the help of Fig.
19 can be inverted, i.e., it is the goal to enhance the interaction
flow such that the inlet stream-wise vorticity distribution as found
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in Fig. 13(b) would show a higher value at the suction side to the
rotor tip inlet. Consequently, the rotor passage vortex would in-
crease its strength and change position. At first glance, this might
not be a beneficial effect. But considering a designer’s need to
increase the rotor tip passage vortex in order to compensate in-
coming or downstream vorticity of the opposite sign (vortex in-
teraction), this might be the correct approach.

Conclusions

Detailed flow understanding is the key issue to further push the
edge of the aerodynamic performance of state-of-the-art turbines.
This paper presented a systematic investigation and description of
the influence of large open cavities on the end wall flow region of
shrouded axial turbines. This is of particular interest to low aspect
ratio, high pressure stages, where secondary flows are significant.
From the flow understanding design modifications have been de-
duced. Based on the quantitative prediction of the beneficial effect
for one design modification, an optimum design suggests a poten-
tial of 0.2%—0.5% on the overall turbine efficiency. This gain can
be made through applying and optimizing all the above-described
design modifications. The basic idea is to introduce a new degree
of freedom into the shroud and cavity design: the nonaxisymmet-
ric shape. These modifications make use of the nature of the laby-
rinth interaction flows. Secondary flow development in down-
stream blade rows can be actively changed and the leakage fluid
can be actively distributed. Secondary flow development within
the blade rows as well as mixing losses should be optimized with
the leakage flow development aiming at better turbine efficiency.
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Nomenclature
r, 6, z = cylindrical coordinate system
g = radial gap width in % of blade height
h = blade height, 90 mm
= axial cavity width, 15 mm
numbers of blades, 42
Sfolage = blade passing frequency
Mach number
static, total pressure
= local blade pitch, 27r/42
= mixing loss in % of stage loss
= nondimensional radial height r—ryyp/ rrip =y
= Reynolds number
= specific entropy
= blade passing period 1/fpjaqc
static, total temperature
= local blade speed
= volume
= nondimensional axial distance z/z.,,
= nondimensional velocity u;,./ U
= nondimensional pressure
Cp =Plocal _pslat,out/ptotal,in ~ Pstat,out
a = absolute yaw angle
B = relative flow angle
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v = pitch angle
Q = nondimensional vorticity ®/(47fpjade)
® = nondimensional circumferential position 6/p
Indices
G = maximum gap position
H = hub
i = inner
L = leakage jet
o = outer
rel = relative system
r, 6, z = corresponding components in the coordinate
system
T = tip
0,2 = inlet, exit condition of the turbine
Abbreviations
TCO03 = 0.3% seal gap case (g=0.3%)
TCl = 1% gap case (g=1%)
FRAP = fast response aerodynamic probe
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