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Abstract

This paper presents results of numerical examination of flow through over-shroud seals of turbine stages. Various
labyrinth seals of different configurations and number of sealing teeth were considered. It was demonstrated
that results of investigations of isolated seals cannot be directly used for analyzing turbine stage operation. Such
approach may lead to relatively large errors in determining value of aerodynamic force and direction of its action.
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Introduction

Turbine rotor often moves along a complex trajectory
during operation, usually it is displaced by the eccentricity
e relative to turbine cylinder centre, it changes its
logitudinal position a, and its axis can be situated aslant
relative to cylinder axis, forming with it the angle ¢
(Fig.1). This results in circumferential and axial change of
clearance in turbine stage seals (over-shroud ones as well
as external glands), that in turn causes that distribution of
flow both in seals and grids of blades becomes no longer
circularly symmetrical. Unbalanced aerodynamic forces
appear (called blade-ring forces if occur in passages of
grid of blades, and pressure forces if in seals). The forces
can lead to self-excited vibrations of turbine rotors and
-in some cases -prevent turbine form developing its rated
power.

For more than fifty years the phenomenon has been
investigated in many research centres worldwide. Many
results of experimental, theoretical and numerical
investigations have been so far published. In the
beginning, analyses based on the so called ,,bulk-flow
theory” have been developed ([11]-[13], [15]). In the
method, simplifications are implemented in solving
three-dimensional, non-stationary equations of flow
through the clearance, consisting in linear association
of shear stresses on the walls with average flow velocity
(that is only possible at rather small rotor displacements
against casing). This way flow behaviour equations
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Fig. 1 Changes in position of rotor against casing, a — change of axial
clearance, e - eccentricity, ¢ - angle of aslant displacement of rotor axis
against casing axis
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were simplified to 2 order ones as well as it was made
possible to consider the flow to be axially symmetrical
and stationary and that in which only small disturbances
described by linear relations occur. As a result of solving
such set of equations distributions of velocity and pressure
fields in the clearance are achieved; they are then used
for determining forces and moments generated in the
clearance. The end of the 1980s and the 1990s brought
development of computer calculation techniques used
also in the modelling of flows through the clearance
between rotor and casing, as well as in the determining
of dynamic coefficients for such systems. The simulations
are based on three-dimensional Navier-Stockes equations
with Reynolds averaging (RANS), closed by means of the
k-¢ turbulence model. For calculations algorithms based
on the methods of finite elements [7], finite differences
[9], [14],[17], [18] and finite volumes [1]+[6], [8], [10],
are used. Analysis of forces generated in isolated seals
is only of a limited usefulness for design practice. Flows
through seal are also influenced by phenomena which
occur both in passages of vane blades and rotor blades
grids. Therefore results obtained from investigations of
isolated seals cannot be directly applied to analysis of
operation of a complete turbine stage.

Vane blades grid

Effective diameter 374 mm
Blade height 19 mm
Chord of airfoil section 74 mm
Pitch of grid 41,9 mm
Number of blades 28
Blade-angle setting 39°42°
Outlet angle 9°42°
Rotor blades grid
Effective diameter 374 mm
1 J Blade height 22 mm
= i | Chord of airfoil section 37,2 mm
Lag Pitch of grid 30,9 mm
Number of blades 34
g Blade-angle setting 74°30°
Outlet angle 14°50°

Fig. 2 Vane-blade and rotor-blade profiles as well as scheme of turbine
stage flow part



Object of the investigations — a turbine stage

The schematic diagram of the flow part
of the investigated turbine stage is shown in Fig. 2.
Three-dimensional flow analysis of the invstigated
turbine stage was performed by means of the CFD
Fluent code in which the method of finite volumes is
used for solving the set of Navier-Stokes equations. The
calculations were performed for compressive, viscous
(with constant viscosity coefficient) and turbulent flow
without any heat exchange with environment. Geometry
of'the turbine flow part (Fig.2) was modeled by means of
a computational mesh split into four blocks: inlet to the
stage together with guide vanes, rotor, over-shroud seal,
and outlet diffuser, which are so connected to each other
as to form one computational entity (the applied kind of
computational mesh and interfaces between particular
blocks are described in detail in [16]).

All the flow calculations were performed for the
nominal clearance L = 0.5 mm and the eccentricity
ew = 60% (vertical).

Influence of type of seal on pressure forces

To investigate influence of geometry of an isolated
seal on forces generated in it, a simplified computational
model was elaborated; in the model guide vanes were
replaced with a smooth pipe and rotor blades grid was
omitted. Fig. 5 shows cross-section through the upper part
of the computational system geometry. The calculations
were carried out for the constant value of working
medium overpressure of at inlet to the pipe, equal to SkPa.
This value is equivalent (roughly) to the pressure at inlet
to the seal (after expansion in guide vane), which occurs
in the case of analysis of flow through the real turbine
stage operating with the rotor angular frequency of 566
rad/s and the inlet overpressure of 20kPa.

Fig. 5 Cross-section through geometrical model of ‘isolated’ seal

The run of pressure in the investigated seals along shroud
breadth is shown in Fig. 6, and the pressure fields in the lower
cross-section of seal, (D), and the upper one (G)—in Fig. 7.
All the presented characteristics are in compliance with
the Lomakin effect [5] according to which at inlet to
unsymmetrical clearance the maximum pressure value
occurs in the place where the lowest clearance value
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Fig. 4 Schemes and meshes of the investigated seals as follows: & 1:22 H 1:22
a) with 4 teeth (marked U4), b) with single tooth at inlet (marked Ul), 500 500
¢) with 2 teeth (marked U2), d) with single tooth in the middle of shroud T o= 0 = =
(marked Uls), e) smooth one — without teeth (marked U0) 1?;2 1222 \
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In Fig. 3 an example of the applied computational — —
mesh is presented, and in Fig. 4 are shown schemes, 000 1
notations and computational meshes of the considered o \}\
over-shroud seals, namely: =S
g \
. @ 2500
« the seal with 4 teeth (marked U4), § o0 ||
§ 1500 L,
* the seal with single tooth at inlet (marked U1), © 1000 =~ L
500
« the seal with 2 teeth (marked U2), -
-1000
* the seal with single tooth in the middle of shroud L T A S

(marked Uls),
* the smooth seal, i.e. without teeth (marked UQ)

Fig. 6 Pressure distribution along shroud breadth in the following seals:
a) U4, b) U2, ¢) Ul, d) Uls, e) U0,
(f — arrangement of the cross-sections along seal circumference)
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appears (cross-section D), and the minimum pressure
value — in the place where the maximum clearance
value appears (cross-section G). The resulting pressure
difference causes the force acting in opposite direction
to eccentricity, called also righting force, to appear. In
the plane perpendicular to that direction the pressure
distributions on both sides of the examined seal
(cross-sections: L and P in Fig. 6f) are symmetrical,
therefore no horizontal component of the resultant force
appears.

Also, velocity fields in the analyzed cross-sections
of the seal appear to be different respectively.
Velocity of working medium flowing through the seal
reaches its maximum value in the place where the
maximum clearance occurs (cross-section G), and its
minimum value where the minimum clearance occurs
(cross-section D). Direction of the flow is axial. The
pathlines of the working medium flow through the seal
UO are presented in Fig. 8. Red colour of the presented
lines, which appears in the upper part of the seal, stands
for the maximum flow velocity of working medium. For
the sake of clarity, the flow through inlet pipe as well as

Fig. 7 Pressure field in the upper cross-section G (of maximum clearance)
and lower cross-section D (of minimum clearance) of the following seals:
a) U4, b) U2, ¢) Ul, d) Uls, e) U0
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Fig. 8 Pathlines of the working medium flowing through the seal U0
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pathlines in outlet diffuser have been omitted in the figure.

Analyzing the obtained results one can concluded that
type of applied seal decisively influences distribution of
pressure field occurring in its clearance, consequently
also pressure forces generated in it. In the same boundary
conditions, values of the forces in particular seals differ
several times or even a dozen or so times, to each other

(Fig. 9).
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Fig. 9 Vectors, (a), and values, (b), of the pressure force F -~ occurring in

the investigated seals (the force values are related to that which occurs in
the seal U0) (ved colour stands for the seal U4, green colour— the seal U2,
black colour— the seal Ul, violet colour— the seal Uls, blue colour— the seal U0)

The Lomakin effect is observed in the cases in which
shroud is motionless or working medium non-viscous. For
viscous working medium and rotating shroud viscosity
forces make pressure field in the seal clearance and
location of its extremes, changing. Pressure distributions
in the plane perpendicular to eccentric displacement, on
both sides of the seal (cross-sections: L and P), become
no longer symmetrical, and, as a result, a force vector
deviation from direction of eccentric displacement
of rotor occurs. The pressure field distribution in the
considered seals, for the case of viscous working medium
and shroud rotating with the frequency of 566 rad/s, is
presented in Fig. 10, and in Fig. 11 — the vectors and
values of the calculated pressure forces.

The greatest deviation of vector of generated forces,
resulting from shroud wall rotation, occurs in the seals
characterized by greater number of teeth (U2 and U4
type). Moreover, in the seals friction effects due to motion
cause a significant increase of generated pressure forces.
For instance, in the seal of four teeth, U4, the force is
increased almost ten times. In the remaining seals, smooth
one, U0, and that of single tooth, U1, values of the forces
do not undergo so significant changes as those observed
in the motionless seal system. Even a small decrease of the
force FC was observed in the seals of Uls and UO type.
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Fig. 10 Pressure distribution in the seals along shroud breadth for viscous
working medium and the shroud angular frequency equal to 566 rad/s:
a) U4, b) U2, ¢ Ul, d) Uls, e) U0 (f—arrangement of the cross-
sections along seal circumference)

In Fig. 12 flow through the four-teeth seal U4 is
compared for the variants: when the seal shroud is
motionless and when it rotates. In the latter case the flow
through over-shroud clearance is no longer only axially
directed because circumferential velocity components
due to viscosity forces, appear.

From additional numerical analyses of non-viscous
flow through the examined seals no deviation of the
direction of action of pressure forces from the eccentricity
direction, resulting from shroud rotatary motion, was
stated. Character of pressure field distribution in the seal
as well as values of generated forces were in compliance
with results of the analyses in the case of motionless
shroud wall.

Forces in the turbine stage with seals of various
types

Numerical investigations of operation of the turbine
of 7.5kW output power at the angular frequency of 566
rad/s (at 20kPa inlet working medium overpressure)
were performed in order to make comparative analysis
and determine resultant forces acting on the rotor in the
real turbine stage fitted with labyrinth over-shroud seals
of various types. Fig. 13 presents pressure distributions
on the shroud of the examined seals, and Fig. 14 -vectors
of the pressure forces FC, blade-ring forces FW and
resultant force FP, acting on the rotor. As values of the
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U4 u2 U1 Uls uo
Type of seal

Fig. 11 Vectors, (a), and values, (b), of the pressure force FC occurring
in the investigated seals for viscous working medium and the shroud wall
angular frequency equal to 566 rad/s
(the force values are related to that which occurs in the U0 seal of
motionless shroud)

a)

Fig. 12 Pathlines of viscous working medium flowing through the seal U4:
(a) in the case of motionless shroud, (b) in the case of rotating shroud with
the angular frequency equal to 566 rad/s

blade-ring forces are small they are shown in five times
greater scale than the remaining — pressure and resultant
ones.

In Fig.15 are presented the values of the forces
calculated for the investigated seals, related to the value
of the resultant force FP occurring in the two-teeth
seal U2. Blade-ring forces are marked blue, pressure
forces — brown, and resultant force acting on turbine
rotor — yellow.
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a) b)

Fig. 13 Pressure distribution in the seals: a) U4, b) U2, ¢) Ul, d) Uls,
e) U0 -for 20kPa working medium overpressure at inlet to turbine stage,
and the rotor angular frequency equal to 566 rad/s
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Fig. 14 Vectors of: the pressure force FC (on the left), blade-ring force FW

(in the middle) and resultant force FP (on the right), acting on the rotor, for

the model 1V at 20kPa inlet overpressure and the rotor angular frequency

of 566 rad/s (red colour stands for the seal U4, green — the seal U2, black—
the seal Ul, violet— the seal Uls, blue— the seal U0)
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Fig. 15 Values of the blade-ring forces FW (blue), pressure forces FC
(brown), resultant force FP (yellow), at 20kPa inlet overpressure and 566
rad/ s rotor angular frequency

Analyzing the obtained results one can state that
influence of seal design on blade-ring forces generated
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in rotor passages is small (comp. Fig.14 and Fig.15). For
all the examined systems generated blade-ring forces are
of comparably small values regardless of type of applied
seal.

Type of over-shroud seal decisively influences
pressure forces generated in it. As results from analysis
of the diagrams shown in Fig. 13, working medium
pressure at inlet to and outlet from the seal is almost of
the same value for all the compared systems, and it has
been determined by values of the turbine stage operational
parameters and eccentricity value. However type of
over-shroud seal decisively influences pressure field
distribution in its clearance (between inlet and outlet),
and consequently pressure forces generated in it.

As it turned out, the smallest pressure forces (Fig.15)
occurred in the seal of single tooth placed at inlet to
the seal Ul and were nine times smaller than those in
the seal U2 of two teeth, and over seven times smaller
than those in the seal U4 of four teeth. This results
from a favourable pressure distribution occurring in the
clearance, determined by the conditions prevailing behind
the rotor blade ring, and which is levelled out to a constant
value over whole breadth of the shroud. Therefore no
large circumferential differences in pressure appear
(in contrast to the seals of a few teeth), and the generated
forces are relatively small.

In should be also observed that the pressure forces
obtained in the real turbine stage differ from those
generated in the isolated seals, i.e. without taking into
account other elements of turbine stage. In the case of
isolated seals the largest forces occurred in the smooth
seal, U0, as well as that of single tooth placed in the
middle, Uls. In the real turbine stage the largest forces
are generated in the seal of two teeth, U2, the seal of
smooth shroud, U0, as well as the seal of four teeth, U4.
In all the performed analyses the seal of single tooth at
inlet to the clearance, U1, appeared to be characterized
by the smallest pressure forces.

However it should be taken into consideration
that the lowering of number of teeth in over-shroud
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Fig. 16 Mass flux of leakages flowing through the seal U4, U2 and Ul at
the rotor angular frequency of 566 rad/s and 20kPa overpressure of working
medium at inlet (the values are related to the mass of leakage from the
single-tooth seal Ul)




seal, favourable due to smaller values of generated
aerodynamic forces, leads to the increasing of leak
flux of medium flowing through seal clearance and
in consequence to the lowering of total turbine stage
efficiency, in the clearance. The working medium mass
fluxes in the seal related to the largest leakage occurring
in the single-tooth seal U1, are shown in Fig. 16. From
the efficiency point of view the most favourable appears
the four-teeth seal U4 which simultaneously - as results
from the performed investigations - is, apart from that
of two teeth, U2, the least favourable from the point of
view of generation of pressure forces in it, which are able
to trigger self-excited vibrations of rotor. Direction of
action of generated pressure forces depends - as results
from the previously performed investigations - a.0. on
type of seal and number of teeth applied in it. For single-
tooth seals (of Ul and Uls type) directions of action
of pressure forces amount to about 38°, counting from
eccentricity direction (Fig.14). However for the two-teeth
seal U2 such deviation from eccentrity direction amounts
to 63°, and for the four-teeth seal U4 — as much as 80°.
The smaller number of teeth in the seal the less deviated
direction of action of pressure force from eccentricity,
however the conclusion does not concern the smooth-
shroud seal U0 because of another mode of expansion of
working medium in a long and narrow clearance.

Summary

From analysis of the obtained results the following
conclusions can be drawn:

* The making use of force coefficients for isolated
seals without taking into account the remaining
elements of turbine stage can lead to very large
errors in determining aerodynamic forces occurring
in a real device. Therefore the coefficients
determined for isolated seals should not be used in
analyzing operation of a turbine stage.

* For all the considered seals, direction of action of
pressure force in the systems in which influence
of working medium expansion in rotor blades grid
or guide vanes has been not taken into account, is
significantly different (even by 180°) from direction
of action of pressure force in a real turbine stage.

* For all the analyzed systems, pressure distributions
in the planes perpendicular to turbine axis, at inlet
to and outlet from seal clearance, are similar and
determined a.0. by assumed boundary conditions,
nominal clearance and eccentricity of the system.
To a much lower extent they depend on design
type of applied seal which decisively influences
distribution of pressure field in its interior.

The results presented in this paper are
obtained from numerical calculations, however
they have been confirmed by results of the
investigations carried out on experimental stand.
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