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Abstract Paper presents the results of experimental and numerical re-
search of a model segment of a labyrinth seal for a different wear level. The
analysis covers the extent of leakage and distribution of static pressure in
the seal chambers and the planes upstream and downstream of the segment.
The measurement data have been compared with the results of numerical
calculations obtained using commercial software. Based on the flow condi-
tions occurring in the area subjected to calculations, the size of the mesh
defined by parameter y* has been analyzed and the selection of the turbu-
lence model has been described. The numerical calculations were based on
the measurable thermodynamic parameters in the seal segments of steam
turbines. The work contains a comparison of the mass flow and distribution
of static pressure in the seal chambers obtained during the measurement
and calculated numerically in a model segment of the seal of different level
of wear.
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Nomenclature
D static pressure, Pa
s height of the fissure, m
T temperature, K
t time, s
U gas velocity, m/s
m mass flow, kg/s
y size of the element of the mesh
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Greek symbols

u — dynamic viscosity, Pas

v — kinematic viscosity, m? /s

p — density, kg/m?
Subscripts

c — data calculated

i — inlet

m — measurement data n — nth fissure

o —  outlet

1 Introduction

It is impossible to perform a direct measurement of the steam mass flow
leaking through the segments of a labyrinth seal in an operating steam
turbine. However, estimation of the leakage level is possible based on the
measurement of the static pressure and temperature in the segment of the
stuffing box [9,14]. The analysis of static pressure in a one-sided seal with
spiral discs has been described in [11]. The work contains a comparison of
results of experimental research and computational fluid dynamics (CFD)
calculations for a seal composed of a single disc of a helix geometry fitted
in the casing. CFD calculations were performed using commercial Fluent
software, based on the k- turbulence model and the Reynolds stress model.

Numerical calculations of a double-sided seal of perpendicular discs in-
clined towards the surface of the shaft are given in [13]. The paper contains
a comparison of the distribution of static and dynamic pressures, Mach
number and the velocities along the seal.

A comparison of the flow coefficients, velocity and pressure distribution
in a one-sided seal containing several discs can be found in [15,12]. Paper
[12]| contains a detailed analysis of the influence of the geometry of the one
sided seal blades on the flow coefficient taking into account the coefficient
of kinetic energy transfer. Paper [4] contains a comparison of the mass flow
obtained in the measurements with selected one dimensional calculation
models for a one-sided seal of different level of wear. From the analysis, it
results that the majority of known models can only be applied to a certain
level of wear. One-sided seals have a small range of geometry wear for which
the actual leak is smaller than the theoretical. Hence, one-dimensional the-
oretical models do not allow determining the value of the mass flow for
one-sided seals of high level of wear.

The investigations presented in the paper were conducted in the aspect
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of methodology of seal diagnostics. The data for the calculations are the
thermodynamic parameters that can be measured on an operating steam
turbine. Commercial sofware Ansys-CFX [17] served to determine the leak-
age and static pressure occurring in the model segment of the seal.

In the diagnostic method [9] the basic information on the current condi-
tion of the geometry of the stuffing box segment is the change of the static
pressure in the seal resulting from its wear and a disturbance of the flow
generated by the bleed. The paper contains an introduction to the research
on the diagnostic methods utilizing CFD. The presented results of experi-
mental research and numerical calculations pertain to the seal without flow
disturbance. The results presented in the paper will lead to an evaluation
of the efficiency of calculations based on the CFD methods for one sided
seal. The values of the mass flow and static pressure distribution have been
compared in the model segment of the seal. The conclusion from the re-
search provides information whether it is possible to calculate the leakage
and reproduce the line of pressure distribution with the CFD methods for
a one-sided seal.

2 Object of the research

The analysis of the measurement data and numerical calculations presented
in the paper is related to the axisymmetric geometry of the segment of a one-
sided seal.

Figure 1: The test stand.
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The test stand was powered with compressed air. The analysis was per-
formed on a segment of a one-sided seal containing 20 discs placed centri-
cally in the casing. The discs were fixed on the shaft of the model seal [2].
Individual geometrical gauges have been shown in Tab. 1.

Figure 2: Geometry of the seal. Figure 3: Cross-section of the seal with the
description of the symbols.

Table 1: Parameters of the investigated geometries.

Name Symbol | Size

Diameter D 0.150 [m]

Calibration p 0.01 [m]

Height of the fissure s 0.0003; 0.0005; 0.0007;
0.001; 0.0015; 0.002 [m)]

Length of the chamber b 0.009 [m]

Height of the seal h 0.01 [m]

Number of seals n 20 [

The test stand allows for a measurement of the mass flow on the orifices
placed in the inlet and outlet channels. The measurement data have been
processed in software of own design calculating and balancing the mass
flows in individual orifices of the test stand. The outstanding data obtained
during the investigations were pressures upstream and downstream of the
seal and distribution of static pressure in the seal chambers.
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Figure 4: Distribution of the measurement points of static pressure and temperature in
the main planes inlet, outlet and seal chambers c2, c4, ..., c18.

3 Assumptions of the numerical calculations

3.1 Geometry

In the tested seal segment, the flow of gas was axisymmetric. The nu-
merical calculations allowed for the fragment of geometry of the thickness
g = 0.1 mm. The size of the mesh was estimated based on the flow param-
eters occurring in the calculated area. Areas of high velocity, acceleration
or pressure change gradients require a mesh of the smallest size. The size
of the mesh was estimated for the parameters occurring in the last fissure
in the segment where the gas velocities are the highest. Based on the mass
flow calculated from the measured data allowing for the seal geometry, the
average velocity and Reynolds number in the last fissure of the segment
were determined and identified as follows:

Rezj, (1)

where u is the gas velocity, s is the fissure hight, and v is the kinematic vis-
cosity. Based on the assumed Reynolds number, the size of the element of
the mesh in the fissure was analyzed. The size of the mesh for the flow pa-
rameters is expressed in the Reynolds number as a function of dimensionless
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parameter y* [17]
y = syTV80Re /14 (2)

where y* is the distance between the first node and the surface of the wall
was determined. With parameter y*, the distance between the first node
and the surface of the wall was determined. The required size of mesh y
in the area of the 20th narrowing for the tested geometries has been given
in Tab. 2, where additionaly values of ¢,—29 and Re,—59 are given, which
denote the velocity and Reynolds number in the last fissure of the segment,
respectively.

Table 2: Size of mesh y depending on the assumed parameter y* calculated based on the
measurement data.

5 0.0003 | 0.0005 | 0.0007 | 0.001 0.0015 | 0.002
Cn=20 126 133 131 126 94 82
Ren—z0 || 2499 4428 6472 9824 11626 11138
yt y [m]

2 0.000004 | 0.000004] 0.000004] 0.000004] 0.000004 | 0.000004
10 0.000019 | 0.000019 | 0.000019| 0.000019| 0.000019 | 0.000019
100 0.000191 | 0.000191 ] 0.000191| 0.000191| 0.000191 | 0.000191

The values of parameter y™ close to 1 allows performing accurate numerical
calculations. For the construction of the mesh, three-dimensional tetragonal
elements were used. The discretization of the flow channel was done in
commercial CFX Mesh [17]. Near the narrowings of the stuffing box, where
great changes of velocity and pressures were expected, the density of the
mesh was increased (Fig. 5). The increased density covered areas between
the narrowings in the upper part of the chambers where the occurrence of
airflow of high velocity was predicted.

The size of the mesh was selected depending on the height of the fissures
and measurement data (Tab. 2) in order to have at least five layers in the
fissure. The maximum thickness of the wall layer was determined as 1/5 of
the height of fissure, s. The number of elements of the generated meshes
for individual geometries has been given in Tab. 3.

Table 3 contains average and maximum values of parameter y* occurring
on the surface of the casing and the shaft. The average values of this
parameter were calculated against individual areas. The maximum values
of y* occurring on both surfaces provide information on the quality of the
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a) b)

Figure 5: Mesh of increased density: a) of the upper part of the chamber, between the
fissures, b) wall layer.

Table 3: The number of elements of the mesh and the number of nodes for the tested
geometries. Average and maximum values of parameter y™ occurring on the
surface of the casing and the shaft.

S 0.0003 0.0005 | 0.0007 0.001 0.0015 0.002
number of elements 1351255 | 884106 | 522880 | 237898 | 616771 | 664809
number of nodes 407503 | 323369 | 196416 | 593995 | 243817 | 272705
yt casing average 2.0 2.2 2.4 2.5 3.1 1.3
yT shaft average 1.1 2.2 1.2 1.1 1.4 0.6
yT casing MAX 2.9 5.8 3.0 3.0 4.0 1.7
yT shaft MAX 2.6 4.8 3.1 2.6 3.3 1.4

mesh at the spot where the flow parameters are most varied and require the
highest mesh density.

3.2 Boundary conditions

In the inlet plane to the area under calculation, the static pressure and
the temperature of air were set as ambient with a regular direction of the
velocity to this plane of low turbulence. In the outlet plane, the average
static pressure was the value measured. The correctness and convergence
of the numerical calculations was verified through the set boundary condi-
tions. The assumed static pressure downstream and upstream of the seal
conditions the resultant pressure distribution in the seal for which in the
calculated area the equation of continuity, energy and momentum are pre-
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served with the assumed model of turbulence. Dissipation of kinetic energy
was allowed in stationary calculations. Termination of iterative calculations,
aside from reaching sufficiently low values of root mean square (RMS) of
selected parameters, is triggered by attaining the assumed accuracy of the
mass flow in the inlet and outlet planes.

3.3 Model of turbulence

Commercial software Ansys-CFX [17], used for the numerical calculations,
has many built-in models of turbulence. These include the RANS models of
Reynolds stress models that can be divided into two groups: models based
on the hypothesis of turbulent viscosity and models of Reynolds stress.
For the calculations, the SSG model was used based on the equations of
transport for six components of the tensor of turbulent stress and dissipation
of kinetic energy. Since this model takes into account the anisotropy of the
Reynolds stress tensor, it should better suit the simulation of more complex
flows [10,17]. In the Reynolds stress models the executive module solves the
equations of Reynolds stress transport whose notation can be as follows [17]:

opu;ti; 0 o ) 2, K\ owuy|
ot + Oxx (Upuit;) — I [(M + g@ﬂ;) ore |
2
= Pij — 3002 + i + Pijo (3)

where ¢;; is the pressure-strain correlation, £ and k denote dissipation of
kinetic energy, and the kinetic energy of turbulence, respectively, d;; is the
Kronecker delta, P;j, is the production due to buoyancy, and overbar (%)
denotes the velocity averaged over time, P;; is the exact production term,
responsible for the production of kinetic energy of turbulence determined
with the formula

__ou; - 0U;
Pij=—p <uluka—xz + ujuka—xk> . (4)

It is a very significant component in the Reynolds stress models. In the
SSG model pressure-strain correlation, ¢;;, takes a square form, hence the
model can be more accurate than the SST, LRR-IP or LRR-Qi models in
which the pressure-strain correlation is linear [10,17].
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4 Character of the flow of gas in the seal

The air under high pressure gradually decompresses while flowing through
the subsequent fissures. The tracing of these values is presented by the
step line (Fig. 6). In each subsequent fissure, the gas accelerates to higher
speeds. In the seal chamber, dissipation of kinetic energy into heat energy
of gas takes place. The flow of gas in the seal is characterized with a high
level of turbulence.

p [Pa] ——p[Pa] u [m/s]
——u[m/s] T 120

200000 T
1 100

180000 +
-+ 80

160000 —

| I
140000 | “ ‘k‘ !. {40

120000 + + 20

100000 | | | | Jml : : | vl 0

0.00 0.02 0.04 006 0.09 011 013 0.15 017 019 0.22

Figure 6: Static pressure and axial velocity along the seal on the line at half height of
the fissures pulled from numerical calculations.

The static pressure measured in the seal chambers on the test stand corre-
spond to the pressure in the central part of the horizontal portions of the
step line (Fig. 6).

5 Comparison of numerical calculations and
experimental data

In order to verify the correctness of numerical calculations the obtained mass
flows and static pressures were compared with the experimental results. The
obtained results have been shown in Tab. 5 and in Fig. 7.

For the description of the pressure distribution in the seal, parameter
pn, was used which is defined as the ratio of the pressure difference between
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a given point n, py, and the pressure downstream of the seal, p,, to the
drop of pressure on the entire length of the seal

PN — D
Pn = = ) (5)
Pi — Po

where p; and p, are the inlet and outlet pressure, respectively. The numer-
ical calculations for individual geometries were performed for the thermo-
dynamic values given in Tab. 4. The length of the seal was described with
parameter: n = N /20, where N =0, 1, ..., 20.

The validation of the performed numerical calculations is a comparison of
the mass flows measured on the test stand with those obtained in the nu-
merical calculations (Tab. 5).

Table 4: Initial pressure and temperature and the final pressure obtained during the
measurements and set within the boundary conditions for the numerical calcu-
lations.

s [m] 0.0003 | 0.0005 | 0.0007 0.001 0.0015 0.002
pi [Pal 203050 | 212750 | 214050 | 200700 | 177100 | 130680
Po [Pal 100949 | 104900 | 214050 | 123300 | 131550 | 105150
T; K] 296.95 | 295.95 | 297.45 | 297.45 | 298.75 | 296.75

Table 5: Mass flows obtained in the measurements and in the numerical calculations.

s 0.0003 | 0.0005 | 0.0007 | 0.001 0.0015 | 0.002
tmlkg/s] || 0.01439 | 0.03305 | 0.05263 | 0.08745 | 0.1010 | 0.09625
1helkg/s) 0.01752 | 0.03695 | 0.04271 | 0.06122 | 0.08211 | 0.09599
the /[~ || 1.11 0.94 1.2 0.935 0.813 0.997

The level of wear was determined with the height of fissure, s. The dis-
tribution of the pressure obtained during the measurement for the nominal
height of the fissure (Fig. 7a) and that bearing small traces of wear (Fig. 7b
and c¢) have the tracings that form a convex line. In segments of increasing
wear (Fig. 7 c—e), the lines of pressure distribution are getting flatter. For a
worn seal (Fig. 7e), the measured pressure distribution is linear and for the
extremely worn seal (Fig. 7f), the line of pressure distribution is concave.
For graphs (Fig. 7d—f), an increasing drop of pressure in the first fissure is
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observed. This phenomenon was observed earlier by Zimmerman and Wolff
who described the results of experimental research and calculations for a
three-fissure segment of a seal under operation [16].

The greatest similarity of the pressure distribution in the numerical cal-
culations and measurement data was obtained for segments s = 0.0003 and
0.0005 m. For these geometries, the static pressure distribution is almost
identical with the measurement data. The mass flow error amounts to 11%
and 6%. Segment s = 0.0007 had largest mass flow error of the values of
20%. Segments 0.001, 0.0015, and 0.002 m had smaller mass flow error of
the values of 6.5, 18.7, and 3%. Yet, for these geometries, the obtained
pressure distribution significantly deviates from the measured values.

6 Conclusions

In the numerical calculations, the boundary conditions were static pressures
in the inlet and outlet planes. A lack of kinetic energy in these planes may
result in a divergence in the iterative calculations. Hence, the initial itera-
tions of the calculations were done with a small scale of the order of 1076 s.
Such a small time-scale also resulted from the complexity of the flow in the
model segment of the stuffing box.

Calculated static pressure profile is convergent with the measurement
data only for nominal geometry and that of little wear (Fig. 7a,b). For
worn segments (Fig. 7c,d,e,f), these values significantly deviate from the
experimental data.

The analysis presented in the paper aimed at comparing the mass flow
and static pressure distribution obtained during the measurements with
the results of numerical calculations performed on the basis of minimum
assumed static pressures in the inlet and outlet planes.

Comparing the mass flows measured and calculated indicates that when
the kinetic energy is taken into account, it is possible to obtain results that
are more accurate.

Divergences of the mass flows measured and those calculated on the
measured side may result from the test stand workmanship accuracy toler-
ance, i.e., the channels, where the orifices are placed, the orifices themselves,
seal geometry (inner diameter of the casing, outer diameter of the discs of
the seal segment). On the side of the numerical calculations, the differences
may result from the assumed geometry. It was built based on the averaged
inner diameter of the casing and the outer diameter of the sets of discs in-
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Figure 7: Dimensionless value of static pressure along the seal obtained during the mea-
surements and from numerical calculations.

cluded in the measurements.

The subject of the calculations was a geometry consisting of 20 fissures.
The averaging of the height of the fissures of such geometry may result in
divergences of the mass flow. Aside from the geometry, the precision of the
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measurement of the mass flow is influenced by the accuracy of the pressure
converters in the measurement orifices.
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