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ABSTRACT

Numerical Study of Geometry and Rotation Dependence on the Flow in Labyrinth Seals.
(August 2011)
Vamshi Krishna Yamsani, B.Tech., Indian Institute of Technology Guwahati

Chair of Advisory Committee: Dr. Gerald Morrison

A computational study was conducted on the flow, both compressible and
incompressible, in a labyrinth seal at various geometries and rotation rates. The
computations were performed using the commercial software Fluent®, which solves the
k-¢ model to predict the flow field in the seal. Various clearance-pitch ratios were used
to study the effect of clearance on the flow. The aspect ratio, which is defined as the
pitch-height ratio was varied to study the influence of the depth of the cavity on the flow
as a whole. These studies span a range of Taylor's number that is defined accordingly,
while fixing the Reynolds number at 1000.

The effects of clearance, aspect ratio and rotational rates were studied using
carry-over coefficient and discharge coefficient. It was observed that a secondary
recirculation zone (SRZ) occurs inside a seal cavity above certain Taylor's number. This
significantly changes the flow field in the seal and the cavity, which results in an
increase in pressure drop across the seal for a given flow boundary condition. This
formation of SRZ's was more evident in incompressible flow (water) and occurred at

prohibitively high rotational speeds in case of air (compressible flow). It was also
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observed that flow with teeth on rotor was characterized by SRZ's, while it is not the
case with teeth on stator. A flow map which shows the onset and presence of SRZ's is
presented.

The ratio of tangential velocity of the shaft to the average of the swirl velocity in
a cavity at various geometries of the cavities is presented. They seemed to be decreasing

with decreasing depth and followed a linear pattern with the aspect ratios of the cavity.
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NOMENCLATURE

¢ - Radial clearance, m

C 4-Discharge coefficient for a given tooth of a multi tooth labyrinth seal
D - Shaft diameter, m

h - Tooth height, m

s -Tooth pitch, m

w -Tooth width, m

x - Axial distance along seal, m

B -Divergence angle of jet, radians

y - Kinetic energy carry over coefficient

¢ - Dissipation of turbulent kinetic energy
k -Turbulent kinetic energy

p -Dynamic viscosity, Pa/s

p;-Fluid density at seal inlet, kg/m’

p;-Fluid density at tooth inlet, kg/m’

x- Percentage of kinetic energy carried over

T -Shear at the rotor-fluid interacting wall
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1. INTRODUCTION

The labyrinth seal as described by Sneck [1], consists of a tortuous flow path
between high and low pressure regions by means of a series of non-contacting restrictors
(referred to as teeth) and separating chambers (referred to as cavities). This geometry
produces flow frictions and turbulence which tend to dissipate the pressure energy of the
fluid as it flows through the seal, thereby reducing the leakage. Mechanisms of leakage
reduction in labyrinth seals include turbulence induced viscous losses, chamber vortex
generation, flow stagnation losses, and flow streamline curvature. CFD simulations
provide useful insight into the flow field details to help facilitate better physical
understanding and improved seal design.

Labyrinth seals offer robust yet relatively simple design for manufacturing and
are durable. A few other interesting seal types include the viscoseal (for relatively high
viscous fluids) and the brush seal (limited by material properties). But, labyrinth seals
offer superior usability in terms of low maintenance, negligible running torque, and
reduced particle contamination. They are often used in high performance
turbomachinery to seal shafts in pumps and between compressor or turbine stages in gas
turbine engines. More importantly, they are used to control flow leakage between the
turbine blade tips and the stator. The thermodynamics of labyrinth seals is quite well

understood, but much remains to be learned about the basic fluid mechanics of seals.

This thesis follows the style of Journal of Turbomachinery.



This is particularly true of the dissipative processes which convert kinetic energy to
thermal energy within the labyrinth's chambers. Until this gap is filled, decisions
regarding sizing of the chamber depth and width or pitch of the seal will continue to be
made based upon rules of thumb or from an engineer's experience.

Leakage across labyrinth seals has a pronounced influence on the efficiency of
high pressure centrifugal compressors. A proper evaluation of leakage in the design step
is of key importance for predicting compressor overall efficiency and for achieving
proper stage aerodynamic matching. Erroneous prediction of leakages produces a
corresponding error in predicting absorbed power and leads to improper selection of the
stage design flow coefficients. This in turn results in stage aerodynamic mismatching
with further reduction of efficiency and surge margin. Thus the ability to predict leakage
through labyrinth seals of a known geometry and also to aid the development of new seal
designs with lower leakage rate is of inevitable importance for high performance
turbomachinery.

Typical flow field in a straight-through labyrinth seal is shown in Figure 1. For a
seal with teeth on stator, the lower part acts as a rotor that rotates with a certain
frequency. For a seal operating with teeth on rotor, the geometry would look like a
reflection about the horizontal. As can be observed from the figure, a certain portion of
the jet entering each cavity impinges onto the side wall of the next tooth thereby
recirculating that part of the fluid stream within the cavity. Flow in seals is characterized

by the amount of recirculation, which is desirable from a designer's standpoint.



Figure 1. Typical flow in a straight-through labyrinth seal.

Most common types of labyrinth seals are straight-through, stepped, staggered,

and radial. They are shown in Figure 2.
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Figure 2. Types of labyrinth seals.

a) Straight-through, b) Stepped, c) Staggered, d) Radial



2. REVIEW OF PREVIOUS ANALYSES

This present work is an extension of the efforts performed before now for
estimation of leakage flow in labyrinths. Leakage flow rate is dependent on the flow
field in the seal, which are characterized by the flow coefficients. The flow coefficients
essentially describe the kinetic energy dissipation through turbulent mixing in the seal
cavity. The flow coefficients were first determined by Professor Martin [2] at the turn of
19th century. Although he did not recognize the need to determine the degree to which
the kinetic energy is dissipated between the teeth, subsequent work by Egli [3],
Hodkinson [4], Heffner [5] and Vermes [6] considered this very important phenomenon.
This kinetic energy carry over is quantized in terms of a flow parameter commonly
called Kinetic Energy Carry-Over Coefficient, y.

The effect of flow parameters for labyrinth seals was studied in windback seals
by G. L. Morrison and Adnan Al-Ghasem [7] and by G. L. Morrison and Saikishan [8].
They found that the carry over coefficient, y, varied with flow parameters as well as
geometry for labyrinth seals. This work proposes to further their study within a larger
matrix of flow parameters and geometry specifications for straight-through labyrinth
seals. It is also proposed to validate the existing results against a broader spectrum of
sizes for labyrinth seals. In the present study, it is planned to do no analytical treatment
of the flow pattern, but the idea is to derive flow parameters through the already existing
CFD model (k-¢ model) on Fluent and enable designers to have an idea of geometry

effects for their design.



The carry-over coefficient is commonly represented as a function of clearance-
pitch ratio [8] and in some cases also as a function of the seal's width-pitch ratio [6].
Heftner [5] and Jeri [9] thought that the optimum depth-pitch ratio is approximately
unity although it has not been scientifically established. Benvenuti [10] deducted that an
optimum number of throttlings exists for an imposed seal length and for given upstream
conditions and the required expansion ratio. He proposed possible flow patterns for
different throttling pitches and reasoned his explanation of reduction in flow resistance
on the same. This present work also tries to establish solid results scientifically in this
aspect. Various simulations will be performed to come to an optimum depth-pitch ratio.

A particularly useful quantification of the leakage in a seal is the discharge
coefficient, Cq4. This coefficient describes the ratio of the leakage mass flow rate to an

1deal mass flow rate:

m
Cq = (1)

r'nideal

According to Waschka and Wittig [11], ideal mass flow is calculated for the
compressible sub-critical flow using equation (2). The labyrinth clearance area is used as
the cross sectional area of a hypothetical nozzle, and the seal overall pressure ratio as the
nozzle pressure ratio.

2 k-17) /2
) 2k P.\k e
Mjgeal = Ac rl)Pipi (Fe) 1- (_> 2)
i

In the present study, Cq is defined as per equation (3)

m

C Ao ¢



where P; and P. are the inlet and exit pressures. Hence, total pressure loss can be
calculated if the discharge coefficient of each individual cavity in the seal is known and
vice versa. Waschka and Wittig [12] studied the influence of rotational speeds on the
discharge coefficients as a function of the Reynolds number. A large decrease of the
discharge coefficient (by as much as 25%) toward higher rotational speeds is evident at
low Reynolds number for seals with teeth on stator.

Most of the data collected for labyrinth seals and also the CFD studies involved
pressure ratios close to 1.0 and lower Mach numbers. The present study aims at
establishing the usability of the labyrinth seals at especially high rotational shaft speeds
(until 350 m/s). Tangential speeds close to Mach number of 1.0 have never been tested
[13], but promise a significant applicability in high performance turbomachinery.
Previous studies by Rao and Narayanamurthi [14] were performed at rotational speeds
from O to 1425 rpm. It is further shown by Benvenuti [10] that rotation affects leakage
rates by as much as 10%.

A particular type of instability arises at high tangential speeds, which leads to a
coupled system of vortices within the cavity. Such phenomenon was studied numerically
by Demko[15] and experimentally verified by Johnson [16] for seals with tooth on rotor.
The relative importance of swirl to axial momentum ratio was studied with various
Taylor's numbers and Reynold's numbers. A flow map indicating the onset of this
secondary recirculation zone (SRZ) was developed and it was found that the SRZ
developed at very high ratios of Taylor number to Reynold's number. While Taylor
vortices in annular gaps are caused by hydrodynamic instabilities, the origin of a

secondary recirculation zone in the labyrinth cavity is due to the boundary conditions at



the rotor. Hence, the rotational effects are strongly dependent on seal geometry,
especially the cavity design. The formation of SRZs is a desirable phenomenon, for it
increases the pressure drop across a seal for a given leakage flow rate, and hence is a
focus in the present study. It could be possible that the formation of SRZs at lower axial
Reynold's number for various clearances might help significantly shed light on the
physics of combined effects of axial inertia and viscous effects.

Since the design of a labyrinth seals is almost always a compromise between
placing the greatest number of teeth in a given space and at the same time having the
pitch distance between the teeth large enough to reduce the kinetic energy carry-over to
a minimum, an efficient configuration can be attained only through the proper
proportioning of all the dimensions at various rotational speeds. This effect should also
be coupled with compressibility effects of the gas flowing through the seal. These effects
do not seem to be considered together previously and this work presently attempts to do
so. Until the chamber dissipation process is better understood, it is not possible to
develop a rational basis for optimizing seal performance subject to the above discussed

geometric and flow constraints.



3. RESEARCH OBJECTIVES

The objective of this work is to establish trends in the flow field of various

labyrinth seals using CFD simulations in Fluent®. Since performing experiments on seals

with such small clearances as in the present study is not only time consuming but also

expensive, this work focuses on predictions based on CFD. Effect of change in aspect

ratios with considerations to allow for more design options are of prime objective. This

objective will be realized through the following:

1.

Perform simulations of the flow field through a labyrinth seal of various
geometries and rotational speeds.

Establish trends in the carry-over coefficients and discharge coefficients which
describe the flow in the seal as a whole and the cavity in particular.

Study the effect of clearance that ranges from a 0.10 mm. to Imm. on the flow
parameters and give a design parameter for engineers.

Change the depth of the cavity to look at the formation of secondary recirculation
zone, which is a desirable phenomenon in terms of decreasing the leakage across
the seal.

Establish the significant improvement in performance in terms of increasing the
pressure drop across a seal for a given flow leakage flow rate while running a

shaft with teeth as compared to cases where there are teeth on stator.



6. Look at the ratios of shaft tangential speeds and the averaged swirl velocity of
the fluid in the cavity for both tooth on stator and rotor. To study the differences
in a compressible and incompressible flow.

7. Have a comparative study of flow in a labyrinth seal with teeth on rotor and a
seal with teeth on stator by looking at the effects of rotational speeds of the rotor.

8. To look at the effect of the body force in driving the fluid to form secondary

recirculation zone at various Taylor numbers.
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4. COMPUTATIONAL METHOD

Turbulent flows are characterized by fluctuating velocity fields. These
fluctuations mix transported quantities such as momentum and energy causing them to
fluctuate as well. Since these fluctuations can be of small scale and high frequency, they
are too computationally expensive to simulate directly in practical engineering
calculations. Instead, the instantaneous (exact) governing equations can be time-
averaged or otherwise modified to remove the small scales, resulting in a modified set of
equations that are computationally less expensive to solve. However, the modified
equations contain additional unknown variables, and turbulence models are needed to
determine these variables in terms of known quantities. Here, standard k- & turbulence
model has been used because of its widespread applicability and simplicity in computing
complex problems. Also, this model has been previously used to study the flow in
labyrinth seals with established accuracy [8]. A further discussion on k- emodel is given
in appendix A and is explained in Fluent® manual [17].

ANSYS 12.0.16 version of Fluent is used to solve the model. A pressure based
Navier-Stokes equation solver with finite volume discretization is used. The grid was

adapted for resolving pressure gradients as shown in Figure 3.
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Figure 3. Mesh adaptation based on pressure gradient.

Morrison and Al-Ghasem [7] showed that for seal analyses, the enhanced wall
treatment that is available in Fluent must be used to obtain accurate prediction of the
flow field. Nodes have to be close to the walls at y* values less than 5 to resolve the
laminar sublayer as shown in Figure 4. The entire grid was created in Gambit 2.4.6
using quad cells. The final mesh based on both pressure gradient adaptation and y"*
adaptation is finer under the tooth and near the walls, while it is coarser inside the seal

cavity and in the long stretches of inlet and exit. The long entrance and exit regions
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before and after the seal are present to allow the inlet and exit conditions to equilibrate

before the flow enters the first cavity. In this present study, the inlet and exit lengths are

taken to be 3 times and 6 times the height of the seal cavity respectively.

0.0515

0.0%1 = i

0.0505

T

Figure 4. Mesh adaptation based on y" less than 5.

The geometry of the seal has dimensions whose diameter is 50 mm. with

clearance of 0.1, 0.15, 0.2, 0.4, 0.6, 0.8 and 1 mm. The pitch of each seal is maintained

at 5 mm, with the heights changing such that the pitch-height ratio is 0.5, 0.75, 1, 1.25,
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1.5 and 2. The geometry and flow are assumed to by axisymmetric and hence a two
dimensional simulation is used, along axial and radial directions. A sample flow domain

for a case with teeth on rotor is shown in Figure 5.

0.06

0.055

0.05
| I N T A TN T AN TN N NN N AN N T NN N N NN T N M NN NN TN NN A |

0 0.01 0.02 0.03 0.04 0.05 0.06

Figure 5. A typical labyrinth seal with teeth on rotor.

A grid independence study was performed by adapting the mesh with a suitable
pressure gradient and also by refining the mesh close to the walls using the wall function
adaptation with y* less than 5. Different pressure gradients were used and the pressure
distribution on the surface of stator is plotted. When the pressure distribution did not
change sufficiently with further refinement in the mesh, it is assumed that grid
independence has been achieved. The results of this study are shown in Figure 6. From
the figure, a pressure gradient of 10 is assumed best in terms of keeping the number of
nodes low while achieving computation accuracy. Hence, for this study, a pressure

gradient of 10 is adopted.
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5.FLOW IN A SEAL WITH TEETH ON STATOR

Fluid flow in a labyrinth seal is characterized by axial and tangential velocity
components. When a shaft rotates, it carries the fluid bound within a seal along with it
imparting swirl to the fluid. The magnitude of swirl imparted to the fluid depends on its
viscous nature together with its axial inertia. The fluid circulates within the cavity while
moving forward as a whole causing dissipation of the energy and axial displacement of
the fluid along when there is a favorable pressure gradient.

A typical labyrinth seal with teeth on stator is shown in Figure 1. Flow in a seal
can be both compressible and incompressible depending on the fluid. In the present
study, water is used to characterize an incompressible fluid and air is representative of a
compressible fluid as discussed in further sections.

Hodkinson [4] defined the flow parameter carry-over coefficient, y, which is a
measure of a cavity's ability to dissipate energy. His definition is based on the
divergence of the flow exiting from under the tooth into the cavity. The angle of
divergence of the streamline, B, is obtained using the streamline that separates the flow
in the cavity and the flow under the tooth. From this streamline, the carry-over
coefficient, y can be estimated as illustrated in Figure 7. Hodkinson provided the

following relationships to calculate 7.
V= ©

1-x )
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where, y is the percentage of kinetic energy carried over. For 100% kinetic energy
dissipation, y = 1. It increases as the percentage of kinetic energy dissipated decreases.
Hodkinson's definition of y assumed one major recirculation zone in the cavity as
shown in Figure 7. This assumption is valid until rotor shaft speeds impart significant
tangential velocities. This produces a body force which introduces a secondary
recirculation zone as seen in Figure 8. This makes Hodkinson's definition of y invalid.
By this definition, carry-over coefficient cannot be less than unity. Since, it is difficult to
define y when there is no dividing streamline that separates the flow in the cavity from
the flow under the tooth, y is assumed as unity when the streamline is carried into the
cavity due to centrifugal effects. For example, y for each cavity in Figure 8 is taken to

be unity.

Figure 7. Determination of the angle 5.
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Figure 8. Typical flow in a seal with water as working fluid.

Another flow parameter, discharge coefficient (Cq4), is a measure of the seal
efficiency. The discharge coefficient describes the total losses that occur as the fluid
flows through the cavity and under the tooth. It represents the combined effects of the
dissipation in the cavity and the frictional losses that occur under the tooth and is defined
as:

m
Ca= ATz tiore) (6)

where p; and p. are inlet and exit pressures across a tooth as shown in Figure 8.
Therefore, by knowing the discharge coefficients of all the teeth in a seal one can
calculate the leakage mass flow rate based on the overall pressure difference across the
seal. It is also possible to calculate the pressure distribution across the seal. The smaller

the value of C4 the more effective the seal is.



18

5.1 Incompressible Flow

This section emphasizes using an incompressible fluid such as water as the
working fluid. The flow field in a seal is significantly different for the case of an
incompressible fluid compared to a compressible fluid. Viscous forces are higher in this
case compared to a compressible flow and its effect is pronounced in the streamline
curvature and circulating zones in the cavity. The flow through the seal with water as

working medium is shown in Figure 8.

5.1.1 Effect of clearance on flow parameters

The flow in a seal is understood by measuring the values of C4 and y. To study
the effect of clearance, the pitch and the tooth width of the seal are fixed at 5 mm. and 1
mm. respectively, while varying the clearance from 0.10 mm. to 1.0 mm. The shaft
speeds were varied from 0 to 350 m/s in multiples of 50 m/s. Figure 9 summarizes the
effect of clearance and shaft speed on the streamline curvature in the cavity of a seal

with teeth on stator.
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At low shaft speeds (until 150 m/s), it is observed that by increasing the c/s ratio
from 0.02 to 0.2, there is transition from one recirculation zone to the formation of small
secondary recirculation zone (SRZ) in the seal cavity. This transition to small SRZ's
occurs at a c/s ratio of 0.04. Increasing the c¢/s ratio greater than 0.08 leads to larger
SRZ's and subsequently to diverted flow SRZ's at very high c/s ratios (close to 0.20).
The formation of vortices under the teeth is a significant observation with increasing
clearance. Vortex formation under the teeth occurs at a critical c/s ratio of 0.08 for high
shaft speeds. For clearances greater than this value, vortices under the teeth become
stronger and decrease the effective clearance for the flow under the tooth. They also help
the formation of diverted flow SRZ within the cavity by routing the flow into the cavity.

The effect of shaft speed on the streamline curvature is seen through the
formation of SRZ's. At lower clearances, (c/s less than 0.04), increasing shaft speeds
from 50 to 350 m/s causes a steady transition from one recirculation zone to smaller
SRZ's and subsequently resulting in diverted flow SRZ's. For a medium range clearance
(c/s = 0.04), the flow transition is unique with increasing shaft speed. The through flow
is completely routed down into the cavity before a secondary recirculation zone can even
be formed. This anomaly is seen in Figure 10 with the difference in axial and swirl
velocity being substantial. The clearance is large enough for the axial velocity to be low,
while small enough to cause enough wall shear to rotate the fluid along with the rotor
and imparting enough swirl to overcome axial momentum. At large clearances (c/s
greater than 0.08), increasing shaft speed causes vortices under the teeth and hence leads

to diverted flow secondary recirculation zones with a total split in the cavity.
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Figure 53 in Appendix D shows the trends in carry-over coefficient of each

cavity in a seal with increasing clearance which can be summarized in Figure 11. The

figure shows that there are secondary recirculation zones at a Taylor number greater than
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Table 1. Presence of SRZ's with tooth on stator for water at various clearances.

Clearance Shaft Speed (m/s)
/height (mm)
0.02
0.03
0.04
0.08
0.12
0.16
0.20

S - small SRZ; L - large SRZ; R-Reverse Pressure Gradient; D - Diverted Flow SRZ
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600 regardless of the c/s ratio as indicated by y =1. For the regions where Hodkinson's
definition for y holds true, y increases with ¢/s showing the turbulence dissipation inside
the seal cavity decreases with increasing c/s. Increasing the shaft speed decreases y for
all values of c/s.

Table 1 summarizes the formation of SRZ's at various shaft speeds with varying
clearance. These SRZ's can be either small, large or completely diverted into the cavity
depending on the clearance and Taylor number as explained before. While there are no
secondary recirculation zones with stationary shafts, increasing shaft speed causes vortex
formation. At higher shaft speeds, the fluid gains swirl momentum and is routed into the
cavity causing a diverted flow recirculation. It is observed that at higher clearances (c/s >
0.12), diverted flow is seen at even lower shaft speeds. For ¢/s < 0.12, a large vortex
formation eventually leads to a diverted flow. At a critical clearance-pitch ratio of 0.04,
large vortices lead to a reverse pressure gradient before forming a diverted flow and at
lower clearances lower than c/s = 0.04, small vortices are formed before forming large

vortices.
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Figure 12. C, in a stator for various clearances and Ta; incompressible flow; w=1 mm,

s=5mm, h=5 mm.
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The values of discharge coefficients are calculated for each tooth by measuring
the inlet and exit pressure to the tooth. Appendix E contains Figure 55 that relates the
change in discharge coefficients with the change in clearance of the seal and are
summarized as 2D contour plots in Figure 12 for various teeth. The discharge
coefficient values for the first tooth are different from the second and subsequent teeth
values, as observed by Saikishan and others [8].

At zero shaft speed, the discharge coefficient increases from about 0.6 to 0.7 as
c¢/s increases. The Cq4 value for the second, third and fourth teeth increases from 0.6 to
0.9 as c/s increases. Hence, the first tooth does more sealing than subsequent teeth for
larger c/s. For really large c/s, flow is almost unaffected by subsequent teeth. This is due
to the similarity in the flow structure at larger clearances at which, diverted recirculation
zones are formed. These diverted SRZ's create a similar flow pattern for higher
clearances leading to similar Cd values. With increasing clearance, in general, Cd
increases although a clear relation between Cd and clearance does not seem to exist. A
clearance of above 0.40 mm (c/s ratio of 0.08) results in the discharge coefficients
behaving in a random manner. This fact i1s illustrated by the values of discharge
coefficients in Figure 12. This result holds true even for air (to be observed in the next
section) and has been predicted by Saikishan [8]. For this reason, he did not look at
seals with a c/s ratio of greater than 0.04.

Figure 12 also sheds some light on the behavior of fluid flow at higher
clearances and higher Taylors numbers. The Cq4 values are greatly influenced by the type
of flow. A Taylors number of 500-600 is found to be the region where secondary

recirculation zones occur regardless of ¢/s ratio. This is true for cases where c/s ratio is
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less than 0.08. Such observation is backed by the y values in Figure 11. But the same
cannot be said in case of higher clearances, where there is formation of vortices under
teeth and the flow pattern is completely different from that in lower clearance. At lower
¢/s < 0.08, for the first tooth, C4 decreases with increasing shaft speed. At higher c¢/s, Cgq
changes randomly with various shaft speeds. For c¢/s < 0.08, vortices under the tooth
largely affect C4 values which are dependent on shaft speed. This can be understood with
the formation of vortices under tooth as seen from Figure 13 where areas demarking the
formation of vortices under teeth have undesirably high values of C4 (shown with
hexagonal demarcation). Incoherent behavior in Cq is also explained by the presence of
these vortices.

The seal behaves inefficiently at higher clearances for smaller Taylor numbers.
At smaller clearances, large Taylor numbers are seen to be adversely affecting the seal
performance. While, there is a reverse pressure gradient within a seal at lower clearance
(Figure 10), the recirculation zone presses onto the through flow at higher clearances.
This protruding secondary flow reduces the effective clearance in a seal cavity and

generates swirl momentum to cause diverted SRZ's (Figure 13).
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Figure 13. Formation of vortices under tooth for large clearance.

5.1.2 Effect of cavity depth on flow parameters

28

The influence of cavity depth is more pronounced in the case of incompressible

fluid. Figure 14 summarizes the effect of changing cavity depth on the streamline

curvature in the cavity of the seal with teeth on stator.
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Figure 15 shows the carry over coefficients while Figure 16 shows the discharge
coefficients. Figure 16 shows the values of C4 change from 0.65 at lower Taylor
numbers to a lower value of 0.28 at higher Taylors numbers for all four teeth. This
suggests better seal performance with increased shaft speed. This low Cg4 is caused by the
large centrifugal body force generated at the higher shaft speeds which cause the through
flow to be routed down into the cavity. Although the discharge coefficient, Cq4, does not
change with increasing cavity depth at a particular Taylors number (along the Y-axis of
Figure 16), the contours of carry-over give some interesting results (Figure 15). At
shallow cavities, the formation of SRZ's is not common and occurs with relatively high
difficulty.

By increasing the cavity depth to a geometry where the cavity depth and pitch are
nearly the same, there is a transition to the diverted secondary recirculation zones at
Taylors numbers close to 500-600. Such formation is not observed for pitch-height > 1.
As this pitch-height becomes lower than 1, the critical Taylors number at which large
secondary vortices are formed is seen to be around 500 to 700. Hence, for deeper
cavities, there is a total split for Ta ~ 500 to 700, while a transition to secondary vortices
at slightly shallower cavities is observed. If the cavity is even shallower, then such Ta
does not exist implying no such vortices. Table 2 summarizes these effects while

showing small, large and diverted flow SRZ's.
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Table 2. Presence of SRZ's with tooth on stator for water at various cavity depths.

Pitch Shaft Speed (m/s)

/height 0 50 100 150 200 250 300 350
0.50 No L L L L L L
0.75 No L L L L D
1.00 No No No L L L L
1.25 No No No No No No No No
1.50 No No No No No No No No
2.00 No No No No No No No No
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Figure 15. y for various cavity depths and Ta for a stator; incompressible flow. ¢ = 0.1

mm, s = S5mm, w = I mm.
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Figure 16. Cq4 for various cavity depths and Ta for stator; incompressible flow. ¢ = 0.1
mm, w =1 mm, s = 5mm.
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Figure 17. Different stages of SRZ's formation; No SRZ, large SRZ, diverted flow SRZ.

The difference in the formation of SRZ's is depicted in the Figure 17, where the
secondary vortex does not exist in the first diagram, and is in the incipient stages in the
second one, while it is completely formed in the last one. Figure 16 shows that the
discharge coefficient is not affected by any increase in cavity depth. This observation is
similar to that observed for carry-over coefficient. For incompressible fluid with teeth
on stator, cavity depth does not seem to be a critical design parameter. Though the
formation of SRZ's is guided primarily by shaft speed, there is a difference in the way it
is formed for a deeper cavity compared to a shallow cavity. The difference is pointed out
in Figure 18.

For reference, Table 3 shows the Taylors number values of the simulations

performed and are taken to plot the 3D contour plots discussed earlier.
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Table 3. Taylors numbers of the simulations performed for water.

Shaft Clearance (mm)
S(fﬁ;;j 0.1 015 | 02 0.4 0.6 0.8 1
0 0 0 0 0 0 0 0

50 24 | a1l 632 | 1789 | 3286 | 5060 | 7071
100 447 | 822 | 1265 | 3578 | 6573 | 10119 | 14142
150 671 | 1232 | 1897 | 5367 | 9859 | 15179 | 21213
200 894 | 1643 | 2530 | 7155 | 13145 | 20239 | 28284
250 1118 | 2054 | 3162 | 8944 | 16432 | 25298 | 35355
300 1342 | 2465 | 3795 | 10733 | 19718 | 30358 | 42426
350 1565 | 2876 | 4427 | 12522 | 23004 | 35418 | 49497

5.2 Compressible Flow

36

This section emphasizes using a compressible fluid such as air as the working

fluid. Flow through the seal with air as the working medium is shown in Figure 19. The

effects of compressibility become evident at high rotational speeds of the shaft as

evidenced by pressure difference across the seal. The centrifugal force of the fluid builds

up as the flow moves downstream into the third cavity where the flow profile is different

from that in the first cavity. This can be understood from Figure 19 where the

distribution of swirl velocity is different from that in the first cavity. The distribution of

swirl velocity in the final cavity is more uniform since the fluid at this point in the seal

has been subjected to more centrifugal forces than the fluid upstream the seal.
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Figure 19. Compressible flow showing swirl velocity in seal with teeth on stator, ¢ = 0.6
mm, w= 1mm, s = 5mm, h = 5mm; Wy, =200 m/s.

The Taylor number relates swirl inertia and viscous effects as well as geometrical
parameters dealing with the flow curvature. For flow in labyrinth seals, the Taylor
number is defined as:

w 1
Ta==5(5) /2 (7)

A particular type of flow instability arises at high Taylor numbers which is
characterized by a system of torroidal eddies, commonly referred to as Taylor vortices,
that circulate between the shaft and rotor. Taylor vortices are found in both laminar and
turbulent flows, with or without an imposed axial flow[18]. It was found that when swirl
was large compared to the axial flow, a second vortex develops in the cavity. In the case
of a labyrinth seal, this is a desirable phenomenon since it significantly increases the
pressure drop across a cavity. Table 4 shows that there are no secondary recirculation

zones while the fluid is compressible even at shaft speeds as high as 350 m/s. It is to be
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noted that this shaft speed corresponds to a Mach number close to 1. Hence, in terms of
eddy dissipation within a cavity, a compressible fluid does not fare well. This behavior is
contrasted with that of an incompressible fluid, water, where SRZs are more common.
This is due to the fact that the viscosity of air, i IS ~2x10° Pa.s. while Wwater 1S ~1073
Pa.s. Water is 100 times more viscous than air, which leads to higher viscous dissipation
for a seal with water as the working medium. The absence of SRZ's for arr can be
explained by comparing the scales of the body forces generated for water and air. Air is
1000 times less dense than water. Hence the body force generated within the cavity of a

2
seal, p% is a 1000 times lesser in the case of a seal with air compared to that of a seal

with water. Table 3 and Table 5 show the Taylor numbers of the various Taylors

numbers at which simulations were performed.
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Table 4. Absence of Secondary Recirculation Zones (SRZ) with tooth on stator and air.

Pitch/height Shaft Speed (m/s)
0 50 100 150 200 250 300 350
0.5 No No No No No No No No
0.75 No No No No No No No No
1 No No No No No No No No
1.25 No No No No No No No No
1.5 No No No No No No No No
2 No No No No No No No No
Clearance Shaft Speed (m/s)
(mm) 0 50 100 150 200 250 300 350
0.10 No No No No No No No No
0.15 No No No No No No No No
0.2 No No No No No No No No
0.4 No No No No No No No No
0.6 No No No No No No No No
0.8 No No No No No No No No
1 No No No No No No No No
Table 5. Taylors numbers of the simulations performed for air.
Shaft Clearance (mm)
Speed
(m/s) 0.1 0.15 0.2 0.4 0.6 0.8 1
0 0 0 0 0 0 0 0
50 11 21 32 89 164 253 354
100 22 41 63 179 329 506 707
150 34 62 95 268 493 759 1061
200 45 82 126 358 657 1012 1414
250 56 103 158 447 822 1265 1768
300 67 123 190 537 986 1518 2121
350 78 144 221 626 1150 1771 2475
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5.2.1 Effect of clearance on flow parameters

A number of simulations have been performed with a seal whose pitch is fixed at
Smm. To study the effect of clearance, other geometric parameters such as tooth height
(of 5mm.) and width (of Imm.) are fixed. Appendix B to F present the CFD results for y
and C4 as a series of 2D plots. These data are presented in 3D graphs in this section
which present the overall results more clearly. The nomenclature of Figure 49 in
Appendix B as [5s1h1w0.40c] represents a seal with pitch of 5 mm, pitch-height ratio of
1, width of 1 mm and a clearance of 0.40 mm. The clearance is varied from 0.1 mm to
Imm while considering various rotational speeds of the shaft ranging from 0 to 350 nv/s
for a fixed Reynolds number of 1,000. Figure 51 in Appendix C shows the trends in the
change in discharge coefficients with change i clearance. The flow field in a seal and its
cavities can be understood better by analyzing both the flow parameters (y and Cg)
simultaneously.

All the X-Y plots in Figure 49 (Appendix B) that show variation of y can be
summarized in a 3-D contour plot in Figure 20. The plot systematically shows how the
fluid flow is influenced with increase in clearance-pitch ratio for a fixed Reynolds

number of 1,000.
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Figure 20. y in a stator for various clearances and Ta in compressible flow. s =5 mm, w
=1 mm, h=5 mm,

The carry over coefficient increases as the clearance is increased, changing from
vy = 1.3 for a c/s ratio of 0.02 to y = 2.9 for ¢/s = 0.2. There is minimal Taylor number
dependence for this tooth on stator seal. Thus, the energy dissipated in the seal decreases
with increasing c/s. Figure 21 presents streamlines with axial velocity (uy) and swirl
velocity (ug) contours for a large clearance. The flow tends to pass straight through the
seal as indicated by the large values of y. The axial velocity is of the order of 25 m/s
while the swirl velocity is significantly higher at 320 m/s. This large difference causes
the vortex in the cavity to press down on the fluid flow under the tooth causing the fluid
to pass over without being pulled into the cavity. This behavior is responsible for the

increase in carry-over coefficients (values greater than 2.5).
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Figure 21. Axial and swirl velocity distribution in a seal with W, =350 m/s; ¢/s = 0.20.

The discharge coefficient values, Cq is different for the first tooth compared to
the subsequent teeth (Figure 22). These results are plotted in 2D plots in Figure 51 in
Appendix C which are represented in a 3D plot in Figure 23. For the first tooth, Cq4
increases from 0.6 to 0.74 as clearance increases from c¢/s of 0.02 to 0.20, showing that
its sealing efficiency decreases with increasing clearance. The first tooth has lower Cqy
values compared to the subsequent teeth at all clearances suggesting that the first tooth
does more sealing than the rest of the teeth. Also, the dependence of the first tooth Cq4
values on the Taylors number is minimal compared to that of teeth 2, 3 and 4 implying

that the seal performance remains the same at all shaft speeds.
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The sealing performance of teeth 2, 3 and 4 is very similar and is evident from
similar values of C4. These teeth have larger values of C4 (~1) at ¢/s > 0.08. This is a
critical clearance-pitch ratio as observed by Saikishan and others [8]. These teeth
perform better at higher Taylors numbers regardless of the c/s ratio as suggested from
the decreasing values of Cq4. This holds true for even larger c/s values (> 0.08) where Cq4
decreases to lower than 1 at higher shaft speeds greater than 250 m/s. Such behavior is in
contrast with the first tooth performance which performs the same at all shaft speeds.

Hence, it is not desirable to use a seal with teeth on stator for a clearance-pitch
ratio greater than 0.08 for compressible flow at lower Taylors number. This critical c/s
ratio is in close agreement with Saikishan's work [8] which predicts inefficient design of
seal with c/s greater than 0.04. Low clearances perform relatively better at even higher
Taylors numbers as seen from the contour plots where there is uniform C4 and y

distribution.
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5.2.2 Effect of cavity depth on flow parameters

A previous study by Saikishan and Morrison [8] did not look broadly into the
effects of the cavity depths on the carry-over coefficients and discharge coefficients.
Simulations were performed at varying depths of the cavity by fixing the pitch at 5 mm,
and the width of the tooth at 1 mm. It is interesting to find that y is independent of the
depth of the cavity in a compressible flow. To understand the effect of changing cavity
depths, Figure 50 that shows the variation of y with various cavity depths is summarized

in Figure 23.
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Figure 23. Contour plot for v in a stator for various depths and Ta; compressible flow.

The above figure illustrates how the carry-over coefficient essentially remains

the same with a deviation of less than 7% while changing the pitch-height ratio of the
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cavity. The values of y change from 1.13 to 1.21 only. It is to be noted that, within the
context of the accuracy of CFD, a 7% deviation does not mean anything significant.
Very similar behavior is observed for discharge coefficients in a seal suggesting the flow
to be unchanged with respect to changing cavity depth in terms of energy dissipation.
Hence, for designing seals with teeth on stator, tooth depth can be assumed to be the last
design parameter to look into if the working fluid is compressible.

As can be seen from Figure 20 and Figure 23, the carry-over coefficient, y is
independent of the rotational speed of the shaft at lower clearance of less than 0.20 mm.
(c/s ratio 0f 0.04). Such behavior can be attributed to the axial inertia of the fluid coming
out from under the tooth. The axial velocity of fluid under a 0.20 mm clearance tooth is
about 3 times that of a 0.60 mm clearance tooth. Hence, it is that much more difficult for
the fluid to be pushed into the cavity and circulate within the cavity. Figure 24 explains

it with contours of axial velocity profiles in the first tooth of the seal.
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Figure 24. Axial velocity variation under the tooth; ¢ = 0.20 & 0.60 mm, Wy, = 350 m/s.
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Figure 48 that shows the variation of C4 with cavity depth is summarized in
Figure 25. The Cg4 for the first three teeth are essentially independent of seal depth. The
fourth tooth shows a decrease in C4q with decreasing cavity depth. The discharge
coefficient decreases with increase in shaft speed (or Taylors number). The effect of
shaft speed is more pronounced in the case when the seal clearance is changing (Figure
22). It shows that higher Taylors numbers in wider clearances cause lower discharge
coefficients and this information can be important if the design does not allow higher
clearances. Essentially, the disadvantage of using higher clearance is outweighed by the
advantage (fact) of using a higher shaft speed, which can offer relief to engineers

designing tightly constrained clearance specifications.
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Figure 25. Contour plot for Cq in a stator for various depths and Ta; compressible flow.

c=0.1 mm, s=5mm, w=1 mm.
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6. FLOW IN A SEAL WITH TEETH ON ROTOR

Figure 26 shows a typical flow field in a labyrinth seal with teeth on rotor. A
characteristic difference between the flow in a seal with teeth on rotor and those with
teeth on stator is the area of contact that rotates the fluid. It is as much as three times
larger than for the tooth on a stator case. This has a large impact on y and Cq4 as seen

further due to the significantly larger tangential velocities imparted to the fluid.
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Figure 26. Flow field in a seal with teeth on the shaft, Wy, = 0.
6.1 Incompressible Flow

The effects of flow in a seal with teeth on rotor are accentuated with the presence
of an incompressible working fluid as discussed in further sections. The flow in such

cases is shown in Figure 27.



52

0.06

0055

Figure 27. Fluid flow in a seal with teeth on rotor with incompressible flow for a shaft
speed of 250 m/s.

6.1.1 Effect of clearance on flow parameters

To study the effect of clearance, the pitch and the tooth width of the seal are
fixed at Smm. and 1 mm. respectively, while varying the clearance from 0.10 mm. to 1.0
mm. The shaft speeds were varied from 0 to 350 m/s in multiples of 50.

Figure 28 summarizes the effect of clearance on the streamline curvature in the

cavity of a seal with teeth on rotor.
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By increasing clearance from c/s of 0.02 to 0.20, it is observed that there is a
transition from a large recirculation zone to a completely diverted flow recirculation. For
c/s > 0.04, only diverted flow recirculating zones are observed at all Taylor numbers.
Also, vortices begin to form under the teeth for ¢/s > 0.04. These vortices under the teeth
reduce the effective clearance for the seal. For values of c/s > 0.04, the secondary
recirculation zone also begins to protrude onto the through flow reducing the seal
clearance in the cavity part of the seal.

At lower clearances (c¢/s < 0.04), increasing shaft speeds causes the flow to
transition from a large SRZ to a completely diverted SRZ. At higher clearances (c/s >
0.04), increasing Taylor number leads to the formation of vortices under tooth while

forming a diverted SRZ.
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Figure 29. Effect of clearance on y for a seal with teeth on rotor and water.
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When there is a secondary vortex formation in the cavity, y cannot be defined
since there is no separating streamline downstream the tooth. Hence y is taken as the
least possible value of 1 in such cases. From Figure 29, it can be seen that the carry-over
coefficients become one after a certain rotational speed. It is to be understood that the
behavior of y cannot be established since it cannot be defined at such flow scenarios.
Such flow scenarios also imply the formation of SRZ's at such c/s ratios and Taylor
numbers.

Figure 29 indicates that at higher Taylors number (even for shaft speeds greater
than 50 m/s), a secondary recirculation zone is observed regardless of the clearance-pitch
ratio of the seal. At a higher c¢/s value of 0.2, y values increase from 1 to 2.4 suggesting
decreasing seal cavity efficiency. y value coupled with Cq4 values (greater than 1) at such
higher clearances suggest the same. The seal fails to dissipate energy and the exiting
stream under the tooth flows through the next tooth before dissipating its energy. This
argument holds for lower Taylors numbers only since SRZ's are formed irrespective of
the c/s ratio at higher Taylors number. Table 6 summarizes the formation of SRZ's at

various shaft speeds with varying clearance.

Table 6. Formation of SRZ's for seals with teeth on rotor with water.

Clearance Shaft Speed (m/s)

(mm) 0 250
0.1 No
0.15 No
0.2 No
0.4 No
0.6 No
0.8 No
1 No
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Figure 30. C4 contours at various clearances and Ta for rotor; compressible flow. s =

Smm, h=5mm, w = Ilmm.
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The discharge coefficient is a measure of a seal's ability to reduce leakage. A
value of 1 indicates an ineffective seal. Performance increases as Cq4 decreases. Unlike
the tooth on stator case, the discharge coefficient Cq4 for the first tooth is similar to that of
the subsequent teeth as shown in Figure 30. At zero shaft speed, the discharge
coefficient increases from 0.7 to 0.95 as c/s increases showing that higher clearances are
inefficient for a tooth on rotor seal. With increasing c/s ratio, the seal performs better
only at higher Taylor numbers. At extremely high c¢/s of 0.20, the tooth on rotor seal is
very inefficient at all shaft speeds. At lower c/s, Cq values suggest that increasing the
Taylor number will result in an efficient seal as observed from a value of 0.35. But
running at shaft speeds close to or less than 150 m/s (which is common today for many
turbomachines) suggests an inefficient performance of the seal if the c/s ratio is greater
than 0.04. Such shaft speeds render a seal efficient only if the seal has c¢/s < 0.04 for
tooth on rotor. To summarize, for a tooth on rotor, increasing shaft speeds above 200 m/s

reduces Cq by 25% regardless of the clearance as long as ¢/s < 0.20 ( or < 0.16).

6.1.2 Effect of cavity depth on flow parameters

Figure 31 summarizes the streamline pattern for a seal with tooth on rotor at
varying cavity depths. To understand the effect of cavity depth, the pitch and the tooth
width were fixed at 5 mm. and 1 mm. respectively, while varying the depth from 10 mm.

to 2.5 mm. This varies the pitch-height ratio from 2 to 0.5.
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Figure 32. Effect of cavity depth on y for a seal with teeth on rotor and water.

Figure 32 illustrates the effect of cavity depth on the flow field. Regardless of
the cavity depth, as the Taylors number increases beyond a value close to 500, secondary
vortices occur in the cavity diverting the flow into the cavity. This critical Taylors
number, interestingly, is close to the value seen for a teeth on stator in incompressible
flow. Although there was a transition zone in a teeth on stator, such transition occurs
more quickly with increasing shaft speed to be noticeable in the case of a teeth on rotor
seal. This is due the magnitude of the increase in pressure difference across a cavity
(correlated against the body force of the fluid) with increasing shaft speeds which is
discussed in further sections.

The effect of cavity depth does not seem to be very critical unless we are looking

at medium ranges of shaft speeds such as 100-200 m/s. It is observed that deeper cavities
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form secondary vortices at lower shaft speeds compared to shallower cavities. One such
observation is illustrated in Figure 33. This is due to the larger rotating surface
imparting higher levels of swirl which increases centrifugal body forces. In summary, y

is relatively independent upon cavity depth for a tooth on rotor seal.
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Figure 33. Formation of vortices in deeper cavities, with water, Wy, = 150m/s, s/h =0.5.
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Figure 34. C, for various cavity depths and Ta for rotor; incompressible flow, ¢ = 0.1

mm, w =1 mm, s = 5Smm.
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Figure 34 illustrates how changing the cavity depth affects the discharge
coefficient. The first tooth shows a complex relationship. In general, Cq is least (~0.65)
for all cavity depths for Ta < 200. C4 remains low for h/s =1.0 and 1.25 for Ta < 900. For
h/s values below 1 and a for a value of 1.5, Cq4 increases to above 0.95 (~1) as Ta
exceeds 500. Only the very large cavity depth (h/s = 2.0) maintains a low value of Cq4. In
fact, for this case C4 decreases as the Taylor number increases.

The interior teeth are all the same with C4 decreasing to 0.85 for h/s = 0.5 to 0.8
for h/s > 1 at Ta = 0. As the Taylor number increases, C4 decreases to below 0.4 with the
lowest values present for the largest h/s and highest Taylor number. These data show
that for a tooth on stator seal, a seal depth of 2 provides a seal with the least leakage.

Figure 35 shows the swirl at the inlet of the cavity that reduces the effective
clearance and drastically changes the streamline curvature. This causes an erratic
behavior in the discharge coefficients of the first cavity in each geometry of the seal.
Also, subsequently, at higher clearances there are vortices under teeth and causes wide

fluctuation in C4 values as described below.
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Figure 35. Initial swirl reduces the flow into the cavity.
6.1.3 Effect of rotational speed on flow parameters

The primary effect of shaft speed, as discussed earlier, is the formation of
secondary vortices in the cavities. The formation of SRZ's is summarized in Table 6.
Secondary vortices in the cavity are formed when the fluid close to the stator is being
pushed into the cavity. The force necessary for the fluid to circulate into the cavity is
driven from the fluid-rotor interaction. The fluid gains a certain swirl velocity which is
proportional to the shaft speed (quantified and discussed in Section 7). This swirl

momentum can be gained by a fluid if only the fluid has some viscous nature associated

2
with it. This swirl momentum produces enough body force, plrl—e, for the fluid to generate

a pressure difference between the rotor and stator sections (dP/dr) of a cavity thereby
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driving the fluid into circulating. The magnitude of the body force is proportional to the
pressure difference within a cavity and is shown in Figure 36. The shear at the wall of
the rotor, t is responsible for the axial momentum gradient characterized by the axial
velocity of the fluid (ux). A clearance of 0.10 mm (c/s ratio of 0.02) would drive up the
shear layer contribution to create more shear force on the working fluid. This shear force
coupled with the body force along the radial direction drives the u,-ux vortex in the r-x

plane.
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Figure 36. Body force creating pressure difference to cause recirculation in a cavity;
teeth on rotor for water s/h =1.25,¢=0.1 mm, w =1 mm, s = Smm.
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Figure 37 shows the level of pressure difference in a cavity with tooth on rotor
running with water at a shaft speed of 350 m/s. The points to measure the pressure
difference are shown for clarity. The pressure difference is dP = P;-P, and radius of the

2
shaft is used to calculate a pressure gradient that is evaluated against the body force, %.

For this seal the pressure difference from over the inlet tooth to over the exit tooth is 105
MPa while the radial pressure difference is 4 MPa indicating the body force effects are

as great as the axial velocity effects.
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Figure 37. AP across stator and rotor in a cavity; s/h = 1.25 and Wy, = 350 m/s.

2
The influence of body force, % is observed in the different kinds of streamlines

possible in a cavity leading to different flow structures. These flow fields are
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characterized by the flow parameters, y and C4, which help understand the efficiency of
the seals in dissipating energy of the fluid. Figure 38 shows the streamlines in increasing
order of the shaft speeds (50, 150 and 350 m/s), which results in greater body force for
the fluid. The magnitude of body force is seen to increase by 8 times from case 1 to case
2 and by 5 times from case 2 to case 3 shown in the Figure 38. Hence, the fluid is
subjected to higher radial pressure gradients within the cavity leading to detachment of
the streamline that exits the preceding tooth and being drawn into forming a secondary
vortex. For cases like the third, v is not defined by Hodkinson's equation and are given a

value of 1.
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Figure 38. Influence of body force on streamlines in a cavity at various shaft speeds.
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6.2 Compressible flow

This section deals with air as the working fluid that represents a compressible
fluid in general. The effect of a compressible fluid on energy dissipation was discussed
in a previous section under Section 5.2. Table 7 and Table 8 show the formation of
large secondary recirculation zones at various clearances and cavity depths. The
geometries of the seals considered for this study are the same as for the tooth on stator

section.

Table 7. Formation of SRZ's with teeth on rotor for air with varying clearance.

Clearance Shaft Speed (m/s)
(mm) 0 50 100 150 200 250 300
0.1 No No No No No No
0.15 No No No No No No
0.2 No No No No No
04 No No No No

0.6 No No No
0.8 No No No
1 No No No

Table 8. Formation of SRZ's with teeth on rotor for air with varying cavity depth.

Pitch/Height Shaft Speed (m/s)

0 50

0.5 No No

0.75 No No

1 No No

1.25 No No

1.5 No No

2 No No
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The Taylors numbers at which the simulations were performed are the same as in

the case of a tooth on stator seal.

6.2.1 Effect of clearance and aspect ratio on flow parameters

As per Hodkinson's definition of carry-over coefficient, y values have been
estimated using Tecplot 360 for various simulations. As in the case of a seal with teeth
on the stator, geometric parameters such as pitch, tooth width, and height are fixed to
understand the effect of clearance on y and Cd. The flow map with varying clearance-
pitch ratio showing the formation of SRZ's is illustrated in Figure 39. With increasing
clearance, the carry-over coefficient increases implying lower impingement of the
streamline on the downstream part of the cavity. This can be understood from X-Y plots
in Figure 57 in Appendix F and are neatly summarized in a 3-D contour plot in Figure
40. The carry over coefficient increases from 1.0 to 2.8 as the clearance increases from

Ta =0.
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As the Taylor number increases, y decreases indicating more energy dissipated in
the seal cavity. A striking difference is seen in Table 8 (compared with Table 4) where
secondary recirculation zones are formed at higher clearances of 0.60 mm and above. At
this stage, we have an incipient vortex as shown in Figure 41 is present. This can be
attributed to the imparting of high centrifugal force to the working fluid due to higher
contact area with the rotating surface. The flow map with varying clearance-pitch ratio
showing the formation of SRZ's is illustrated in Figure 39. Figure 39 shows that a large
SRZ is formed at higher shaft speeds of 350 m/s only for lower clearances (c/s < 0.04).
For a c/s ratio of 0.08 and 0.12, SRZ formation is shifted to lower shaft speeds of 200
and 150 mv/s respectively. For large c/s (>0.16), SRZ's are formed quite easily at a shaft
speed of 100 m/s. As seen for a seal with tooth on stator, the SRZ in the cavity presses

down onto the through flow from the tooth at higher c/s of > 0.16.
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Figure 40. Contours of y in rotor with various clearances and Ta; compressible flow.
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Figure 41. Incipience of SRZ for seal with teeth on shaft with air.
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The effect of clearance on the discharge coefficients of a seal with teeth on rotor
is summarized in Figure 42. It can be seen that C4 values do not change over a wide
range. The lowest value is seen for the first tooth at 0.63 for higher Taylors number and
a larger clearance (c/s > 0.12) while highest value of 0.77 is seen at lower Taylors
number for the same c/s range. This means that the first tooth of the seal is slightly better
at higher Taylors number for higher clearance and such similar results were seen with
the teeth on stator for a compressible working fluid. This figure strengthens the earlier
observation where c/s ratios greater than 0.08 lead to inefficient designs in seal as
illustrated here. However, for the subsequent teeth in the seal the discharge coefficient is
near 1 for the same regions where Cq is low for the first tooth. This indicates these
subsequent teeth are not sealing the flow. Therefore, for the overall seal to work
effectively, the seal clearance must be reduced so the subsequent teeth contribute to
sealing the flow. Since Cq4 represents the overall seal effectiveness, the seal must be
designed based upon the overall effectiveness. For these flows, this conclusion is also
supported by the contour plots of y (Figure 40) which show low values (close to 1) of

the carry-over at higher Taylors numbers and lower c/s ratios.
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c/s ratio > 0.08; Large Cq4 values
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Figure 43 shows the axial velocity distributions for teeth on stator and on rotor
are very similar at a shaft speed of 350 m/s at a clearance of 0.10 mm. While there is no
incipience of a secondary vortex within the cavity, the fluid is being dragged and rotated
in the case of a seal with teeth on rotor at similar conditions leading to vortex formation.

This is a case of compressible effects and rotor effects working together

changing the flow field drastically compared to a seal with teeth on stator.
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Figure 43. uy is similar at same shaft speed for teeth on stator and rotor, SRZ's present.

The effect of cavity depth can be assumed to be negligible on the discharge
coefficients in a seal and can be clearly observed to be so from Figure 44 and also on
carry-over coefficients from Figure 45. Interestingly, the trends and even values in y and
Cq do not change as compared to the values for a seal with teeth on stator using air as
working fluid. This can be observed by comparing them against Figure 23 and Figure
25. Also, the behavior of downstream tooth is similar to the first tooth as seen from
Figure 44. The Cq4 values change by only 2-3 % among the four teeth with varying

cavity depths.
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Figure 44. Contour plot for Cq4 in rotor with various depths and Ta; compressible flow. ¢

=0.1 mm, w=1mm, s=5 mm.
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Figure 45. Contour plot for y in rotor with various depths and Ta; compressible flow. ¢
=0.10 mm, s= 5Smm, w=1 mm.

Figure 43 shows the difference between cases with teeth on rotor and those on
stator for a compressible fluid. While the rest of the flow parameters are identical.
Interestingly, the compressible fluid tends to form secondary vortices for deeper cavities,
but not for shallow cavities.

While for shallower cavities, there is no difference in the discharge coefficients
with increasing shaft speed, it is observed that y decreases with increasing shaft speed at
lower clearances while the cavity depth is equal to its pitch. This observation is similar
to our previous analysis with teeth on stator and the physics essentially remains the same

as discussed in section 5.2.2
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7. SWIRL VELOCITY DISTRIBUTION

The present section has focused on calculating the average values of swirl
velocity within each cavity of a seal to assess the difference in nature between
compressible and incompressible fluid flow. The average swirl velocity, ug is calculated

using the following equation:

iy ve2Ge A
u_e =

ff cavity dA

(8)

Different observations have been made for teeth on rotor and stator. The average
swirl velocities have been compared to the tangential velocities of the shaft and
interestingly, their relation seems to be linear. These relations have been obtained for
changing cavity depths and can be seen in Figure 46 for a seal with teeth on stator and

in Figure 47 for a seal with teeth on rotor.
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Figure 46. Average swirl velocity in the cavity with teeth on stator.
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The ratio of the swirl induced in the cavity to the tangential speed of the rotor
decreases with increasing aspect ratio for a tooth on rotor. The tooth on stator cases
illustrate the opposite trend with this ratio increasing with increasing aspect ratio. Figure
48 shows that the swirl induced in the case of teeth on rotor are ~70% of the shaft speed
while it is at close to ~30% for a seal with teeth on stator. The average values of the
swirl velocity is slightly higher for air as compared to that of water. The compressible
effects of air seem to help increase the average swirl in the cavity. This effect coupled
with less viscosity of air leads to lower dissipation of swirl momentum. Hence the
average swirl velocity is higher for air. Also, the averaged swirl velocity increases with
increasing cavity depth due to increase in the rotating surface area. The observed rule of
thumb for the amount of swirl present in the cavity is to calculate the difference in the
cavity surface speed and that of the opposing smooth wall. The average tangential speed
in the cavity will be 30% for tooth on stator and 70% for tooth on rotor.

An interesting result is the asymptotic increase in this ratio in the case of teeth on
stator, and an asymptotic decrease in the ratio for teeth on rotor with increasing aspect
ratio (increasing shallowness of the cavity).So, if it comes to placing a larger number of
teeth between a given space for decreasing leakage across the seal, one can place deeper
cavities with teeth on rotor and could consider lesser number of teeth for teeth on stator.
While the former approach would make it more effective and also lead to stricter

operational constraints, the latter one would reduce cost and operational effort.
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7. SUMMARY

The dependence of flow parameters, y and Cq4 on the seal clearance and cavity
depth has been studied. The carry-over coefficients for all the cavities are similar in most
of the cases showing that the cavities dissipate energy in a similar manner. The discharge
coefficients are dependent on the geometric parameters such as clearance and cavity
depth. The behavior of first tooth has been established to be different from other teeth.
The work has also looked at exceptionally high shaft speeds of 350 m/s while
establishing the dependence of the flow parameters on the shaft speed. The difference in
flow fields for compressible and incompressible working fluid has been presented in
terms of these flow parameters for both tooth on stator seal and tooth on rotor seal.

For a fixed Reynolds number, the effect of changing Taylors number is seen in
the formation of large recirculation zones and completely diverted flow recirculation
zones. The formation of SRZ's is prominent for incompressible flow for both tooth on
stator and tooth on rotor seals. For compressible flow regimes, SRZ's are formed only in
a seal with tooth on rotor. Increasing shaft speeds also causes formation of vortices
under the teeth for a seal with incompressible working fluid beyond a critical c/s ratio of
0.08. A critical Taylors number in the range of 500-600 is observed at which SRZ's
begin to form for both tooth on stator and tooth on rotor seals.

For a seal with tooth on stator with incompressible fluid, higher clearances and
lower Taylors numbers are not advisable. Lower clearances with high Taylors numbers
also make a seal inefficient. The effect of cavity depth on the flow parameters is minimal

in this case. For compressible flow regimes in tooth on stator seal, lower clearances and
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higher Taylors numbers perform better. A clearance-pitch ratio of greater than 0.08 is
not advisable for compressible working fluid in a tooth on stator seal. If it is inevitable to
use seals with ¢/s > 0.08, increasing the operational shaft speed of the turbomachine will
help with better seal performance.

For a tooth on rotor seal with incompressible fluid, increasing the shaft speed
beyond 200 m/s makes the seal perform efficiently regardless of the c/s ratio. A very
high c/s ratio of 0.20 is very inefficient at all Taylors numbers. A seal with pitch-depth
ratio of 0.5 shows greater efficiency compared to seals with lower cavity depths. For
compressible fluid flow regimes, the formation of SRZ's observed at various shaft
speeds depending on the clearance of the seal. The relation between the formation of
SRZ's and clearance is established in a flow map.

The average values of swirl velocity have been calculated for both water and air
in a cavity for tooth on stator and tooth on rotor seals. The ratio of the swirl induced in
the cavity to the shaft speed has been discussed. The average swirl velocity in the cavity
will be 30% for tooth on stator and 70% for tooth on rotor.

Future studies can include the effect of changing shaft diameter which might
influence the flow field due to the difference in shaft curvature. Effect of real gases can
be studied by using appropriate state equations for gases. It might be important to

establish the effect of changing viscosity of gases on the leakage estimation.
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APPENDIX A

The standard k- ¢ model is a semi-empirical model based on model transport
equations for the turbulence kinetic energy (k) and its dissipation rate (¢).In the
derivation of the k- ¢ model, it was assumed that the flow is fully turbulent, and the
effects of molecular viscosity are negligible.

The turbulence kinetic energy, K, and its rate of dissipation, &, are obtained from
the following transport equations:
-§ipk)+é%(pmh}:é%{ﬂu+§%}§z}+6k+Gb—pg—YM+Sk 9)

i j

0 0 0 0
a(pg)+a—)(i(pgui ) 25[(g+ﬂj§}+qg E(Gk +C;,G,)

j 7 j

" (10)

&<
—c, pZ 45
Zap k

&

Where Yyrepresents the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate and for the present incompressible it can be
easily set to zero.

Gyrepresents the generation of turbulence kinetic energy due to the mean velocity

gradients and is given by :

fauj
G, =—puu;

(1)

Gpis the generation of turbulence kinetic energy due to buoyancy
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t OT
G, =g L1
b = B0 Pr. ox (12)

wherePris the turbulent Prandtl number for energy and giis the component of the

gravitational vector in the ith direction. For the standard k- emodels, the default value of

Pris 0.85. The coefficient of thermal expansion, B, is defined as:

1(op
—_ | 2= 13
== [aT j (49
The turbulent (or eddy) viscosity, L, is computed by combining k and ¢as follows:

2

= pC, — (14)
£

The buoyancy effects on eare neglected simply by setting Gpto zero in the transport

equation for ¢. The degree to which eis affected by the buoyancy is determined by the

constant Cg.and is given by:

\Y

C,, =tanh
u

(15)
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Figure 56. Effect of pitch-height ratio on C4 with tooth on stator for a seal with water.
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Figure 57. Effect of clearance on y on seal with teeth on rotor with air.
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Figure 58. Effect of pitch-height ratio on y on seal with teeth on rotor with air.
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