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Abstract

A theoretical and experimental investigation has been conducted on rotordynamic instabil-
ity induced by aerodynamic forces generated in spinning/whirling, single gland labyrinth
seals. A lumped parameter model, which includes the effects of an upstream non-whirling
swirl cavity with a radial leakage flow is developed. This model couples the flow in and
out of the seal knives to the conservation equations for azimuthal flow in the gland and
swirl cavity. It includes kinetic energy carry-over from the first to second knife and honey-
comb cell mass storage effects. Approximate solutions to these equations are obtained by
employing a perturbation technique and assuming harmonic behavior. The upstream cou-
pling is shown to be very important in most cases. The system is nondimensionalized and
scaling laws are presented. The impact that each geometric and flow parameter has on the
generation of the forces is given along with the specific physical mechanisms involved. The
facility developed to measure these forces, The Labyrinth Seal Test Facility, is described
along with the experimental techniques that were used to measure the dynamic forces. Five
different single gland seal/land configurations were tested. Both smooth and honeycomb
land seals were tested. Results from the experimental investigation along with comparisons
to the theory are given. The cross force is shown to be composed of an ideal and viscous
part. This ideal part is solely responsible for the direct damping. A method for calculating
the dynamic coefficients from static measurements is developed. Specific design criteria for
avoidance of labyrinth seal induced rotordynamic stability are presented.
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Chapter 1

Introduction

1.1 Rotordynamic Instability

One of the major problems encountered in the design and development of all modern, high

performance turbomachinery is the mechanical vibration of the structural elements. Along

with the various blade and shell modes, the rotor-bearing system itself may undergo lateral

vibrations. The rotor may either bend back-and-forth or, as is more commonly observed,

precess in a whirling motion. These vibrations may be broadly categorized as either forced

or self-excited 1. Ehrich [1] and Ehrich and Childs [2] give relatively comprehensive treat-

ments of these two distinct classes of rotordynamic phenomena and provide a catalog of

characteristics associated with each one. Briefly, a forced or resonant vibration occurs at

the rotational speed of the shaft or some rational multiple of it. The amplitude of these vi-

brations increase and decrease as the rotor speed is raised, being largest at the rotor critical

frequencies. The forcing is external to the system in that the excitation does not depend

on the motion of the shaft. There are many sources of forced vibration, but by far the most

common is residual imbalance. The amplitude of these vibrations can usually be brought

within acceptable bounds by careful balancing, not operating too near critical frequencies

and running through such resonant conditions quickly.

Self-excited lateral vibrations are a class of instability phenomena in which a nominal mo-

tion of the rotor causes energy to be extracted from some external source, usually the

1Several other terms such as feedback oscillations and unstable vibrations are in common use.



working fluid or the rotational kinetic energy of the shaft. This energy is in turn added

to the vibrational motion of the rotor. This unstable interaction is usually referred to as

rotordynamic instability. This phenomenon is analogous to aeroelastic flutter as described

by Bisplinghoff [3] . Just like flutter these instabilities do not happen at low speeds or

power settings , but suddenly occur at some onset speed and progressively worsen at higher

speeds. The frequency of vibration is nearly constant (not a function of running speed) and

corresponds to one of the shafts natural bending frequencies.

In practice rotordynamic instability is seen when the rotor RPM is above the first criti-

cal and the whirling motion occurs in the first mode. This is referred to as sub-synchronous

vibration instability or rotor whip. The presence of such a vibration can be very harmful

since it introduces alternating flexural stresses in the shaft, which may lead to early fatigue

as well as catastrophic failure. Rotordynamic instabilities may occur in the development

programs in many types of turbomachines, such as steam turbines, gas pipeline compressors

and gas turbines [4, 5, 6, 7, 8, 9, 10]. But nowhere is this problem as insidious as in rocket

engine cryogenic turbopumps. Four out of the eight large fuel turbopumps developed by

NASA and the U.S. Air Force have experienced major development delays due to rotor-

dynamic instability, the most infamous being the Space Shuttle Main Engines (SSME) as

reported by Ek [11] and Childs [12]. This problem stopped the shuttle engine development

for six months at a cost of $100 million. More recently, both the European Ariane and the

Japanese LE-7 engines on the booster stage of the H2 have experienced severe development

delays due to turbopump rotordynamic instability problems. Turbopumps for space ap-

plications tend to have more problems than other turbomachines because they are lightly

damped and have tremendous power density. The SSME Hydrogen turbopumps produce

more than one hundred horsepower per pound of weight. However, with the current trend

towards higher power density in all turbomachines these problems may become much more

prevalent in all types of machines if accurate analyses of the contributing influences cannot

be satisfactorily incorporated in the rotordynamic models in the preliminary design phase.

Many separate phenomena can lead to rotordynamic instability. Among them are iner-

tial asymmetries and material hysteresis in the shaft, fluid trapped in the rotor, dry friction

rub, impeller potential interactions, journal bearing whip, turbine tip efficiency variations



and flow in sealing gaps to name a few. Typically, more than one of these excitation sources

will contribute to destabilization in a real machine. A complete structural analysis, which

includes all of the pertinent contributing forces must be done in order to determine the

stable range of operation of a given rotor-bearing system. Several authors including Tondl

[13], Gunter [14], Nordmann [15], Vance [16] and Dugundji [17] describe how the vari-

ous destabilizing influences can be incorporated into rotor stability calculations. Generally

what is needed is the stiffness Kij,, damping Ci,j and inertia2M1 ,j coefficients of each of the

components and where along the rotor they act.

1.2 Labyrinth Seals

One element that may contribute strongly to rotordynamic instability is the labyrinth seal.

A labyrinth seal is a non-contact seal3 having two or more sharp sealing knives separated

by large kinetic energy dissipating chambers4 , thus creating a tortuous path for the fluid to

travel. In order to keep parasitic losses to a minimum very small clearances on the order

of one mil (0.001 in.) per inch of rotor diameter are common. In practice three different

generic types of labyrinth seals are used, (1) the simple or straight through, (2) the stepped

and (3) the full or interlocking kind. A large commercial gas turbine will have dozens of

sealing locations involving more than 70 separate annular knives. Two common areas in

which labyrinths are placed are the interstage regions and the turbine tip shrouds as shown

in Figure 1-1. Notice that the knives are on the rotating parts; this is almost always the

case. The place where the knife seals is called the land. Sometimes the knife may come in

contact with the land and therefore, the land is typically not smooth metal but is either

coated with an abradable material, such as a powered ceramic, or is made out of a fine

metallic honeycomb structure.

For many years these seals were designed for their ability to minimize leakage flows only.

However, in recent years another design criterion has received increasing attention. The

'This is sometimes called the apparent mass.
3Generally it is not possible to use contact seals in turbomachinery. The high rubbing speeds would yield

prohibitive wear rates.
'A seal with relatively straight surfaces is referred to as an annular seal. Compared to an annular seal, a

labyrinth can reduce the parasitic leakage flow, for the same pressure difference, seal length and minimum
gap, by more than 75%.



leakage flows over the knives and around the annular regions of the seal chambers can

create unbalanced pressure forces that drive rotordynamic instability. While forces in the

direction of the instantaneous displacement of the rotor can affect the dynamics of the sys-

tem, mostly by altering the system's natural frequencies, the component of force that is

orthogonal to the displacement is the one that truly influences rotor stability. When the

maximum pressure in the gland lags the minimum whirling gap in the direction of whirl,

the cross-force will add energy to the motion. Conversely, if the maximum pressure leads

the whirling gap the cross-force acts to remove energy from the whirling motion hence sta-

bilizing it. Figure 1-2 graphically demonstrates the four different possibilities of a pressure

force acting on a shaft undergoing a whirling motion.

1.3 Literature Review

1.3.1 Analytical Models

It has been known since the 1940's that the circumferential variations in pressure which can

exist in the glands of labyrinth seals lead to unstable rotor whirl as first reported by Den

Hartog [18]. However, the first published analysis was done in 1958 by Thomas [19]. He

proposed an analytical model to predict the destabilizing influence of a labyrinth seal when

it is attached to the tip shroud of a turbine. In this model, which is applicable to turbines

without a shroud as well, the local efficiency of the turbine varies around the circumference

with the local clearance. This is reasonable since it has been experimentally verified that

the global efficiency of a turbine stage decreases approximately one percent for every one

percent increase of the gap5 between the rotor and casing. In the case of a turbine with a

band sealed shroud, the cross-force, due to some nominal eccentricity, is generated by both

a variable loading on the tip of the turbine blades and an asymmetric pressure distribution

in the seal gland. This general method is difficult to extend directly for the case of an

isolated seal, unless detailed auxiliary information in the form of streamline patterns are

available to augment the flow coefficient variability data.

The first fluid mechanical analysis to focus entirely on the seal is due to Alford [20]6.

5 This is based on the height of the turbine airfoil.
6Also in this paper Alford presents a model of turbine tip excitations using the same efficiency varia-

tion arguments as Thomas. Since Thomas' work was virtually unknown in the U.S. until well after this



In this paper he considers single chamber labyrinths in which the two knives have different

nominal clearances, perhaps due to to machining imperfections within the range of speci-

fied tolerances. Due to the differential in filling and discharge rates along the seal and the

fact that the chamber has finite volume, there is a certain time constant for the charging

and discharging of this volume and hence a phase lag between the minimum gap and the

maximum pressure can exist. Under the assumption of no azimuthal redistribution of flow

at each section within the gland, Alford was able to show that a converging seal would tend

to destabilize a rotor while a diverging one would stabilize it. This model predicts no cross

force for a statically offset seal.

Two other papers have been presented that use non-constant nominal clearances and analy-

sis methods similar to those of Alford's to explain cross force generation. Spurk and Keiper

[21] allowed for redistribution of flow in the seal to obtain a result contrary to that of Al-

fords', namely divergent seals are destabilizing. A model proposed by Vance and Murphy

[22] includes multiple chambers and allows for sonic choking at the last knife. They obtained

the same trend as Alford but the destabilizing effect they predicted is lower by an order of

magnitude.

In 1972 Kostyuk [23] developed a lumped parameter model which couples the axial flow

over the knives to one-dimensional continuity and momentum equations in the circumfer-

ential direction inside the gland. After proposing this fundamental fluid mechanical model,

Kostyuk solved a simple case where the seal is tilted but not displaced parallel to the ma-

chine axis. The calculations show that inlet swirl and change of swirl in the chamber due to

friction are important in generating the destabilizing cross forces. However this simplified

model is not capable of explaining cross stiffness simply due to parallel rotor displacements

or the direct damping. This is because the variation in the gland depth with eccentricity

was neglected.

Iwatsubo [24] used the same basic model of Kostyuk along with an additional term to

account for the change in area inside the gland due to whirling. This term is important in

publication, these type of forces are generally called "Alford forces" in the U.S. and "Thomas forces' in
Europe.



the prediction of the dynamic forces. Iwatsubo also introduced a general method for solving

these equations by employing a linear perturbation technique about the centered position

using harmonic solutions.

Many authors have used the general framework of the Kostyuk-Iwatsubo analysis to pre-

dict cross forces for a great variety of geometries and flow conditions. Gans [25] improved

the Iwatsubo model by introducing flow coefficient variations caused by rotor eccentricity.

Kurohashi and Inoue [26] also allowed for this but neglected frictional effects. Celorio [27],

Kameoka and Abe [28] and Lee [29] calculated in some detail the influence of the various

parameters. Martinez and Lee [30] used empirical flow coefficients and a more accurate

friction model to predict gland to gland swirl changes. Some of these authors compared

their theory to experimental results. In general the ability of these simple models to pre-

dict stiffnesses as measured by experiment is usually within 20 percent for seals with more

than three chambers. In single glands the difference between theory and experiment is still

greater.

The next level of approximation, the use of multiple control volumes within each seal cham-

ber, was introduced by Hauck [31] Others, including Fujiikawa [32], Jenny [33], Scharrer

[34], and Nordmann and Weiser [35], have proposed many variations on this theme. These

models are cumbersome and require a great many assumptions to "tie" the different control

volumes together such as free shear layer calculations. No compelling reason has yet been

given to justify the much greater complexity of these types of models since they do not yield

uniformly better agreement with experimental data.

1.3.2 Computational Methods

Computational fluid dynamics (CFD) methods have also been brought to bear on this

problem. Rhode [36] was the first to use CFD to calculate the flow through a labyrinth

seal. However, no rotordynamic coefficients were published because they did calculations

for the case of a centered rotor. Nordmann and Weiser [39, 40, 41] have calculated the

flow field through an eccentric labyrinth seal using a finite difference approximation to the

compressible Navier-Stokes equations with a r, - E turbulence model. Due to the high cost

of this type of calculation, very limited parametric variations were attempted. In terms of



accuracy, these methods appear to work well. They generally predict forces, as obtained by

experiment, in multi-cavity seals to within 20 percent for the few cases that were presented.

This is about the same as the simple lumped parameter models.

1.3.3 Experimental Investigations

The first experiments to address self-exciting forces in isolated labyrinth seals were those of

Benckert [42] and Benckert and Wachter [43, 44] in 1980. However, it should be noted that

Urlichs [45] did measure the pressure distribution in a labyrinth seal that was attached to

a statically offset turbine five years prior to the measurements of Benckert. Also Wohlrab

[46] measured the stiffness and damping of a sealed shrouded turbine7 in the same facility

used by Urlichs. Benckert and Wachter measured the static pressure distributions around

the casing and integrated them to determine the direct and cross-force, due to a statically

offset rotor. Therefore, stiffness coefficients and not the damping ones were measured. This

was a fairly comprehensive investigation using many geometric configurations and covering

a wide range of pertinent flow parameters, such as pressure differential, inlet swirl, shaft

rotation and rotor eccentricity. Straight through and stepped designs were tested for tooth

on rotor and tooth on stator types for seals ranging in length from three to 23 chambers.

To date, this work contains the best empirical data for the determination of direct and cross

stiffness of multi-chamber labyrinth seals and has been used repeatedly as a benchmark for

comparing new data, computational results and analytical models.

Many other authors have presented additional stiffness data. Brown and Leong [47],

Thieleke and Stetter [48] and Kanki and Morii [49] used facilities and methodology similar

to that of Benckert and Wachter to obtain analogous data. Hisa [50] presented stiffness

data from experiments using steam for seals with one, two and three chambers. All of these

works have lead to a good database on displacement dependent rotordynamic coefficients.

The situation is somewhat less satisfactory with respect to dynamic coefficients.

The first experimental investigations of damping forces in isolated labyrinth seals are due

to Wright [51, 52, 53]. He tested the rotordynamic characteristics of single chamber, tooth

7 Wohlrab was not able to measure a damping effect



on land, straight through seal. He measured the influence of both converging and diverging

seals. Recall that Alford had proposed gap differences as a possible explanation for the

generation of cross forces. No direct measurements of the seal pressures were made. In-

stead, the motion of the rotor system was observed. From the change in frequency and log

decrement, all of the rotordynamic coefficients were "backed out". One major limitation of

these tests is that the inlet swirl to the seal was not controlled. Both the theory of Kostyuk

and all of the static measurements show that inlet swirl is a dominant parameter. Therefore

the use of these data in either corroborating theory or in a practical design application is

very limited.

Kanemitsu and Ohsawa [54] and Kanki and Morii [49] have also provided limited stiff-

ness and damping data for multi-chamber (12 and 15 chambers respectively) seals.

Scharrer [55] and Scharrer and Childs [56] were the first to publish a relatively complete

experimental study, including both stiffness and damping data, in which the important

parameters identified from theory were adequately controlled. Several sixteen tooth seals

were tested by measuring the reaction force on the stator ring while the test rotor was

shaken inside. Two shake frequencies were used and the stiffness and damping were ex-

tracted. Parametric variations with mean gap, pressure difference, rotor speed and swirl

were measured. Pelletti [57] and Hawkins [58] used this same facility to generate a more

extensive and practical database. Pelletti used a seal with eight chambers instead of sixteen

and Hawkins investigated the effect of a honeycomb land with the same seal as was used by

Scharrer. Honeycomb lands were found to change some rotordynamic coefficients in some

geometries but no model was proposed or rational explanations given to explain the results.

In all three of these investigations data are compared to two volume bulk flow models with

less than impressive correspondence. In some cases, the difference between the predicted

and measured direct damping is over 500 percent.

Finally Wyssmann [59] modified a closed loop water pump facility to measure seal ro-

tordynamic coefficients. The static pressure is measured on the outer casing while the rotor

is forced back-and-forth using a method similar to that of Scharrer. Due to the use of a

larger scale test section than the other facilities greater spatial resolution can be obtained.



A limited amount of stiffness data has been presented but, no dynamic coefficients have yet

been published.

1.4 Motivation and Research Objectives

Rotordynamic instability problems remain a serious threat to the development programs of

most high power density turbomachines. The delays and necessity of redesign which these

problems may generate could be largely avoided if sufficiently accurate predictive methods

were available and applied early in the preliminary design phase.

Current structural computer codes are generally capable of predicting safe operating speeds

that avoid resonant conditions and are able to give the rotordynamic instability bound-

aries, when accurate fluid-structural component models are inserted, quite satisfactorily.

The most pressing need is for a better understanding of the underlying physical mech-

anisms that generate forces and to have reliable quantitative predictive methods for the

various components, such as labyrinth seals.

In labyrinth seals, many parameters may influence the creation of the direct and cross

forces. While some definite relationships that were predicted from the simple models have

been experimentally verified the effect of others parameters is less well understood. A basic

physical understanding of how the various geometric and flow related parameters influence

the seal force generation and how these pressure induced forces scale is generally lacking.

This understanding would be very useful in correlating existing data and for helping to

direct future investigations in the proper areas. Finally, a strong need exists for practical

methods for accurately predicting, or correlating with the use of empirical methods, the

rotordynamic coefficients arising from pressure oscillations inside of labyrinth seal glands.

While not perfect, the ability to predict experimental data using simple models and CFD

methods for direct and cross-coupled stiffness coefficients generated by multi-chamber seals

is probably adequate for design purposes. However, the effect of large variations in geometry

from those tested by Benckert, such as stepped or full labyrinths, are unknown. Entrance

effects and the great variability in carry over factors from knife to knife make predictions



of single chamber seals more difficult and less accurate. In contrast to certain industrial

applications, where very long seals are common, short seals, of one and two chambers, are of

great practical interest in most aerospace applications where compactness and light weight

are necessities. Also the impact of certain complicating geometric factors such as honey-

comb lands and non-straight-through geometry are poorly understood even with respect to

static coefficients.

The situation is even less satisfactory with respect to the accurate prediction of damping

coefficients. As was explained by Martinez [98] these are likely to be at least as important

as the stiffness coefficients for predicting rotordynamic stability. The available measure-

ments of dynamic coefficients for long seals cannot be accurately predicted, within the

tolerance necessary for stability calculations, by any lumped parameter theory or compu-

tational method. No data for single gland seals, except those of Wright, which did not

consider the effect of inlet swirl, exists. Also, no modeling of possible effects of honeycomb

lands have been presented to the knowledge of the author.

Clearly an insufficient data base exists on the frequency dependent cross-force character-

istics of single gland labyrinth seals. A clear theoretical framework of how the frequency

of whirling interacts with the other parameters to alter the rotordynamic forces is needed.

Specifically, which parameters affect rotordynamic damping the most and which parame-

ters, if any, have effects that are independent of the whirling frequency. Experimental data

are also very much needed so that these models can be checked as well as modified and

refined to account for the important phenomena. Such a data base along with a rational

understanding of the physical mechanisms and the scaling behavior of these devices would

be of great practical interest to turbomachinery designers.

It is the broad objective of this document to present a useful theoretical model and the

corresponding experimental data for the prediction of the forces that occur in single cham-

ber eccentrically whirling labyrinth seals. The extensive data base that was obtained in the

experimental facility can be used in conjunction with the lumped parameter model for pre-

dicting the forces generated by a single gland labyrinth seal with and without a honeycomb

land for a wide variety of operating conditions.



1.5 Research Methodology

Several methods for obtaining the rotordynamic characteristics of a single gland labyrinth

seals were considered. Previous researchers have used simple models, computational simu-

lations and scaled experiments to investigate this problem.

Simple analytical models, providing they contain the dominant physics, permit quick and

easy calculations and give trends of how the numerous parameters affect the forces. They

also allow for a greater understanding of the underlying physical mechanisms that create

the forces and how these forces should scale. Great use was made of these models during

this investigation.

Computational Fluid Dynamic methods were not thought to be very well suited for the

goals of this work for several reasons. Seal flows are particularly difficult to compute be-

cause they are highly separated and have large recirculation zones. Also friction is known

to play an important role in creating the forces. These conditions would require a Navier-

Stokes solver with small grid dimensions. These computations are relatively expensive even

for a single computation. To do extensive parametric studies as was done with the analyti-

cal model would be prohibitively expensive.

Due to the lack of any systematic experimental data for the dynamic characteristics of

single chamber labyrinth seals and the complexity of the problem, experiments were used

as the major tool for this investigation. An extensive data base, when properly interpreted,

allows for useful correlations to be used directly for design calculations. Also, these data

can serve in analyzing the predictive capabilities of the simple models. The force coeffi-

cients, Ki,, Cij and Mij can be obtained by either measuring the force when the seal is

executing a prescribed motion, or by observing the instability/damping characteristics of

a rotor with an attached seal. The former method was used because it is believed to offer

greater flexibility and accuracy.



1.6 Organization

This document is divided into seven chapters each containing a number of sections and

subsections. The following describes each chapter and the specific aspects of the research

that it covers.

In Chapter 2 a lumped parameter model which includes the effects of kinetic energy carry-

over coefficients and extra mass storage from honeycomb cells in the lands is developed.

The governing equations are solved in an approximate manner by employing a linear per-

turbation method and assuming harmonic solutions. This yields a set of linear algebraic

equations. The resulting equations are nondimensionalized. In addition an extension of

this model, using the same framework, is presented that couples the flow field in the up-

stream swirl cavity to that in the seal gland. Also included was a "leakage" flow to the center

cavity. This extension was found necessary in order to explain the experimental data. Inter-

pretations of the solutions are given along with how to obtain the rotordynamic coefficients.

In Chapter 3, using the model developed in the previous chapter, predictions of how the

whirling frequency affects the pressure perturbation amplitude, relative phase, direct and

cross force components are given. The sensitivity of the forces due to changes in the vari-

ous nondimensional parameters is investigated. Certain scaling laws, derived from limiting

cases, will be presented. The physics of the force generation for certain simplified cases is

discussed. In particular the total cross force will be shown to be composed of an "ideal" and

"viscous" part. A comparison of the relative importance of the viscous and inviscid type

forces is given. Also their origins and different frequency dependent behavior is explained.

The direct damping is shown to originate from the ideal component.

Chapter 4 describes the design, physical layout and operation of the Labyrinth Seal Test

Facility - LSTF. The instrumentation, data acquisition system and data reduction proce-

dures are described in detail.

In Chapter 5 the experimental results are presented for four builds over a wide range of

operating conditions. Along with the time resolved pressure data, some measurements are



presented on the axial pressure distribution and the flow leaving the second knife. The

influences of several of the parameters on the forces is shown along with correlation meth-

ods allowing for greater applicability of these data. A method is proposed for obtaining

the direct damping purely from a static correlation. The results from this procedure are

compared to the values directly measured.

In Chapter 6 the experimental data from the LSTF are compared to the model with up-

stream coupling. Direct comparisons for all the rotordynamic coefficients are given. The

cross force data are explain in terms of the unknown leakage gap and hence the degree of

coupling. The data of Benckert for short seals are similarly explained in terms of the new

theory.

Finally, Chapter 7 summarizes the major points made in the previous six chapters. Con-

clusions draw from this work and recommendations for future work are given.



Figure 1-1: Typical placement of labyrinth seals in a real turbomachine. The rub material
is generally an abradable coating or a honeycomb land with radially inward-facing cells.
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Figure 1-2: Diagram showing the four different combinations of whirling direction and
net tangential pressure force from a seal as seen along the axis of a rotor. The force is
destabilizing when the when it is in the same direction as the rotor velocity. Conversely the
cross force will stabilize a rotor when the force and velocities are in opposite directions.
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Chapter 2

Analytical Model Formulation

2.1 Kostyuk-Iwatsubo Model

The air flow through a rotating, whirling labyrinth seal with inlet swirl is highly three-

dimensional, unsteady, compressible and turbulent with large scale separations and recircu-

lation zones. The equations which govern this flow are the full Navier-Stokes equations of

continuity, momentum, energy and state along with the appropriate boundary conditions.

Of course no analytical methods are available for the solution of such a complex set of

mathematical equations. Direct numerical simulation of this problem at realistic Reynolds

numbers' would require an enormous number of grid points to account for all the scales of

motion of the turbulent eddies. Usually some sort of turbulent modeling would be used in

conjunction with an essentially laminar code. While this significantly reduces the cost of

computing a given flow field, it is still prohibitively expensive to do large parametric studies

for this type of problem. Clearly a simplified model, which captures the dominant physics of

the problem, having a more tractable set of governing equations and an appropriate method

of solution is highly desirable.

Kostyuk [23] introduced a simple lumped parameter model for the flow in labyrinth seals

which considerably simplified the governing equations. In this model it is assumed that

the flow in the axial direction at each angular location around the seal, caused by the local

pressure gradient, over the seal knives can be coupled to essentially one dimensional conti-

1Generally real machines operate at Reynolds numbers, based on the clearance gap, of 5,000 to 100,000.



nuity and momentum conservation equations in the circumferential direction inside of the

seal gland. The flow in and out of the seal can be incorporated into these equations by

essentially treating them as sources/sinks of mass and tangential momentum.

In this model the state variables in the gland are considered to be functions of angle and

time only. All variations in pressure, velocity and density in the axial and radial direction

inside a given gland are neglected. The average value of all state variables is used at each

section. This is a very useful approximation. The reason for this is not that the velocity

components are small in the radial and axial directions in comparison to the azimuthal one

at a given cross-section, but rather that it is fluid variations around the annular cavities

that give rise to asymmetric pressure distributions.

Equations based on this assumption, along with a suitable solution technique, allow for

a relatively quick evaluation of the influences of the various geometric and flow parame-

ters and provide a rational basis for correlating experimentally obtained data. In certain

simplified cases, physical insight can be obtained from the closed form solution of this model.

It is implicit in this kind of coupled one-dimensional approximation that all fully rotational

fluid flow effects are to be neglected. This situation occurs because the reduced equations

of motion do not explicitly contain radial components of velocity or the associated pressure

gradients. Therefore, if one were to transform the equations from the inertial frame into a

rotating coordinate frame all Coriolis accelerations, 2I x 17, would vanish. For most seal

flows of practical interest it is appropriate to neglect the true swirling nature of the flow

and the accompanying complex physical phenomena that may occur because of it. This,

of course, does not mean that the swirling component of velocity is neglected but rather

that the flow in the seal annulus is effectively unwrapped into a two-dimensional strip. This

approach does not allow for any direct coupling of the azimuthal flow to a radial pressure

gradient. However, one may wish to incorporate some of these rotational effects in the

various sub-models employed in the lumped parameter model when appropriate. Appendix

A presents a simple order-of-magnitude analysis for when rotational effects may be impor-

tant along with what are the most likely Taylor number and Rossby number effects would

be. Suggestions for how the sub-models may be modified to incorporate these effects while



keeping the same basic model framework are given.

2.2 Derivation of Governing Equations

A system of equations for a single gland seal with constant upstream boundary conditions

will be derived first and later generalized to include the effects of an upstream swirl cavity.

The governing equations for a single gland labyrinth seal will be derived. Included in

this model are the effects due to additional mass storage inside the cells of a honeycomb

land and flow coefficients that depend on the local instantaneous gap. Along with the basic

model assumption described previously of being able to average the flow inside the gland

at every angular location at every time and coupling it to the axial flow, the following

simplifications and assumptions will be made.

1. The inlet and out conditions are constant, both spatially and temporarily, and are

known. The inlet total pressure, temperature and swirl velocity are prescribed along

with the downstream pressure (These conditions will later be relaxed).

2. The working fluid is an ideal gas and is calorically perfect.

P = pRaT dh = cPdT

3. The flow through the seal is adiabatic.

4. Small changes within the seal gland in the azimuthal direction are assumed to occur

isentropically.

5. The seal moves as a rigid body. There is no elastic deformation.

6. The seal moves in a whirling motion parallel to the rotation axis of the machine.

There is no tilting.

7. The acoustic resonant frequency of the seal cavity is much greater than the whirling

frequency, f < we = 2-Y

8. The viscous shear stresses exerted on the fluid inside the gland, by both rotor and

stator, follow a Darcy friction law.



= IApV ,-

where r is the shear stress, A the friction factor, p the density and Vr, is the relative

velocity between the average fluid core flow and the nearest solid surface.

9. The reduced whirl frequency, based on seal pitch and the axial through flow velocity,

is much less than one. << 1.

Figure 2-1 shows a cutaway section of a single chamber seal along with the cylindrical co-

ordinate system and associated velocity components. Figure 2-2 is a cross-section out of

the seal from Figure 2-1 showing the geometry and pertinent flow quantities. The seal is

made of two knives separated by a distance 1. The seal gland has a depth of hi and the

honeycomb depth is h2 . The seal radius is R,. The sealing clearance into and out of the

gland are 61 and 62 respectively. Of course both gaps are functions of angle and time due

to the prescribed rotor whirl. All conditions of state ahead of the seal are denoted with a

subscript i. Hence the pressure and swirl component of velocity in the upstream plenum are

Pi and Vi respectively. The temperature is everywhere constant and no subscript is used

and its value is simply denoted by T. Conditions downstream of the seal are specified by

an o-subscript. Hence Po is the exit plenum static pressure.

The last set of parameters that fully define the problem, are the ones that specify the

motion of the seal relative to the fixed outer casing. Figure 2-3, which shows an axial and

side view of the seal, gives the necessary kinematic information. Note that the sealing gap

dimensions are greatly enlarged for purposes of clarity. The seal spins about the shaft's

center at an angular velocity of w. In addition, the the center of the rotor precesses in a

small amplitude whirl of amplitude i and at an angular frequency of fl.

The first equations to be derived relate the local flow rates in and out of the gland to

the geometry, air properties and pressure difference across the sealing strips. Assuming

that the air velocity and density are constant across the incoming jet, the mass influx into

the seal chamber rhi is,

rhi = piA l wi (2.1)

where pi and wi are the fluid density and axial velocity respectively at the minimum area.

A, is the effective area which is the actual area multiplied by a contraction coefficient C,.



The contraction coefficient is the ratio of the minimum jet flow area, which occurs at the

vena contracta, to the minimum area of the orifice. Therefore the mass inflow per unit

circumferential length of seal, q1, is

q1 = pl, 1Ccwl (2.2)

The flow coefficient p, which is the actual flow through a seal divided by the ideal mass

flow, can be expressed as the product of the contraction coefficient and the kinetic energy

carry-over factor, 3, as

' = Ce3 (2.3)

Since there is no carry-over effect for the first knife, QC and p are the same. The theoretical

value of Cc, for a sharp edged orifice, derived from potential theory, is 0.611 [61]. However, it

has been experimentally determined that a value of 0.650 is more likely to occur in practice

due to boundary layer effects [62]. This is true for a sharp seal that has a knife thickness

much less than the sealing gap. When this is not the case the flow coefficient, in general,

depends strongly on the Reynolds Number. Also a potential effect from the downstream

knife can increase the first knifes' flow coefficient if the spacing is too small. Both of these

effects are discussed briefly in Appendix B.

Several different levels of approximation are possible for P, and wl. The fully compressible

expressions are the most accurate but are more difficult to manipulate than the correspond-

ing incompressible ones. The incompressible relation is not very accurate, especially as the

overall seal pressure ratio is raised. Therefore, an approximation to the former relation will

be used, which can be shown to have a Mach number squared correction factor added to

the incompressible flow relations. This formula uses the average density of the upstream

fluid and that of the fluid inside the chamber. The error incurred in the prediction of mass

flow is less than three percent for overall seal pressure ratios of less than two.

Using Bernoulli's equation and assuming that the axial velocity far upstream is negligi-

ble, the following relation is obtained for the axial velocity wl, at the first seal gap

2(Pi - P)w1 = (2.4)
Pl



The density at the throat, pl, is approximated by the average of the density before and in

the gland. This can be expressed, using the ideal gas law as

Pi + P Pi + P
Pi 2 2RaT (2.5)

Substituting Equ. (2.4) and Equ. (2.5) into Equ. (2.2) yields the following equation

governing the influx of mass

q,= 1 ( 2 _ p2) (2.6)

For the whirling rotor ql, 61 and P are all functions of angle and time. Similarly the mass

efflux from the gland per unit seal length q2 is

q2= 6- (P-- P) (2.7)

Unlike pl, Y2 is not constant and may vary significantly around the seal as a result of a

small displacement away from the center. This is due to the carry-over effect. The kinetic

energy of the jet, issuing from the first sealing gap, will not be completely dissipated for

a straight through geometry unless the distance between sealing knives, 1, is very large in

comparison to the sealing clearance 6. A purely analytical expression has not been derived

for /. Egli [65], Varmes [66] and Komotori [67] have all presented empirical relations for

3 that depend on the geometry of the seal only. For two constriction seals there is little

difference in the predictions, therefor the following empirical relation of Varmes will be used

since it is algebraically the least cumbersome

1 8.52
= a = 7.23 (2.8)(1a- !)r f + 7.23

where le is the effective seal pitch and 6 is the instantaneous sealing gap. The effective pitch

is the distance the fluid must travel from one knife to the next. For an inlet swirl angle of

le= (2.9)
cos(a1 )

It should be noted, that if the rotor moves from a centered position with respect to the outer

casing, that the local flow coefficient of the second knife is a minimum at the point where

the rotor is nearest to the land. Conversely where the maximum gap occurs, 180 degrees



from the minimum gap, the second knife has the highest local flow coefficient. This fact will

be used latter, in the discussion of direct force generation. The sensitivity of the carry-over

factor to a radial displacement, ., is defined to be -Cc~ ,.=o and can be explicitly found

from differentiating Equ. (2.8) as

--3

-C 0  8.521 8.52] [ 1 723] (2.10)
Br 26*2 + 7.23 J

Therefore the flow coefficient for the second knife can be approximated as the centered value

minus a coefficient times the radial displacement

P2 = IL - Kr (2.11)

This type of approximation is sufficient since it is the behavior for small amplitude whirls

that is sought.

The next relation to be presented is the continuity equation, governing the flow in the

circumferential direction inside the seal gland. Figure 2-4 shows a control volume along

with the various mass fluxes crossing the associated control surfaces and the accumulation

of mass inside. By conservation of mass, the mass increase at each differential section,

stored in both the gland and the honeycomb cells, must be balanced by convection along

the seal plus the net mass inflow from flow over the seal knives. This yields

8[pl(h +$ 6)] 8O(plh 2) 1
+ + [1pl(hi + 61)V] + q2 - ql = 0 (2.12)at at R, TO

The second term of this equation, which accounts for additional mass being stored in the

recesses of the honeycomb cells as the local pressure increases and then coming back into

the gland when the pressure goes down has not been considered previously.

The final relation will be the momentum conservation equation in the 0 direction. Fig-

ure 2-5 shows another control volume with the necessary information. Note that there does

not appear to be any explicit contribution due to the presence of the honeycomb. How-

ever, the shear stress term 7,1 can be augmented to account for the additional momentum

transfer caused by the pulsating flow entering and then emerging again from the cells. No



other effects from the presence of the honeycomb land, such as acting like a swirl break to

the incoming flow, has been considered. Using Newtons's second law and rearranging, the

momentum equation can be written as

a[pl(hi + 61)V] 1 0[pl(hi + 61)V2] hq P (2.13)
+t - O0 +q2V-qi• +rsl-r,(l+2hi)+ R 0 -0 (2.13)a0 RR 0

The shear stresses exerted by the stator, r,, and by the rotor, r, will be expressed by a

Darcy friction law as one eighth the density multiplied by an appropriate friction factor

(A,, A,) and the square of the relative velocity between the fluid core and the associated

wetted solid surface. The stator relative velocity is simply V but the relative velocity of the

rotor is (V - wR,). Therefore the two shear stresses may be written as

1 1T7 = PASVIV| = _pA,V2sgn(V) (2.14)

7, = -pA,(V - wR,)jV - wR,I = -pA,(V - wR,) 2sgn(wR, - V) (2.15)
8 8

The friction factors may depend on many parameters. However for simplicity, they will

be calculated using a standard correlation, known as Blasius'formula, for one-dimensional

flow in a duct [77]. These friction factors, given as

A, = 0.3164Re *-0. 25  (2.16)

and

A, = 0.3164Re -0. 25  (2.17)

are for turbulent flow in a hydrodynamically smooth duct 2 . Re: and Re* are the Reynolds

numbers defined by

Re (2.18)

and

(wR, - V)Dh (2.19)Re= (2.19)

where Dh is the hydraulic diameter, which is four times the cross-sectional area divided by

the wetted perimeter, and v is the kinematic viscosity of the fluid.

2Several factors which may enhance friction factors are discussed in appendix B.



Finally a set of auxiliary relations, that prescribe the orbiting motion of the seal, will

be needed. Referring to Figure 2-3, the knife sealing clearances 61 and 62, which vary due

to the rotor center executing a circular orbit of amplitude f and angular velocity f2 can be

written

61 = 6; - fcos(O - flt) (2.20)

62 = 62 - icos(9 - Qat) (2.21)

for 68 and 6 << R,. Also, the gland cross-sectional area is a function of time and angle and

is given by

f = 1(hl + 61) (2.22)

In the next section the above derived equations will be solved in an approximate manner,

to find the pressure distribution in the seal gland that follows the traveling gap.

2.3 Solution of Equations

2.3.1 Introduction

Even though the equations derived in the last section are much simpler than the full Navier-

Stokes equations, they still contain nonlinear terms and hence are difficult, if not impossible,

to integrate in closed form. Many mathematical methods are available for approximating

the solution. The system could be solved numerically by any one of several methods. Usu-

ally, physical insight is lost by turning immediately to numerical analysis. Therefore this

will not be done. Alternately, techniques suitable for nonlinear problems could be brought

to bear. However, since the stability of the rotor system depends on whether small am-

plitude excursions provide extra energy for the motion, it is natural to attempt to solve a

linearized form of the problem. Of course if information on limit cycle behavior is required

an alternative method would probably be necessary. Comparisons of the accuracy for the

linear perturbation method with a finite difference method and a nonlinear multiple-scale

analysis is made in appendix C.

In order to linearize the problem, first the equations are solved with the shaft in the cen-



tered position to obtain a zeroth order or unperturbed flow solution. Next, small amplitude

perturbation expressions are substituted into the governing equations and then linearized.

Finally, harmonic solutions are assumed for the perturbations. The result of this is a

set of linear algebraic equations for the pressure and circumferential velocity in the seal

gland. The perturbation pressure can be used to calculate the rotordynamic forces that act

on the seal.

2.3.2 Zeroth Order Solution

The first step in the solution process is to obtain the zeroth order quantities, that is for the

rotor centered with respect to the outer casing. In this non-whirling condition all quantities

are independent of time and space and will be denoted by a ()* such as P*. Also all spatial

and temporal partial derivatives can be dropped. Using this information, the continuity

and momentum equations, Equ. (2.12) and Equ. (2.13) respectively, greatly simplify to

q - q; = 0 (2.23)

and

* [A,IV --,(I + 2h)(V* - wR.)2] + qV* - q 2 = 0 (2.24)

The zeroth order pressure is found from Equ. (2.23) to be

1 1 2 P+6 2 0 2
6•P2= + [62 2  (2.25)R22 +*2 +2 *2

The steady state flow rate per unit circumferential length, q*, is

q.= q = q = u;= [p2 _p02 (2.26)

The density p* will be needed and is found by the ideal gas relation to be

P*
P* P (2.27)RaT

Finally the equilibrium swirl in the gland, V*, must be found. Since the two friction factors

depend on V* itself in a non-elementary manner, an iterative scheme will be employed. First



an initial guess for V*, say Vi, is used to estimate A, and A, from Equ. (2.16) and Equ.

(2.17) respectively. Next an updated value is obtained by solving the quadratic equation

for V* from Equ. (2.24)

P* [Al - A,(1 + 2h,)] V 2 + q* + (1+ 2hl)wR.] V

- [q*V + P (1+ 2hl) w'R] = 0 (2.28)

This iteration procedure is continued until the solution converges to within some specified

tolerance E

V *'+ 1 - V*'I <E (2.29)

In general the convergence was found to be quite rapid in all cases that were tried.

2.3.3 Linear Perturbation Approximation

With the solution to the problem for the flow in the centered rotor obtained, a regular

perturbation expansion about this condition will now be sought. It will be assumed that

each state variable inside the gland, for the case of the whirling rotor, may be expressed as

the zeroth order solution plus a small amplitude perturbation. For the static pressure in

the gland this may be expressed as

P = P* + P (2.30)

The perturbation can also be expressed as a relative perturbation multiplied by the steady

solution, P = (P*. Therefore

P = P(, t) = P* + P = P*(1 + (O(, t)) = P* + (P* (2.31)

Where ý depends on the zeroth order quantities only. That is, ( = 5(V*, p*, .. ; 1, hi,...).

Similarly for the other quantities,

V = V* + V = V*(1 + 77) (2.32)

q, = q* + q'l = q*(1 + (1) (2.33)



q2 = q* + q2 = q*(1 + (2) (2.34)

p = p* + P = p*(1 + r) (2.35)

Note that this type of expansion is typically not valid when V* = 0 since it would re-

quire that q7 tend to infinity in such a manner as to have the product V*77 tend to finite

definite value. These expressions are now substituted into Equ. (2.12). Several auxiliary

relations are used in order to eliminate the flow and density variations in favor of pressure

perturbations. The mass flow terms may be written as

[1 P*2S= q 1 - p2 _ p2J (2.36)

and

q2 = 1• q 2 + P*2 (2.37)

and the local density may be expressed in terms of the steady state value and the pressure

perturbation, by using an isentropic relation, as

p = p* [1 + (2.38)

All terms in the resulting equation can be classified as zeroth, first or higher order. The

zeroth order relation, q* - q{ = 0, contains no new information. The second and higher

order terms, which contain products of the perturbations, are neglected since they are much

smaller than the first order ones. The resulting linearized continuity equation is

,01 p*l O, 1 On O6. p*V'lh O,]p*l1 + (hi + h2) - + p*V*lh -77 + p*V*l61 + p*hl -

at y at TO 1 0 00 - 80

+ q* 1 - r+q* + p*_p,*2 =0 (2.39)6* -.)'P*2 - PJ 2 +P2P2 =o (2.39)

Similarly, the perturbation expressions can be substituted into Equ. (2.13) and linearized

to yield

V 77 +lh p*V*lh1l a 1 V* + pV 61 +p*V* 21h
p*V*lh,- + p*V*l a+ + - 2p*~V, * + p*V2-t yt a at R,9 8 7 89



/p*P'2 qVK[ V *P *2  Vp* ]* [q*V V*q* V*q*]+q* p,2 _p02o + pp2 + *q*7 + [* V r+

SAlV*2 -Ar(1 + 2h,)(v * - wR,)2] +[*V* (AsV* - A(1 + 2h,)(V* - wRa)) ]

p*lhlRaT 8ý
+ R -s 4 = 0 (2.40)R,  09

These two equations form a system of linear partial differential equations in P and V with

periodic boundary conditions on both. A solution technique will be employed that reduces

these equations to a system of complex linear algebraic equations by assuming specific

functional forms of P and V.

2.3.4 Harmonic Solutions

The variations in the gap and the gland cross-sectional area, which provide the non-

homogeneous or forcing terms in the continuity and momentum equations, have been as-

sumed to consist of a first harmonic of the whirling angle 0 = 0 - f~t. Therefore, the

perturbations in pressure, ý and velocity, 77 will also be assumed to follow the same func-

tional dependence and contain but a single harmonic in i with the amplitude and phase

to be determined. It will prove convenient, for manipulation purposes, to express these

assumed harmonic solutions in complex exponential notation. The perturbation in pressure

can thus be expressed as

= i(e-=t) . [ei(e-t)] (2.41)

Where 9[] denotes the real part of the expression. For purposes of notational compactness,

this will be omitted in the future. However, this meaning is implicit in all subsequent

expressions. Similarly, the velocity perturbation is

77 = ýe i (e-nt )  (2.42)

The eccentricity r must also be expressed in this notation as

r = fei(e-at) (2.43)

When the displacement is along the x-axis at t=0 then i is purely real and is simply equal

to r. The partial derivatives of ý and 77 with respect to t and 0, that are in the continuity



and momentum equations are

0= iei(e-at) (2.44)

= -i= ei(O-"t) (2.45)

S= i=jei( - t )  (2.46)

077 = -_iMei(e-nt)  (2.47)at

The above expressions can now be substituted into Equ. (2.39) and Equ. (2.40). The

result, after eliminating the phasor ei(e-t) and rearranging, is the following system of two

complex linear algebraic equations in the two unknowns i and tj. The continuity equation

becomes S P*2 p*2 p*lhil V* +h2[P* -Po2 + R2
p*V*hl } 1 z +q* ( p V* i (2.48)R, r6 + )···I( p *l R i (2.48)

and the momentum equation is

{q*V*P2  + + Pq -P*2 AT V*2 - A,( + 2h,)(wR, -V*)2)
p*V2  -,- p*2 p*

*V*lhl V* + p*lhlRaT]
7 R, Rs

{q*V* + (ArlV* - Ar(l + 2hl)(V* - wR,)) + p*V*lhl 2 - )
q*V*4 q*V* q*V4 (2.49)

'- + 6* - 5* + p*V*l RV- 0 i (2.49)

These two equations can be written compactly in matrix notation as

A 1,1 + iB1,1  A 1,2 + iB 1 ,2  C1 + iD1

A2,1 + iB2,1  A2,2 + iB2,2  C2 + iD2  (2.50)

This system is easily inverted to yield ý and tl. An explicit formula for each can be written,

by Cramer's rule, but little physical insight can be gained by considering the full formulas

due to the large number of terms which they contain. Some simplified solutions will be

considered in the next chapter along with the effects of certain parameters. However,



some valuable insight can be gained by nondimensionalizing these equations and identifying

important nondimensional parameters that determine the solution characteristics.

2.4 Nondimensionalization

2.4.1 Scaling Quantities

The continuity equation, Equ. (2.48), has dimensions of [ML-'T- 1] and therefore will be

normalized by a relevant flow rate per unit seal length. The most convenient and logical

one is the steady flow rate q*. This quantity scales approximately with VP4 - Po for low

seal pressure ratios, 7r,.

Nondimensionalizing the momentum equation, which needs to be normalized by a flow

rate multiplied by a velocity scale, [MT- 2 ], is somewhat more problematic due to some

ambiguity in choosing the "best" standard velocity. The four most obvious candidates for

a scaling speed are;

1. Rotor tip speed, wR,.

2. Axial flow velocity at the seal knife, wl.

3. Inlet swirl velocity, Vi.

4. Equilibrium swirl velocity in the chamber, V*.

Scaling with tip speed, although commonly done for other problems in turbomachinery, is

the least attractive of the four since it is not the dominant parameter in single gland seals

and it leads to singularities when there is no shaft rotation. While some of the remaining

three choices are better than others for certain conditions , none of them is truly optimum

for all interesting cases. The equilibrium swirl velocity V* will be used since it appears to

be the best for scaling the forces over the widest range of conditions and leads to the least

redundant set of nondimensional parameters. However, problems arise using this normal-

ization factor when treating cases with no inlet swirl.

The momentum equation, Equ. (2.49), will be nondimensionalized by q*V*.



2.4.2 Nondimensional Parameters

Upon nondimensionalizing the governing equations by the quantities mentioned, three types

of quantities naturally emerge; 1) geometrical ratios, 2) velocity ratios and, 3) ratios of

dynamical quantities. The geometrical parameters are

f 6* 6* h, ab* I h2e= - a= 2 D= " H= K= - L= M=- (2.51)
6E 1  hi R, a2 R, hi

The interpretation of these parameters is rather straightforward. The normalized eccentric-

ity is denoted by E1. The convergence or divergence of the seal, which Alford [20] proposed

as the source of destabilization, is indicated by the value of a. When a = 1 the mean sealing

gaps are the same for both knives. The ratio of the mean gap to the seal depth is D. It is

important because it reveals what the ratio of the change in local sealing gap to the change

in the cross-sectional area of the gland is for the statically displaced or whirling rotor. Even

though K is not strictly a geometric parameter, it should be considered along with them

because it is analogous to a convergent/divergent gap in the effect that it has on the direct

and cross forces. A positive K is like an a < 1 in that the second sealing knife tends to

experience a larger percentage reduction in the mass efflux than the first knife on the side

of the annulus where the gap is smaller due to the radial displacement. The practical usage

of this equivalence will be discussed in the next chapter. For now it will be stated without

proof that K , 1 - 1. The M parameter is the ratio of the honeycomb depth h2 to the

nominal gland depth hi and it indicates the ratio of mass stored due to density changes

alone in the recesses of the honeycomb cells to the mass that is accumulating in the seal

gland due to the same density change. For a totally incompressible flow the honeycomb

would not have an effect, at least according to this model. Taken by themselves L and H

have little physical significance but to define the seal dimensions. However, their ratio can

be important in determining the contribution of frictional shear forces. Finally the value

of the geometric ratio 1 is important in determining the dominant source of the inviscid

contribution of the total cross force.

The next set of quantities to be presented are the kinematic ratios. They measure how

fast the seal is spinning, wR,, and how fast the whirling gap is traveling around the annu-

lus, f1R,, compared to the average speed of the swirling fluid inside the gland. Alternatively,



these can be considered nondimensional spinning and whirling frequencies. They are

wR, ORS = V* and W = (2.52)

An S greater than one indicates that the rotating parts of the seal would exert a shear stress

on the fluid tending to increase the fluid swirl as it flows axially through the seal. However

S is typically less than one, being about 0.6 for a low reaction turbine such as the SSME

Hydrogen turbopumps.

A dominant parameter governing the generation of destabilizing dynamic forces in sin-

gle chamber labyrinth seals is W. This is true because Vi(1 - W) indicates the relative

inlet swirl to the seal as seen by an observer rotating in the whirling frame at an angular

frequency of fl. When W = 1 there is no relative inlet swirl and one might expect, from

considering static measurements or symmetry arguments, a zero cross-force. This should

be strictly true only in the absence of frictional effects as will be discussed in more detail

later.

The final set of parameters are the flow related or dynamic quantities. They are

q* p*V*6r Vr
A= qj r = 1 - (2.53)yl*p * v'--.T q* V*

The nondimensional flow rate, A, characterizes the axial pressure gradient from inlet to

exit. This can be more clearly seen if A is written, using Equ. (2.25), as

1

q* P2A = *R - - 1 (2.54)

this can be expressed more generally in terms of the inlet and discharge pressure, by elimi-

nating the gland pressure P*, as

1

7 - 1A = , 8 ., (2.55)'+ 1



Where ra = 5 is the pressure ratio across the entire seal.

The swirl parameter, o, is proportional to the circumferential velocity of the fluid in the

seal for a given flow rate. Roughly speaking it is the ratio of tangential to axial velocity.

Therefore the flow angle crossing over the knives is approximately tan-la. This is closely

related to the relative kinetic energy factor (a v' -; ) introduced by Benckert and Wachter

[42].

Finally, r is a parameter which measures the axial gradient in swirl from the inlet to

the seal gland. It conveys the degree to which the viscous shear forces, from both the stator

and rotor surfaces, have changed the swirl velocity inside the seal to be different from that

existing upstream. If the flow is considered inviscid, V* would have the same value as Vi and

F = 0. To a first approximation r can be expressed in terms of the other nondimensional

parameters, for S less than one and A, = A, = A, as

AL= L [ 2H 2 ]
S= O 1 -(1 + -2)(1 - S) (2.56)

8DH I L

Generally r < 0, that is the swirl velocity decreases as the fluid flows through the seal.

Further discussion of these parameters will be given as needed.

2.4.3 Nondimensional Equations

Using the parameters presented and discussed in the previous subsection the linearized

harmonic continuity and momentum equations, Equ. (2.48) and Equ. (2.49) respectively

can be expressed as

2* L2 L
(1 - (1 + M) W) i o( + l

( { 1 + K+oL(1 - W)i} (2.57)

and

(_P_ 1-r aL 2H oL L
* + E2+ 8DH A, (1 + [( - 1)i (1- W)+ W) 2D]Z}A14 & 8D L ID''!pf



aL 2H aL
+1+4DH (A - A (1 + ) (1 - S)) [(2- W)]i

= {K -1 +( + [aL(1- W)] i } (2.58)

However, an algebraically simpler form of the momentum equation is obtained by subtract-

ing the continuity equation, Equ. (2.57), from the momentum equation, Equ. (2.58), to

obtain the following convective form of the momentum equation

{ H A- Ar 1+ N ( S1)) 2H r [aLWM L
8-DH LyD ,2 iD

+ 1 o A 1+ 2HS) + =L IW (2.59)
4DH (L )} D±

Computationally this system of equations, although slightly different from the original sys-

tem, Equ. (2.74), is solved using the same method. The values of ý and f obtained from

solving either system, of course, must be the same and no particular advantage exist in

solving one set instead of the other.

2.5 Extension of Model to Include Upstream Cavity

2.5.1 Governing Equations

A comparison of the above presented theory consistently under predicted the cross stiffness

and direct damping obtained from the experiment. The most likely source of this discrep-

ancy was determined to be non-uniform flow conditions in the upstream swirl cavity. The

following extension of the theory was found to explain the cross force data. See Chapter 6

for details.

The single gland model which was developed can be generalized to include the influence

of non-uniformities from the upstream cavity which feed non-uniform swirling air into the

seal. Figure 2-6 shows a cross-section of the LSTF test section. The swirl vanes which

are located 1i upstream from the first knife have a radial gap of 6, and deliver air into the

first cavity with an effective swirl angle of a,. This is the metal angle minus some small

turning deviation. This cavity is hi deep and is sealed from a large volume by an axial face

labyrinth seal with gap 6c. Since there is no net flow into this center cavity, the pressure



here is uniform and the same as in the swirl cavity, namely Pi*. The continuity equation

for the swirl chamber, which is analogous to Equ. (2.12) is

8[plihi] 1 80-p-h] + pllhiVi] + ql - q, + qc,ot - qc,in = 0 (2.60)
at Rs 490

where Vi is no longer constant and q,, is the flow rate per unit length issuing from the swirl

vanes and the qc's are the flows in and out of the center cavity respectively. Incompressible

relations are sufficient for treating these flows since the transfer velocities are very low.

These flows can be written as

qc = p•c~ V2p*(Pi - Pi*) (2.61)

This relation is fundamentally different than those for q,, ql and q2 in that there is no flow

to or from the center volume when the seal is centered in the casing because Pi = Pi*.

This is very important and must be dealt with appropriately in the analysis. Likewise the

momentum equation in this cavity is

i[plihiVi] 1 0[plihiV12] lhi dPi
+- + q~ Vi - qVv, + qc,out Vi - qc,in Vc + 7,(21i + hi) - r7,hi + = O 0 0

at R, 09 R, 80
(2.62)

Vc is the swirl velocity inside the center volume. In this cavity the cross sectional area,

lihi, and the vane gap, 6,, are constant. However, the inlet swirl component of velocity, V,,,

is not. The angle of the fluid leaving the vanes, a.,, is constant. Therefore a drop in the

pressure at one location in this cavity will induce a greater mass influx and hence a higher

swirl velocity at that location. This is the essence of the mechanism that augments the

forces.

The original equations for the seal gland are still valid within the constraints of the model

but, the inflow conditions must be allowed to adjust to match the flow in the upstream

cavity.

2.5.2 Solution Technique

The same solution procedure used for the single gland seal can be used when there is no

flow into the center cavity. However, as previously stated the nature of the oscillating flow



between the two upstream volumes is quite different than the others. These terms introduce

essential non-linearities into the governing equations of the upstream cavity.

The physical reason for this difficulty is clear enough. When the two volumes are nom-

inally at the same pressure, a small positive perturbation in the swirl cavity pressure A
may drive a large leakage perturbation flow, depending on the gap ratio i and the pertur-

bation amplitude, into the center volume relative to the two other perturbation flows q~ and

qi. In mathematical terms, the other perturbation flows are of first order in E1 and hence (,

while qc - 0(ý(). While assuming the perturbations to be small helped eliminate the sec-

ond order nonlinear terms, , E2 , it is exactly this assumption that introduces this singular

behavior when treating this leakage term. No uniformly valid solution to this problem can

be constructed as E -+ 0 because
--1

lime 2 = 00 (2.63)
-+O

The leakage flow perturbations can "swamp" the main flow perturbations at low amplitude.

However, it is possible to develop an approximate solution that is valid for a particular per-

turbation amplitude.

The method for creating a solution will proceed along the same general lines as before.

The steady solution for both chambers is found and then a first harmonic perturbations are

substituted into the governing equations. All terms except the center cavity leakage flow are

treated as before. The new terms will be averaged to obtain their first Fourier component

for a harmonic balance. The addition of these terms creates a nonlinear algebraic system.

The zeroth order solutions (for the centered rotor) are solved using Equ. (2.29). The

velociity, pressure and density in the swirl cavity will be denoted by V* , P* and p respec-

tively. The pressure and velocity in the swirl cavity are expressed by the following harmonic

perturbation expressions as

Pi = Pi*(1 + iei(0- 0t)) Vi = Vi*(1 + ýiiei(e-nt)) (2.64)

The perturbation expressions for ij, i4j, ý and i are substituted into the continuity and

momentum equations for both the upstream swirl cavity and the seal gland. The nondi-



mensional perturbation leakage flow into the center cavity is

qc p_ 4*q 4 6 2P,*
1 

p

1
[Ref {(e'}] 2 T = 0 - lt (2.65)

The first harmonic component of this function will be extracted by averaging over one

period [79, 80]. The first harmonic is

1c 1C, = - [Re {|6 e"'j 2 (2.66)

After some manipulation this reduces to

3
cosT 'QIdPsi

4 If 1 1
72 (2.67)C- =

T fo i

Where B is the beta function. From this the first harmonic of qc,ot - qc,in is found to be

= 1.57377 P*
q* 11* 6 L P* - P*

Similarly the first harmonic of qc,outVi - q,inVc is

1

p* 2 ~1.57377LPc I2
t*6* i* - P* Ii

(V* + V;*)jei(e-n"t)
2 (2.69)

The first harmonic of the perturbation continuity equation for the swirl cavity, after dividing

by q*, is

1.57377js6c

!L 6*

p* *2J
p* --p*F

p *2  p-2
+P •2_ P2 P P*2

+l h (V~
7q* \R,

{f Vi*hil IR~q* 5r?:
P*2

•i*2 - p *2

and the swirl cavity momentum equation after dividing by q*Vi* is

{0.78688i c6 1 +
*8*~~

p*2p. I -pI
p* 2

+ - p*2 + (v p*2 + p•oP
P02 - p*2

00

(2.68)

(2.70)

sgn(ýi)e-i'dT

5( 5• )4(
4' 4

I _j 12ýei(O-nt)

f)

S1



AsP(i + hi)V*+ p vi* P lshn +
47q* R, Vi*q*Rj

{ 1 + A.jp'(li + h2 )Vj* [l * p*2

1 27b + [p*lihi ( R2V* -,- n i * P*2  (2.71)

The continuity equation for the seal gland which includes the effect of the upstream cavity

coupling is

J p*2 pp p*_ p*lh+ rV* 1 2P*2 _p P* , l+ p*2 p02 p2 + 2 -yq* R• + h i J+

{R,q* }l { ( +K -n i f (2.72)Rq2 T2 T q* T* R,
and the coupled momentum equation for the seal gland is

(( * -Pf* - V * Pp*2 P*2
p** ) *2\ p*2

V* p*2 P2 •+ P*2 -p o \V* P p,2

(87q*v*P ) (AlV*2 - A,(1+ 2h)(wR, - V*)2) + [P*lhl * p*lh+ •RT i}

1 + (AI! - A,r(l+ 2hl)(V* -wR,)) + p*lhil (2 - f

in 1 Vi P* l V* (
= -- + *q* -R i (2.73)

This can be written compactly in matrix form as

Z1,1 Z1,2 Z1,3 Z1,4 i R

Z2,1 Z2,2 Z2,3 Z2,4 R2i R2

, II 11 I ~ (2.74)
Z3,1 Z3,2 Z3,3 Z3,4 ( R3

Z4,1 Z4,2 Z4,3 Z4,4 R4

This is not a linear system. The elements Z 1,1 and Z2,1 contain |i;l-½. Of course if

fi = r^i = 0 the system decouples and the original 2x2 system for the isolated seal with no

upstream coupling Equ. (2.74) is recovered.

To solve this system a simple iteration scheme was employed. The system Equ. (2.74)

is first solved with P* = 0, then this solution, fj, is used on the left hand side to calculate



an updated solution. This iteration continues until

Iin+• ~il < E (2.75)

2.6 Interpretation of Solutions

The solutions of this system, ( and ,•, are complex constants which contain both the am-

plitude and the phase information on the pressure and velocity perturbations. Each can be

represented in the complex plane as shown in Figure 2-7 as

S= • + it (2.76)

Where • and • are the real and imaginary components respectively. Similarly the velocity

perturbations can be written as

, = ,3? + ii/ (2.77)

Again referring to Figure 2-7 the amplitudes of the pressure and velocity respectively are

given by

li= [N±5]' (2.78)

' [1= + ý] 2 (2.79)

The maximum value of the pressure and velocity occur at the angles Oý and 0,7 respectively

ahead of the minimum whirling gap. These angles are can be expressed in terms of the

Cartesian components as

S= tan' I- (2.80)

V'= tan- ] (2.81)

Care must be taken in doing the above operation. Usually the principal value is taken for

-- <4 < 2 but in this case it is obvious that V; must be defined on the extended interval

[ -r, 7]. On this interval tan- 1 is multi-valued therefore the relative phase angles should

be chosen such that

=, ')a > 0 = O , 4,7 > 0 (2.82)



or if

£2, O < 0 -= 1, 0, < 0 (2.83)

The sign of Oe will directly indicate whether the seal will "tend to destabilize" a rotor to a

given whirl direction. However, as mentioned in the introduction, many separate sources,

not just seal forces, will contribute to rotordynamic instability. Therefore, it is generally

more useful for engineering calculations to know the component forces that act on the rotor

or some equivalent information, such as the rotordynamic coefficients, rather than the pure

amplitude and phase information from each separate element.

2.7 Rotordynamic Forces and Coefficients

The forces which act on the rotor, which are functions of the whirling frequency, fl, in

general, are found by integrating all stresses over the appropriate seal annulus areas. Of

course due to orthogonality only the first harmonic perturbations will contribute to a net

force. These stresses can be classified as either normal stresses (pressure) or shear stresses

(due to friction). From the solutions presented in the next chapter, it can be shown that

the shear force Fshear, which is due to perturbations in the velocity ] can be neglected when

compared to the pressure force Fpressure which is due to perturbations in i.

Fpressure = P*dA > Fahear = J2A V*2dA (2.84)

Here the shear force expression is the linear approximation. While the direct contribution

of these shear stresses to the total force is small, as one might expect in a high Reynolds

number flow, frictional effects can not be neglected from the outset. But, can be discarded

when calculating the rotordynamic forces. This is because the zeroth order solution on

which ý depends, is altered by friction changing the swirl velocity of the fluid in the gland.

Since forces in line with the rotor displacement and those tangential to it have a very

different effect on its dynamics it is useful to decompose the total force into a normal force

component, FN, which is in the direction of instantaneous minimum gap, and a tangen-

tial component, FT, which is Z radian ahead of the minimum gap.These two components

may be written, using the amplitude and phase information obtained from the perturbation



solutions, as

FN = FN(2) = -Rsl P(V)cos_ db = -R,l Il P*cos( --b)do

= -rR,1s|P*cosob = -rR,IP*Re(ý) (2.85)

and similarly

FT FT(Q) = -rR,ll1lP*sin,0ý = -rRIP*Im(i) (2.86)

While it is possible to use these two force components directly in doing rotordynamic stabil-

ity calculations, most general purpose routines require that this information be condensed

into the standard rotordynamic coefficients or similar set of parameters. The rotordynamic

coefficients, which are real constants, may be considered the first three terms in a polyno-

mial expansion in Q. They relate the forces that are exerted on the shaft due to its motion

and can be expressed in matrix notation by

Fi = -[K]zi - [C];i - [M]'i + Higher Order Terms (2.87)

Where [K],[C] and [M] are the stiffness, damping and inertia matrices respectively. In

most cases3 the higher order terms may be neglected. When they are needed they may

be incorporated explicitly by adding higher order derivative terms or by expressing the

coefficients in [K], [C] and [M] as functions of S1. A particularly elegant way of doing the

latter is to use PAde approximates as described by Dugundji [17]. The twelve elements of

these matrices are

[K] = K( Kxu [C] = C( CX [M] =( (2.88)
Kyx K ) CX CYY My M,

However not all of these coefficients are independent for a nominally centered rotor under-

going a circular orbit. From symmetry arguments [],,, = [ ],, and [],,Y = -[ ]y,,. This

leaves six coefficients to be determined.

Finally, since these coefficients will be used often throughout this work the details of calcu-

3Neither the theory nor the experimental results suggest that these higher order terms are important
when la(1 - W)I is less than one.



lating them from the two component forces are described in Appendix D.

The simple uncoupled model will now be used, in the next chapter, to predict the influences

of the various parameters.



Figure 2-1: Cutaway section of a single gland labyrinth seal.
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Figure 2-2: Cross section out of figure 2.1 showing the geometry and pertinent flow quan-
tities for a single gland labyrinth seal.

72



A
xi

al
 

Vi
ew

Si
de

 
Vi

ew

F
ig

ur
e 

2-
3:

 
K

in
em

at
ic

 
qu

an
ti

ti
es

 a
ss

oc
ia

te
d 

w
it

h 
a 

la
by

ri
nt

h 
se

al
. 

T
he

 t
he

 s
ha

ft
 

is
 s

pi
n-

ni
ng

 a
t 

an
 a

ng
ul

ar
 f

re
qu

en
cy

 w
, 

w
hi

le
 s

im
ul

ta
ne

ou
sl

y 
un

de
r 

go
in

g 
a 

ci
rc

ul
ar

 p
re

ce
ss

io
n 

of

am
pl

it
ud

e 
f 

an
d 

fr
eq

ue
nc

y 
A

.

Y
//

//
//

 
r/

/i
n



12

Figure 2-4: Control volume with the associated mass fluxes for the derivation of the conti-
nuity equation.
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Figure 2-5: Control volume with the associated momentum fluxes, shear stresses and pres-

sure forces for the derivation of the momentum equation.



Figure 2-6: Test section schematic showing the geometry and flow variables when the swirl
vanes feed into an upstream swirl cavity. Also shown is the leakage path to the large center
cavity.
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Figure 2-7: Complex plane representations of the relative perturbations amplitudes for the
pressure and velocity.
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Chapter 3

Model Predictions

3.1 Introduction

The simple uncoupled lumped parameter model developed in the previous chapter will be

used first to make predictions for the rotordynamic direct and cross forces generated by

a single gland labyrinth seal. While the effect of the upstream cavity will be shown to

be quite strong under certain conditions, it does not fundamentally change the underlying

fluid mechanisms that generate the rotordynamic forces in the seal itself. In particular, the

existence of the upstream cavity does not alter the relationships between the static and

dynamic forces and the separation of forces that will be discussed.

The effect that changes in the various nondimensional parameters will have on these forces

is presented. Also the physics of the force generation that can be attributed to a specific

physical phenomenon, which is associated with a given parameter, will be clarified by con-

sidering certain limiting cases where the reduced set of algebraic equations, Equ. (2.57)

and Equ. (2.59), simplify significantly. The cross force will be shown to originate from two

distinct, essentially additive sources. One of these sources is totally inviscid, due solely to

the incoming swirl and gland area change, and the other originates from frictional effects.

The different character of these separate contributions will be discussed since they exhibit

very different behavior with respect to the stiffness and damping coefficients.

First a baseline case will be presented that has the same nondimensional parameters as

one of the sets of experiments. The sensitivity of the direct and cross forces, due to a



change in each parameter about a set geometry and nominal operating condition, will be

presented. All other parameters will be assumed to be constant for purposes of simplicity,

even though, in general, changing one of the primitive variables, such as upstream pressure,

would alter several of the relevant nondimensional parameters and not just the one directly

under consideration.

Some added attention will be given to the two new effects incorporated in the model -

the additional mass stored in the honeycomb land due to the pressure perturbations and

the variability in the carry-over coefficient of the second knife.

Finally, the effects of the upstream swirl cavity will be presented. In particular, it will

be shown that the upstream cavity to seal gland area ratio along with the axial sealing

gap and the swirl velocity inside the center volume can strongly influence the generation

of rotordynamic forces. Also the leakage flow will be shown to alter the linear relationship

between the whirl eccentricity and the resulting forces. Specifically, at low whirl amplitudes

the force vs. amplitude characteristic becomes highly nonlinear.

3.2 Baseline Case

The nominal geometry used in making the predictions will be taken to be the same as the

third experimental build, and the baseline operating condition will be the nominal design

point used in all of the experiments. While neither this nor any other condition is entirely

"generic", due to the wide variety of possible designs and operating conditions, it does

demonstrate how changes in the different parameters will alter the direct and cross forces

for a wide range of practical designs, at least in a qualitative manner. The values of the flow

parameters, Pi, Po, Vi, etc., chosen for the baseline conditions, are, of course, much smaller

in magnitude than those found in real high power-density turbomachinery. However, these

conditions do yield a reasonable set of values for most of the nondimensional parameters.

The one notable exception is that the scaled condition yields a fairly low value for the swirl

parameter, o. The reason for this discrepancy will be discussed in the next chapter along

with the facility design and experimental procedures. In terms of the primitive variables,



the geometry and flow conditions for the calculations will be

R, = 0.1524m 1 = 0.01727m hi = 0.00508m 6* = 6* = 0.0006858m

Pi = 158500Pa Po = 101325Pa Vi = 33.41m/s T = 295K (3.1)

Due to the linear nature of the model, at least for the uncoupled case, all predicted forces

are proportional to the whirling eccentricity of the seal, f. Therefore the choice of this

amplitude is somewhat arbitrary when performing the calculations. But for later direct

comparison with the experimental data the eccentricity at which most of the data was

taken, f = 0.00009525m, will be used.

The flow coefficients for the first and second seal clearances are a function of geometry

only, and are found from Equ. (2.8) to be

p* = 0.65 p4 = 0.76 (3.2)

For the geometry and flow conditions given above, the equilibrium state in the seal gland

is found from the procedure presented in the last chapter. The zeroth order values for the

pressure, density and flow rate are found from Equ. (2.25), Equ. (2.27) and Equ. (2.26) to

be

P* = 128614 Pa q* = 0.1419 kgm-'s -  p* = 1.519 kgm - 3  (3.3)

and the equilibrium swirl inside the gland is found by the iterative procedure from Equ.

(2.28) to be

V* = 32.03 ms- 1  (3.4)

Based on these quantities, the baseline nondimensional parameters to be used for this study

are:

a = 1.0 3 = 1.16 D = 0.1350 H = 0.0333 L = 0.1133

K = 0.0000 M = 0.0000 A = 0.720 a = 0.245

r = -0.04 S = 0 el = 0.1390 (3.5)



Instead of using the value of K that would be obtained by using Equ. (2.10) and Equ.

(2.51), which is 0.1385, K has been set to zero. This will allow the effect of variations in

the carry-over to be investigated separately. As will be demonstrated in a later section,

variations in other parameters may have an equivalent effect as changing K. Now it will be

more clear how each parameter effects the forces.

The complex pressure and veloci ; perturbations, ( and if respectively, can be obtained

by solving the system Equ. (2.57) and Equ. (2.59). This solutions can be written explicitly,

by using Cramer's rule. For i this is

K= { +K+L(1-W)i 1{+ (s A- Ar 1 +~ )( -S)

1 + _As - A 1 + ( H (1- S) + )(1 - W)i iL.

+ 2 A2A+ ((1-(1+M)W)2i{}- -1+K+aL(1-W)ic(ap; j AM* 1L a

(Ap -T) + 8TyDH ( L J Dy A2a1D

+ (,)2 + -(1 (1 + M) W) }
1 +A s A, ( 1 + 2H) (1-S) + [oi(1 - W)i LL .4DH ( L D D

L 2As - A 1 + 2)(S _ 1)2_r + [+ L(3.7)
8-IDH L A S 2  -D A2 2D

Typically some of the terms in the above expressions are at least an order of magnitude

smaller than the dominant ones for a wide range of parameters. Neglecting the shear per-

turbation terms - the ones containing A,, A, and (S-1) - usually yields an error on the order



of five percent or less. However, for completeness, all terms in these general expressions will

be kept for the following parametric study when calculations are presented. However, for

several of the limiting cases to be introduced shortly, these terms will be dropped. Including

these terms does little for physical understanding and merely makes the underlying physical

phenomena less clear by adding algebraic complexity.

From the above solution, Equ. (3.6), the amplitude of the pressure perturbation and the

phase of the maximum pressure relative to the whirling minimum gap are easily found by

the procedure presented in the previous chapter. Figure 3-1 shows the amplitude of the

relative pressure perturbation, |1ý, vs. the nondimensional whirling frequency, W = R,

for the baseline case. The total pressure perturbation, which the forces are proportional to,

is P = P*| Ii. The range of W over which the calculations will be presented is -1 < W < 3

which is symmetric about W=1. On the interval -1 < W < 0 the seal is whirling in the

opposite direction as the inlet swirl. When W=0 there is a static offset only. For 0 < W < 1

the seal is whirling in the same direction as the inlet swirl but is going slower than the swirl

component entering the seal. W=1 has special significance since it represents the whirling

speed at which the gap variation is traveling at the same speed as the swirling fluid inside

the seal gland. When W > 1, the seal is whirling faster than the fluid in the seal. The

importance of viewing the whirling frequency in these terms will be presented shortly. As

seen in Figure 3-1 the minimum perturbation amplitude, which is almost zero, occurs at a

nondimensional whirling frequency of about 1.35. This will be called the phase cross-over

frequency in subsequent discussions and will be denoted by Wc. The amplitude increases

almost linearly away from this minimum in proportion to IW - We I reaching a maximum

at W=-1 of about 0.001. This means that the pressure oscillation will reach 0.1% of the

mean value in the gland under these conditions.

Directly below this is Figure 3-2 which presents the relative phase vs. W. This is the

angular location at which the maximum pressure relative to the minimum whirling gap

occurs at a given whirl frequency. The phase is approximately -M from W=-1 until W

approaches 1.35 then it quickly drops towards -7r and changes to a positive phase and

finally end up at about +-r. One must be careful not to interpret this phase cross-over as a

discontinuity in the phase, but rather as a point where the imaginary component (which is



proportional to the cross force) changes sign. The apparent discontinuity occurs when the

phase crosses through 7r, or equivalently -7r, radians from the minimum gap. If the relative

phase were to be defined on the interval [0,27r], instead of [-7r, 7r ], then no discontinuity

would appear on the graph for this particular choice of parameters. A negative phase on

this graph, at least when W is positive, indicates that the seal would act to destabilize a

rotor since the maximum pressure is behind the minimum gap adding energy to the nominal

motion.

This amplitude and phase information can alternatively be presented in terms of the more

useful rotordynamic forces. The direct and cross forces exerted on a shaft due to a pressure

perturbation are given by Equ. (2.85) and Equ. (2.86) respectively. However, for the purely

nondimensional treatment to be presented in this chapter explicit length scales or general

pressure level, as given by P*, are not needed. Therefore, simplified "nondimensional"

forces can be defined as

Fg FT
FN -RP - -7r icoso T- -- FTP - risinke (3.8)

,IP* RsIP*

Using these definitions, the direct and cross forces are calculated and plotted vs. the nondi-

mensional whirling frequency W and are shown in Figures 3-3 and 3-4 respectively. Due

to the choice of baseline parameters the normal force is much smaller than the cross force.

a = 1 and K = 0 were deliberately chosen so that their impact on the cross force could

be shown in a straight forward manner. However, this choice has effectively suppressed the

direct force for the baseline case.

One advantage to presenting the force information in this form is that the rotordynamic

coefficients (or more precisely quantities proportional to these coefficients) can be read di-

rectly off the plots. The value of PT at W=0 is proportional to the rotordynamic cross

stiffness, Ky, and the slope of this line i is proportional to the direct damping, C,,.

The same type of information can be read from the plot of FN vs. W. FN(W = 0) , KXX

and Cy. Also the curvature is proportional to the direct inertia coefficient, M.,.

The cross force is a linear function of W in this range. FT starts at a positive value



and decreases as W is increased, indicating that both the cross stiffness and direct damping

are positive. FT changes its sign at the phase crossover frequency We = 1.35 just as the

relative phase did. This means that the seal, under these operating condition will tend to

destabilize the rotor if the rotor's natural frequency is less than .

The effect on the amplitude, phase, direct force and cross force that parametric variations

in the nondimensional parameters produce will now be investigated one by one.

3.3 Parametric Variations

3.3.1 Effect of A

The nondimensional axial flow rate is A, which was defined as , For several

limiting cases it has been shown by the author [81] that the perturbation amplitude, (

scales with A2 and that the relative phase, 04, is independent of A. In the more general

case, this behavior will hold approximately when

1 + a202 2 L

A >> -(1 - W) (3.9)A2 W

This condition is not very restrictive, therefore the applicability of this result is quite gen-

eral. With all other baseline parameters fixed, Figures 3-5 and 3-6 show the amplitude of the

perturbation l1ý and the phase 04 respectively for A =0.3, 0.5, 0.7 and 0.9 vs. W. This range

includes all values one might encounter in a real machine. A will always fall in the range

0 < A < 1 but, the accuracy of the relationships for ql and q2 degenerate when A > 0.9.

The amplitudes scale approximately with A2 and the phase is nearly independent of A just

as was previously described for some special limiting cases. Some care must be taken in

interpreting this result, however, due to the nature of the Nondimensionalization. As the

pressure ratio across the seal is increased the axial velocity also increases. In order to keep a

constant the swirl must be increased, with the axial velocity, proportionally. Also the whirl

speed must be raised in order to maintain the nondimensional whirl frequency, W, constant.

The nondimensional forces are shown vs. the non-dimensional whirling frequency in Figures

3-7 and 3-8. Both of these, as defined, scale with A2. However, since P* is a function of A,



the proper scaling behavior for all of the forces and rotordynamic coefficients is

Pý
FN, FT , ýP* , A 2 P* , P* (3.10)P*

For a purely incompressible fluid these forces should scale with the inlet to exit pressure

difference, Pi - Po. However, the gap flow model for ql and q2 does account for some degree

of compressibility 1 thus there is some modification to this. Therefore Equ. (3.10) can be

rewritten in terms of the pressure difference multiplied by a function of the inlet to exit

pressure ratio, r, = ., as

FN,T (Pi - Po)F7(r,) (3.11)

This compressibility function, F, defined as r, is plotted in Figure 3-9 vs. r, for

1.0 < 7r, < 2.0. This shows that little compressibility correction is needed (about 5 percent

at xr, = 2), in predicting rotordynamic forces, for pressure ratios less than two. 2 Rarely, if

ever, would a two knife seal be used at higher pressure ratios than two. This demonstrates

that for most practical applications the rotordynamic forces generated by single chamber

labyrinth seals scale with pressure difference if all other nondimensional parameters are kept

constant. Figures 3-7 and 3-8 show the nondimensional direct and cross force respectively

for the four different values of A vs. nondimensional whirling frequency. FN and FT both

scale with A2. The way the dynamic forces scale with the inlet flow conditions may be

expressed functionally as

FN Vi (R,
lR,(Pi - Po) •  /P- o' - (3.12)

and
FT Vi Rs (3.13)

1R,(Pi - Po) pP - o' P/P -P

The knowledge of this scaling behavior can help in applying test data acquired at scaled

conditions or in the preliminary design phase in estimating the possible excitation magni-

tude. However, A should not be thought of as a parameter whose value can be reduced in

'The expressions for q, and q2 contain a Mach number squared correction to the incompressible equations
2This seal will choke, at the second knife, when the pressure ratio reaches 2.36.



order to lessen the exciting forces generated by the seal, since this is set by the design of

the of the turbine.

3.3.2 Effect of a

It has been well established, both theoretically and experimentally, that one of the dom-

inant parameters contributing to cross-force generation is the incoming swirl velocity V*.

Benckert and Wachter [42] correlated a "lateral force coefficient" vs. a "relative admission

kinetic energy factor" for the case of the statically displaced rotor. This parameter, denoted

by E•, can be expressed in the present notation as

E, = p (3.14)
Ei = P- P 2+ 1 W•

Where Wi is the upstream axial velocity. They showed experimentally that the lateral force,

for a static offset, scaled roughly with V/E. a, which is an alternative swirl parameter de-

fined by P 6. , can be shown to scale with VEi and therefore one should expect the cross

forces to be directly proportional to a. This is indeed what the model developed in the

previous chapter predicts, as will be shown.

Before delving too deeply into the specifics of the model or giving physical explanations

of the cross force generation associated with the inlet swirl, it is worth noting that in the

absence of geometrical imperfections in the circularity of the rotor and/or land, a statically

offset rotor can not have a net force in the direction orthogonal to the displacement if no

external asymmetry, such as an inlet swirl or upstream pressure non-uniformity, is supplied.

This follows directly from symmetry arguments. This does not mean that swirl will gen-

erate cross forces; nor does it indicate what direction the force will act if it does cause them.

The influence that a has on the rotordynamic forces can be shown by using the model

and considering a limiting case of Equ. (3.6). The shear stress perturbation terms will

be neglected along with the unsteady mass storage terms arising from the presence of the

honeycomb cells (M=O) and the carry-over effect, K=O. The resulting expression after be-

ing rationalized can be expressed as a complex fourth order polynomial in a(1l - W). The

real terms, which generate the direct force only, contain quadratic and quartic terms in



a(1 - W). If the leading order real term is kept, the resulting real component of the relative

pressure perturbation can be written as

_K - (1 - 0 ,L (1- W)2
L2 D(3.15)A2 j1  1 + a2p2 +-

From this relation it is seen that the kinetic energy carry-over variation and the conver-

gence/divergence of the seal are mainly responsible for generating the direct force when

la(1 - W)I < 1. The physical analogy between these two things will be made in a later

section along with an explanation of how they generate the direct force. The direct force

shown in Figure 3-3 was very small since K=O and a = 1.

The important cross force generating imaginary component contains linear, third and fourth

order terms in (1l - W) but no quadratic one. Therefore, as a reasonable approximation,

the higher order terms can be dropped when ja(1 - W) < II with very little error incurred

because the leading order correction is of third order. This explains why the cross force

shown in Figure 3-4 is nearly a linear function of W. If (1 - W) > 1 this would not be

the case. Upon making the above mentioned linearization, the imaginary component of the

relative pressure perturbation can be written as

ra - [F+(1-W)(-D-K+1- )] i
- V (3.16)A2e, 1 + a20 2 +n

This expression will be used later in the discussion of the influence of some other parameters.

However, for the time being this expression can be further simplified to isolate the effect of

the incoming swirl parameter, a. To do this, the following values will be selected - r=0 (ie.

frictional effects are to be neglected.), 3=1 and ,,=O (ie. all carry-over effects are neglected).

With these simplifications Equ. (3.16) can be reduced to the following

(a -a(1 - W)Li (317)
2 2+ L2 (3.17)

This shows that the pressure distribution within the seal gland produces a cross force that

is proportional to o(1 - W). The direction of the force depends on the sign of a(1 - W).

For positive values of a the fluid induces a destabilizing force in the direction of the inlet



swirl when W is less than one. However, when W is greater than one the net fluid force

acting on the rotor will tend to stabilize it from whirling in the same direction as the inlet

swirl. This statement can be recast in more physical terms as follows. In the absence of

frictional effects, if the inlet swirl velocity Vi is greater than the gap variation phase speed

3, 1fR, then the resulting cross-force will be in the direction of the inlet swirl. This is of

course destabilizing to whirl in the direction of inlet swirl, which is presumably forward

whirl. However, when the whirling frequency is greater than . the seal force will act to

stabilize whirling motions in the same direction as the inlet swirl. Using the exact expres-

sion in Equ. (3.6) with r=o does not qualitatively change the basic results described above.

A simple physical explanation of how swirl can generate a cross force in a purely inviscid

fluid and why the direction of this force is different for W < 1 and W > 1 will now be given.

Even for the simple case of inviscid flow in a statically offset seal the interaction between

the flow going in and out of the seal and that traveling around in the sealing annulus is suf-

ficiently complicated as to render straightforward explanations rather difficult. However, it

is possible to say which factors are important in general and how these forces are produced

when there is limited direct coupling between the 1-D continuity/momentum equations and

the axial flow equations.

Referring to the linearized-harmonic continuity, Equ. (2.48), and momentum, Equ. (2.49)

relations several terms can be dropped. Density variations inside the gland are not impor-

tant and will be neglected. Therefore, the incompressible form of this system is

Sq*R, P0 + P02 p*V*hili p *V*li
-= 7 (3.18)

q*R,V* ( )2 + . + P*hlli q*R,V*+ 2p*V*2hili i p*V *21i

The terms on the right hand side, which drive the pressure and velocity perturbations,

are traceable to the terms in the continuity and momentum equations containing d(h, +6k)
dO

which represent the angular variation in the gland area. As the depth of the gland increases

the inviscid portion of the cross forces is reduced.

As a first approximation to one source driving the forces consider an inviscid fluid go-

ing around in a statically displaced (in the +x-direction) labyrinth seal gland as is shown

3The gap variation phase speed is the linear speed at which the gap travels around the sealing circum-
ference due to the whirling motion



in Figure 3-10. From Bernoulli's equation the pressure on the right side (' < 0 < M) is

depressed from its nominal value due to a higher velocity, while the pressure on the other

side of the annulus is increased. Now the lower pressure in the gland on the right side

induces a greater inflow, ql, from the swirling upstream reservoir which carries along excess

momentum in the positive y-direction. Also q2 is depressed on this side with the lower

driving pressure difference resulting in less y-momentum leaving from the second knife.

Analogously, the higher gland pressure on the left side of the annulus reduces the inflow

and increases the out flow. The net effect is to drive more flow out of the seal carrying

negative y-momentum with it. This change in momentum of the fluid crossing the control

volume surfaces must be accompanied by a force. The contributions from the two halves

of the annulus are additive and yield a net force in the positive y direction as is shown.

This force acts on the combined rotor/stator assembly. This argument does not isolate the

force on the rotor, but does indicate the physical mechanism involved. This explanation is

consistent with the general model developed in the previous chapter, but is somewhat over-

simplified. The mass and momentum inflow alter the pressure gradient, P*hili, which will

in turn change the flow in and out of the seal. The full model for the inviscid incompressible

case of Equ. (3.18) incorporates this interaction, yielding a more accurate prediction. Also,
6bR,

the value of is important in determining the force.

The nature of the frequency dependent behavior of a seal in an inviscid flow can be readily

explained by considering a simple change of reference frame. Let the relative inlet swirl,

denoted by V, be defined as the swirl velocity that would be measured by an observer

rotating in the whirling frame. That is

V, = V - QR, (3.19)

The nondimensional swirl parameter as observed in the whirling frame will similarly be

denoted by & and is

S= (1 - W) = p**- (3.20)

The cross force generated by an inviscid flow at an inlet swirl of Vi (or equivalently a) at a

frequency Q is identically the same as the cross force that would be generated for a static

offset with the associated relative inlet swirl Vi (or equivalently &). This equivalence can



be seen by noting the manner in which the governing equations of continuity and momen-

tum transform under this Galilean transformation. As a particular case of this argument,

consider a rotor whirling so that the gap is traveling around at the same speed as the inlet

swirl. Then there is no inlet swirl as observed by an observer rotating in the whirling frame.

Therefore, the cross force must be zero when f = ~`i or equivalently when W=1.

An interesting consequence of this is that in the absence of friction the rotordynamic damp-

ing coefficient Czz can be calculated from purely static measurements of the stiffnesses K,,

at several different inlet swirl velocities. This can be done as follows. Since dV = -R,dII

the damping at any frequency can be found by numerically integrating the experimental

data, using

R, y( = CV X (3.21)
dVi

If the stiffness is a linear function of the inlet swirl then a single measurement is needed to

find the damping

C = RKy(V) (3.22)

A similar argument can be used even in the presence of friction to obtain dynamic coeffi-

cients from static measurements. However the inviscid component must be isolated from

the total force. However, this is more complicated and a discussion of this will be reserved

until Chapter 5.

The above treatment of the nature of damping in the flow suggests a specific design criterion

to eliminate the adverse effects of labyrinth seal induced rotordynamic instability. The nat-

ural frequency of the rotor-bearing system, wn should be made greater than Vt. This can

be done by either stiffening the rotor or by reducing the incoming swirl velocity. The first

of these options is not very attractive since it requires the rotor to operate sub-critically for

practical turbomachinery blading designs. This would make the device much heavier and

would increase the vibration levels due to unbalanced response. Alternatively, the incoming

swirl velocity can be reduced by a class of devices known as swirl brakes. Changing the

inlet swirl to the seal can be taken a step further. If other components attached to the rotor

generate forward whirl, such as turbine tip Alford forces, then the rotor may be stabilized

by inducing a large negative inlet swirl into the seals in order to add a negative cross stiff-



ness and significantly increase the direct damping. Naturally, care must be exercised in not

exciting backward whirl.

Some researchers [26, 59] have erroneously reported that frictional effects are solely respon-

sible for the generation of a cross force component. This is clearly not the case. The relative

contribution of frictional vs. non-frictional sources will be discussed in a subsequent section.

The effect of variations in a (the swirl parameter) for the more general case is very similar

to that just described for the limiting cases discussed previously with some minor modifi-

cations mainly due to frictional effects. Figure 3-11 shows the amplitude of the pressure

perturbation, vs. the nondimensional whirling frequency for a=0.1, 0.3, 0.5 and 0.7. These

values of a span the range of flow incoming at almost axial to nearly 45 degrees. Here the

minimum amplitude is shifted from 1 to Wc=1.35 due to frictional effects and the ampli-

tude scales linearly with a for a given whirl frequency. There is a small shift towards a

lower frequency with increased a. As a becomes even larger the crossover frequency ap-

proaches 1. Figure 3-12 gives the relative phase vs. whirl frequency for o=0.1, 0.3, 0.5,

and 0.7. The phase cross- over frequency, WC, decreases slightly for greater values of a just

as the amplitude does, also approaching 1 for very large inlet swirl velocities if r is kept fixed.

Figure 3-13 shows the nondimensional direct force vs. the whirling frequency for the same

a's as above. The main effect of increasing o is to add direct inertia as can be seen from

the curvature of this graph. Figure 3-14 shows the influence of inlet swirl on the rotordy-

namic destabilizing cross force. The behavior is very similar to that previously described

for the simplified case. However, the cross force increases linearly with o(1 - Wc) instead

of o(1 - W). All of the lines have their zero crossing at the same point, Wc, and larger

values of swirl rotate these lines. This means that the cross stiffness and direct damping

increase equally with inlet swirl if all other parameters are fixed.

3.3.3 Effect of F

The swirl twist parameter, F, defined by 1 - -, indicates to what extent both the rotor

and stator friction changes the swirl velocity inside the seal gland so that the azimuthal

momentum leaving the second knife clearance is different (usually less) than that entering



the first seal gap. This parameter can change widely and depends on many geometrical and

flow related factors.

Consider the total cross force at any given frequency to be the algebraic sum of an ideal

fluid component, called F, (which is that force that would exist in the absence of friction, ie

r=0. Note that this was the case described in the previous section), and a non-ideal cross

force component, denoted by Fr. A justification for dividing the force in this particular

manner will be given later.

This "non-ideal" cross force can be thought of as the residual cross force acting on the

rotor when the seal is whirling at the same speed as the incoming swirl. Recall that in the

previous section it was shown by arguments of symmetry that if there is no relative inlet

swirl, then an ideal fluid produces no force on a rotor tangential to its displacement. Figure

3-10 shows the cross force vs. whirling frequency for an ideal fluid. It also shows the cross

force that a seal would experience in a "real" fluid when whirling at fl = V. This residual

force Fr will be shown to be the result of viscous shear stresses changing the azimuthal

momentum of the fluid inside the seal gland to be different than that entering through the

first knife.

The two contributions F, and Fr are typically of the same order of magnitude for a single

chamber labyrinth seal under most operating conditions. Therefore neither component can

be neglected if an accurate prediction of the force acting on the rotor is to be made. In

multi-chamber seals the frictional effects tend to be dominant.

Again Equ. (3.6) will be employed along with several simplifying assumptions in order

to gain some understanding of how viscosity contributes to rotordynamic forces. First it

should be noted that in this equation a and r appear in factors either as a(1 - W) or ar and

that products of the two are negligibly small for any case of practical interest. The former

of these is the frequency dependent relative inlet swirl, &, and is responsible for generating

the inviscid cross-force contribution F, as described in the previous section. The latter one,

ra, which when expanded contains the swirl difference (Vi - V*), is frequency independent

and is responsible for the frictional contribution only. One very important consequence of



this is that since the change in force with frequency is a measure of damping this means

that there is no direct damping associated with the viscous cross force contribution. It

can be argued on physical grounds that this should be true because the difference in swirl

velocities Vi - V*, does not change as one observes this quantity in reference frames whirling

at different angular velocities. Hence the force that this momentum difference will generate

will be the same regardless of the whirling frequency.

Since the frictional contribution is independent of frequency it is most convenient in us-

ing Equ. (3.6) to choose a particular frequency where the other terms are simplified to the

greatest extent. W=1 is the best choice for this.

Using this information and neglecting the shear stress perturbation terms as described

above as well as carry-over effects (K=O) and the unsteady mass storage term due to the

honeycomb (M=O), the flow and eccentricity normalized relative pressure perturbation may

be expressed as

T=_ 2+ i L- (3.23)
A21 D2r2L2 +2 L2 L D22 (3.23)

For the baseline parameters and for a wide range of o, r, L, D and 1p that are found in

real machines, this expression can be simplified since

L2oT r << 12 + (3.24)

Therefore the real part of Equ. (3.23) can be dropped along with (-) in the denominator.

After simplifying, the relation for the relative pressure perturbation can be written as

= D L (3.25)

This relation can also be obtained by substituting W=1 into Equ. (3.16). Since the re-

sulting expression is purely imaginary the net force exerted is ±f out of phase with the

displacement depending on the sign of ar. For positive a a negative value of r is desta-

bilizing to whirl in the direction of inlet swirl. This combination of parameters is what is



commonly found in seals attached to turbine tip shrouds.

To explain the origins of this viscous force consider the typical case of a fluid entering

a seal, which is statically offset by a distance f, with a positive 0 momentum component Vi

that is greater than that inside the seal V* 4 as shown in Figure 3-15. Physically this force

is generated by a pressure gradient that is set up to balance the asymmetric net momentum

influx. To a first approximation, this is shown by using the momentum equation, Equ.

(2.13), neglecting variations in velocity inside the gland so that the convective inertial term

can be dropped. The effect of this term was treated separately in the last section when

considering the inertial forces. This equation becomes

lhl aP
4(V - V) + = 0 (3.26)R, 80

The variation in momentum entering the seal gland around the annulus just due to the

offset and not pressure perturbations is -Tq*(Vi - V*)ei e. This relation is incorporated

into Equ. (3.26) and integrated to find the following pressure perturbation

p, -iRq*(Vi - V*) ei (3.27)

This in turn is integrated to give the force, which is

Fr = i rq*R8 (Vi- V>') (3.28)
h16,

The force that is generated acts along the positive y-axis and therefore promotes whirl in

the same direction as the inlet swirl just as was the case for the inviscid fluid. Of course if

Vi < V* then the force acts in the other direction.

A heuristic explanation of how this velocity difference generates cross forces, based on

an analogy with an ejector pump, was suggested by Martinez [98]. Again refer to Figure

3-15. If the excess momentum entering on the left side (at 7r) were to "mix out" completely

by the time the fluid traveled a quarter the way around the annulus (to - , then the static

4Usually the tangential inlet velocity component of the fluid Vi is greater than the surface speed of the
rotor, wR,, therefore both stator and rotor act to slow the flow in the seal. Hence Vi > V* or alternatively
r < 0.



pressure would rise just as it does in an ejector pump. Since there is less momentum enter-

ing on the right side the pressure should be lower at the top (M) than at the bottom. This

of course is equivalent to the above description.

As was mentioned previously the two cross force contributions, F, and Fr are generally of

the same order of magnitude. For the baseline case F, = 0.5316(N) and Fr = 0.1724(N).

These two quantities will be compared by using Equ. (3.16) with K=0 and a = 1. The

cross force contribution of the two are equal in magnitude, but have different signs, when

r = D(1 - W). Therefore, each component contributes equally to the cross stiffness when

D = -r. Three regimes are possible. If

I - < IDI- I" I friction is unimportant. (3.29)

Irl = 1 - V l > DI = I friction is dominant. (3.30)

However, it is more common in real hardware to have Irl ~ IDI = 0.05 and consequently

factors contributing to both types of forces must be accurately modeled.

Returning to the more general case, Figure 3-17 shows the relative perturbation ampli-

tude vs. the nondimensional whirling frequency for r=-0.05, -0.025, 0.025 and 0.05. For

r=0 the minimum amplitude would occur at W=1 but this shifts to lower W for positive r

and to higher W for negative r. Similarly, the phase cross-over frequency W, shifts to lower

W as r is increased as is seen in Figure 3-18. The direct force, as predicted by the model, is

not greatly affected by variations in r as shown in Figure 3-19. The nondimensional cross

force vs. nondimensional frequency is shown in Figure 3-20 for the four different values of r.

All of the curves run parallel to one another. Therefore, the slopes, which are proportional

to the direct damping, are not a function of F. In the typical case found in applications,

where the friction acts to slow the tangential speed of the fluid in the seal, the friction

actually will increase the magnitude of the cross force, at a given whirl frequency, hence

promoting instability.

The fact that the damping is generated from an inviscid source and that friction does

not contribute to the rotordynamic damping and usually enhances a whirl instability may



appear counter intuitive. However, it is not without precedent. Viscosity does not have

to damp or stabilize a motion. In fact, there are several cases in which the viscosity is

directly responsible for inducing an instability such as super-critical operation of a rotor

with rotating damping as explained by Kimball [99] and Crandall [100]. Also viscosity is

responsible for driving many hydrodynamical instabilities such as Tollmien-Schlicting waves

in a boundary layer as described by Lin [101].

3.3.4 Effect of D

D = -, which was shown in the last section to be important in determining the relative

importance of inviscid versus frictional type forces, is a measure of how much the area of

the gland changes for a given change in the sealing clearance. If the terms in the governing

continuity and momentum equations that contain the gland cross section due not include

the area variation due to the whirling motion of the rotor, no damping will be predicted.

This can be seen by taking the limiting form of Equ. (2.12) and Equ. (2.13), as limD--o.

In the original formulation by Kostyuk [23] no such terms were included.

Figure 3-21 shows the amplitude of the relative pressure perturbation vs. the nondimen-

sional frequency for D=0.05, 0.10, 0.15 and 0.20. As D is increased, the amplitude suffi-

ciently far away from W=1 goes up almost proportionally. The minimum amplitude also

occurs at a lower nondimensional frequency.

The phases for the same four values of D are show in 3-22, The phase cross-over frequency

for each occurs at the minimum value of the amplitude as in the above figure. The minimum

amplitude along with phase shift tends towards a lower frequency as D is increased. This

is to be expected since as D becomes much larger than r (recall r=-.04 for the baseline)

the inertial forces dominate over the frictional type ones and the minimum amplitude along

with the phase cross-over should approach W=1.

Figure 3-23 shows the nondimensional direct force as a function of frequency for the same

four values of D. This component of the force decreases as D is increased when W 5 1.

Figure 3-24 shows the effect that changes in D have on the nondimensional cross force



vs. frequency. For a static offset, the force is proportional to D. To a good approximation,

the force vs. frequency line rotates clockwise with increasing D about W=1.

3.3.5 Effect of a

The parameter that indicates the convergence or divergence of the sealing gaps is a = r.

To the knowledge of the author, gas turbine and rocket turbopump manufactures specify

the same nominal gap clearances in a given seal. This quantity deviates from unity purely

due to tolerances. Based on typical design guidelines for labyrinths, a should lie in the

range 0.9 < a <1.1.

Alford [20] performed a very simplified analysis on this effect and concluded that con-

verging seals are responsible for the destabilizing force. Also he predicted that seals that

have diverging gaps in the flow direction will tend to stabilize a rotor bearing system. The

situation, as predicted by the present theory, is slightly more complicated with respect to

the effect that convergent/ divergent seals have on stability.

From the theory, it can be seen that Equ. (3.15) and Equ. (3.16) contain the term - - 1

in both the direct and cross force expressions. The normal force component contains this

factor in isolation. Therefore, this geometrical factor by itself always contributes to the

direct force. However, the situation with respect to the cross force is quite different. Here

the factor containing a is multiplied by the relative inlet swirl parameter &. Therefore

the seal convergence/divergence modifies what was referred to as the "ideal", inertial type

forces only. It does not generate destabilizing cross forces without the presence of inlet swirl.

The fluid physics of how this difference in knife clearance creates the direct force is quite

straightforward. However, the situation with respect to the cross forces is not as simple.

First for the normal force. Consider a converging seal. On the half of the sealing annulus

that is brought nearer the casing the second gap experiences a larger percentage reduction

in flow area than the first. This produces a build up of pressure in the gland. On the other

side of the annulus, the flow area for the second knife increases more rapidly than the first

for a given differential change in rotor eccentricity. This causes the pressure to drop on this



half of the seal. Therefore the net force on a converging seal will have a restoring effect. A

similar argument can be used to explain the opposite effect for a diverging seal. This effect

is independent of frequency and therefore contributes to the direct stiffness only.

As stated above, the convergence or divergence does not directly create a cross force. Rather

this gap differential serves to change the azimuthal momentum entering and leaving the seal

to augment (for a converging seal) or decrease (for a diverging one) the ideal fluid mechanism

previously described. The exact mechanism responsible for augmenting this component of

force for is quite complicated but, essentially a converging seal tends to increases the net

y-momentum transferred into the seal on the side brought nearer the casing and reduce it

on the other side.

The amplitude of the relative pressure perturbation vs. the nondimensional frequency for

two convergent (a=0.95 and 0.99) and two divergent (a=1.01 and 1.05) seals is presented

in Figure 3-25. The perturbation amplitude increases as a is either increased or decreased

away from one. However, the effect on the phase, O', for a > 1 and a < 1 is quite different

as can be seen in Figure 3-26. For converging seals -Z < 1O < 1 where as for diverging

ones -Z > Oý > .. This is due to the strong influence a has on the direct force.

The nondimensional direct force vs. W is shown in Figure 3-27. As described above,

converging seals generate a negative(restoring) force and a divergent one will provide a

force in the same direction as the eccentric displacement. The slight positive curvature that

all four curves have is due to a second order swirl term seen in Equ. (3.15). For practical

cases this correction is small and may be neglected.

The nondimensional cross force vs. W for the same four values of a is shown in Figure

3-28. Variations in a cause the force vs. frequency lines to be pivoted about W=1 in the

direction consistent with the heuristic explanation of how the seal convergence/divergence

alters the cross force. This frequency dependent behavior is to be expected since the mech-

anism modifies the type of force that depends on the relative inlet swirl parameter, &. From

this figure it can be seen that the cross stiffness is relatively sensitive to small geometric

deviations of this kind. In fact an increase of the second knife diameter by 0.001 inch may



augment the cross force by more than 15 percent for a typical machine.

A small divergence in the seal gaps may reduce the destabilizing impact of swirling flow

entering a seal for a set whirl frequency, but due to the negative direct stiffness the lateral

bending natural frequency will also be lowered.

3.3.6 Effect of K

The parameter that indicates the effect of the variation of the kinetic energy carry-over

with a radial displacement is K = -4-. From Equ. (3.6) it can be seen that changing K is

the same as changing 1 - ). Mathematically and physically a positive K is analogous to a

convergent seal. Mathematically a divergent seal would correspond to a negative value of

K. However, K < 0 has no physical meaning.

The physical mechanism for force generation due to carry-over variations is basically the

same as that for a convergent seal. As the seal is moved closer to the land the total flow

coefficient for the second knife P2 = /Cc on the near side is reduced causing an increase

in the pressure. Since the opposite thing occurs on the other side, where the knives are

moving away from the land there is a net restoring direct force generated. As for the cross

force, the reduced flow exiting the seal on the near side means there is excess y-momentum

entering. Of course on the other side of the sealing annulus the increase in carry-over forces

more y-momentum out. This augmentation in the basic momentum flux mechanism will

increase the cross force in the same manor as the convergent seal.

Figures 3-29 3-30 3-31 3-32 show the pressure perturbation amplitude, relative phase, direct

and cross forces respectively vs. the nondimensional frequency, W for K=0.0, 0.1, 0.2, 0.3.

These show the same trends as the curves for a < 1 do.

3.3.7 Effect of M

The honeycomb depth divided by the nominal depth of the seal glad is M = •. The

honeycomb is able to store extra mass inside during the part of the cycle when the pressure

is increasing. In the part of the annulus where the perturbation pressure is negative, mass

flows out of the honeycomb back into the seal gland. A honeycomb land may do many



things to the fluid flowing through the seal. However, the present model includes only the

ability of the seal to fill and empty as the pressure fluctuates.

Before presenting the results of the full model, an order of magnitude analysis will be

given to indicate when this effect may be important. The mass stored in the cells due to

the perturbation will be important only when it is comparable in magnitude to the mass

flowing in or out of the seal through the gaps due to the same perturbation. From Equ.

(2.6) the perturbation in flow in or out of the seal due to a small change in the local seal

pressure scales like

_q ____ P*28q Y P2 (3.31)
N/RPi 2 T p2

The rate at which mass is stored in the honeycomb cells per unit length of seal is

8n 0 (P*lh2
2rR f f f pdV RirT (3.32)

Equating these two expressions, neglecting terms that are order one and assuming ý is

harmonic in the whirl frequency Q yields the following condition that must be met if the

mass stored in the honeycomb is to be important

h2 ~ (3.33)

For typical machines h2 is usually too small, except at very high frequencies, to alter the

pressure perturbations greatly. This is not surprising since the flow around the annulus is

not very compressible. Of course when the flow in the azimuthal direction is incompressible

there is no effect from the honeycomb, at least due to mass storage. However, in special

cases, when this effect is important it significantly complicates the situation by introducing

another frequency scale besides the one associated with the swirl, 1. When this effect is

not included the governing equation are time independent if viewed in a frame rotating at

the whirling frequency. The forces no longer depend strictly on the relative inlet swirl, r,

and the change in swirl al. It also becomes much harder to design a facility to match both

frequencies with a low speed experiment. The situation is even worse if lag terms, due to

friction in the cells, are included.
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Figure 3-33 shows the amplitude of the pressure perturbation vs. W for M=0, 1, 5 and

10. A value of zero indicates no honeycomb. M=5 and M=10 were chosen to illustrate the

effect of honeycomb even though they are somewhat large. The presence of the honeycomb

does little to alter the amplitude. Figure 3-34 shows the phase vs. W for the same values

of M. Again there is a small effect. Figure 3-35 gives the direct force vs. W. There appears

to be a large effect on variations in M. But, this is due mainly due to the ordinate scaling.

If these force variation are compared to the forces generated by an a 5 1 they would be

small. Figure 3-36 shows the cross force vs. W using M as a parameter. There is little

effect except for M=10 at W ; 3.

3.3.8 Effect of S

For all reasonable choices of parameters that were investigated, the nondimensional spin

rate defined by S = -R had a negligible direct effect on the amplitude and phase of the

pressure perturbations and therefore on the rotordynamic coefficients. However, it is slightly

un-physical to change S and hold r constant since it is the shear stresses caused by the rel-

ative motion of the fluid and the rotor surfaces that makes r 5 0. But this is a justification

for neglecting the shear stress perturbation terms.

Since all terms that contain S always appear with the friction factors, Ar and As and

vise-versa it is good that these terms can be neglected since there appears to be a large

uncertainty, of at least 30 percent, in determining these factors. However, the uncertainty

in the determination of the two friction factors still create difficulties since they are needed

to predict r.

3.4 Effect of Upstream Swirl Cavity

The coupled model developed in the last chapter will now be used to indicate the large effects

that non-uniform inlet conditions can have on the forces. The parameters that characterize

the influence are

1. The ratio of the swirl cavity area to the seal gland area, .y 1h,

2. The relative size of the axial sealing gap, -.
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3. The swirl velocity inside the center cavity, V,. This is strongly influenced by rotation

of the seal disk.

4. The whirl eccentricity, p. This is a purely non-linear effect. For the linear system all
1

of the forces are directly proportional to the whirl eccentricity.

Each of these effects will now be considered separately.

According to the model, if there is no leakage into the center cavity, the effect of the

upstream coupling always acts to increase the magnitude of both the cross stiffness and

direct damping and in the same proportions. Figure 3-41 shows the ratio of the direct

damping from the coupled model, with 6*=0, to that of the uncoupled one for various swirl

chamber to seal area ratios. As the swirl cavity area approaches zero the predicted force

augmentation does not vanish but, approaches a value of 1.62. This residual effect in the

absence of the first cavity is due to the condition imposed at the swirl vanes. In the simple

model Vi is constant. If instead the vanes are close coupled a reduction in the gland pres-

sure will bring in more flow and hence will induce a higher swirl component locally. The

maximum increase in the cross stiffness and direct damping over the uncoupled model is

about 4.42 and occurs at an area ratio, t, of 1.35. Even at an area ratio of 10 the forces

are increased by a factor of two. The force predicted by the coupled model asymptotically

approaches the uncoupled one as -- oo. The two match within 1% for an area ratio of

80. Well before this value the assumptions of the model probably break down. In particular,

significant variations in the perturbation quantities are likely to occur in the axial direction

within the swirl cavity.

The presence of the axial clearance between the swirl cavity and the large center volume

permits for a "venting" that reduces the magnitude of ýi. This effect tends to mitigate the

large augmentation of the forces that the upstream cavity may have. Figure 3-42 shows

the direct and cross force vs. the relative leakage area, •. It is assumed that Ve* = Vj* for

simplicity. As P goes from 0 -- oo both force components go from the fully coupled value to

those predicted by the uncoupled model. However this does not occur when Vc 17*. The

forces are very sensitive to small changes in the axial gap when it is less than 6*. However,

when i > 1 there is a greatly reduced sensitivity to small changes in axial gap.g1p
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The model predicts that the swirl velocity inside the center volume can have a major

impact on the seal pressure perturbations. For cases where there is no seal rotation it is

probably safe to say that V*" = 0. This is because the tangential momentum feed into the

seal is of perturbation order and the shear stresses acting to retard the flow are O (1). For

cases with seal rotation, it would be very difficult to estimate the swirl velocity inside the

center cavity. Figure 3-43 shows the effect that changes in the center cavity swirl velocity

have on the forces.

In the absence of the leakage flow non-linearity, the theory predicts that the forces should

scale with whirl eccentricity and hence the rotordynamic coefficients, Kij, Ci,3 and Mi,i,

should be independent of the whirl amplitude. The higher order terms that where dropped,

O(E2), may become important for large amplitudes and may cause other complications such

as mode coupling 5. Figure 3-44 shows K,_ and Ky vs. the relative eccentricity . The
1

behavior of C., is the same as for Ky. The direct force is much more sensitive to the whirl

amplitude than is the cross force. At large whirl amplitudes, the predicted forces approach

those obtained for P* = 0 (ie. the fully coupled case). However, as f -- 0 the center leakage

flow is able to "kill" the swirl cavity pressure perturbation at a faster rate than ,. This

effectively decouples the whirling seal from the upstream cavity.

The next chapter will describe the facility that was designed and built to measure the

rotordynamic forces.

"An investigation was done to determine the possible energy transfer that might occur between an
imperfect spinning rotor and the whirling mode. Since the governing equations contain quadratic terms
in V, it was expected that. energy might be transferred between the spinning and whirling modes when
w = 20. Parametric instabilities involving this basic mechanism were also investigated.

103



0.0021

0.0018

0.0015-

0.0012-

0.0009-

0.0006-

0.0003-

n nnnnA

-1.00 -0.60 -0.20 0.20 0.60 1.00 1.40

Figure 3-1: Amplitude of the pressure perturbation,
frequency, W = -. , for the baseline parameters.

37r
7

57r
7

I I I I I I I I I I I

-1.00 -0.60 -0.20 0.20 0.60 1.00

1.80 2.20 2.60 3.00

|1, vs. the nondimensional whirling

I I I I I I I I

1.40 1.80 2.20 2.60 3.00

W =
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Figure 3-3: Nondimensional direct force, FN, vs. the nondimensional whirling frequency
using the baseline parameters.

v.0012

0.0030

0.0018

S0.0006
FT

-0.0006

-0.0018

-0.0030

-0.0042
-1.00 -0.60 -0.20 0.20 0.60 1.00 1.40 1.80 2.20 2.60 3.00

W -
V*

Figure 3-4: Nondimensional cross force, FT, vs. W using the baseline parameters.
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Figure 3-5: Amplitude of the pressure perturbation, |i|, vs. the nondimensional whirling
frequency, W = R, for A=0.3,0.5,0.7 0.9. All other parameters are the same as in the
baseline case.
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Figure 3-6: Relative phase of the pressure maximum to the minimum whirling gap, Ot, vs.
whirling frequency, W = O for A=0.3,0.5,0.7,0.9. All other parameters are the same as
in the baseline case.

106

3.00I-L



0.0042-

0.0030-

0.0018-

0.0006- . . ..

-0.0006-

-0.0018-

-0.0030-

0nnA9 I

-A = 0.3
--- A = 0.5
..... A = 0.7

A = 0.9

-1.00 I I -0.20 0.20 0.60 1.00 1.40-1.00 -0.60 -0.20 0.20 0.60 1.00 1. I I I I I ' I
1.80 2.20 2.60 3.00
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Figure 3-8: Nondimensional cross force, ET, vs. whirling frequency, W = OR for A=0.3,
0.5, 0.7, 0.9. All other parameters are the same as the baseline case.
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Figure 3-10: Source of the "ideal component" of cross force for a statically displaced seal
in an inviscid swirling flow.
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Figure 3-12: Relative phase of the pressure maximum
whirling frequency, W = OR for oa=0.1, 0.3, 0.5, 0.7.
in the baseline case.

to the minimum whirling gap, 04, vs.
All other parameters are the same as

110

57r
7

3r
7

7-

3r
7

57
7

-7
-1.

nnA3-

I

1:1 rrrrr~

n

·-

I I I I I



I I I i I I I I I I 1 1 I I I I I I

Figure 3-13: Nondimensional direct
W = -Q', for o=0.1, 0.3, 0.5, 0.7.
case.

force, FN, vs. the nondimensional whirling frequency,
All other parameters are the same as in the baseline

U.UI-I

0.010-

0.006-

0.002-

-0.002-

-0.006-

-0.010-

-n1! A.-

-0 = 0.1
---- = U.=

.A n
N U

N
N

N
- N

- N
- N

- N
- - - N

N
N

N -. -

N - - - -
N

N
N

-I.UU --U.U --U.2U U.2U U.i6 I.0 1.4U I.8U Z.ZU0 Z.6 3..00U

W -- ,V*
Figure 3-14: Nondimensional cross force, IT, vs. whirling frequency, W = for a=0.1,
0.3, 0.5, 0.7. All other parameters are the same as in the baseline.

111

0.0021

0.0015

0.0009

- 0.0003

FN
-0.0003-

-0.0009-

-0.0015-

-0.0021-

I ,r

r
-- I rCCr

-5 4 r ,r

a = 0.7
a = 0.5

S= 0.3

- = 0.1

FT

-

-

1 I I I I I I I 1 I I I I 1 I 1

c~ ~c~ ^^^ -II ^^^
-1.00 -0.60 -0.20 0.20 

0

,,

,,

-..... r- - 05

." I I I I I I I I I I I I I I ~ ~C



More

mtum

r 1 > r 2

Figure 3-15: Physical origin of viscous force. Note that this force scales with Vi - V* which

is frequency independent. Therefore these type of forces do not contribute to rotordynamic

damping.
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Figure 3-17: Amplitude of the pressure perturbation, |i1, vs. the nondimensional whirling
frequency, W = OV, for r=-0.05, -0.025, 0.025, 0.05. All other parameters are the same
as the baseline case.
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Figure 3-18: Relative phase of the pressure maximum to the minimum whirling gap, tb,

vs. whirling frequency, W = -, for r=-0.05, -0.025, 0.025, 0.05. All other parameters
are the same as in the baseline case.
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Figure 3-24: Nondimensional cross force, FT, vs. the nondimensional whirling frequency,
W = ., for D=0.05,0.10 0.15, 0.20. All other parameters are the same as in the baseline
case.
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Figure 3-25: Amplitude of the pressure perturbation, IlI, vs. the nondimensional whirling
frequency, W = _O', for a=0.95, 0.99, 1.01, 1.05. All other parameters are the same as the
baseline case.
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Figure 3-27: Nondimensional direct force, FN, vs. the nondimensional whirling frequency,
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Figure 3-28: Nondimensional cross force, FT, vs. the nondimensional whirling frequency,
W = 1~T., for a=0.95, 0.99, 1.01, 1.05. All other parameters are the same as in the baseline
case.
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Figure 3-32: Nondimensional cross force, FT, vs. the nondimensional whirling frequency,
W = _R, for K=0.0, 0.1, 0.2, 0.3. All other parameters are the same as in the baseline
case.
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Figure 3-35: Nondimensional direct force, FN, vs. the nondimensional whirling frequency,
W = -.L, for M=0, 1, 5, 10. All other parameters are the same as in the baseline case.
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Figure 3-36: Nondimensional cross force, FT, vs. the nondimensional whirling frequency,
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Chapter 4

Experimental Facility

4.1 Introduction

This chapter describes the design, layout and operation of the Labyrinth Seal Test Facility

- LSTF. The purpose of this facility was to obtain data on the rotordynamic forces that are

generated by single gland labyrinth seals under a wide range of operating conditions similar

to those found in real high power density turbomachines.

As mentioned previously the rotordynamic coefficients may be obtained from many types

of experimental facilities. It is possible to extract the pertinent information from the struc-

tural response of a rotor to which a seal is attached as was done by Wright [51]. This type

of experimental set-up can measure the rotordynamic instability directly, or the forcing

from the seal can be inferred from frequency/damping characteristics of the rotor. While

this kind of facility is simpler to make, they tend to be less accurate than those of the

prescribed motion type and impose many constraints on how widely many parameters can

be varied without undue complications. This is particularly true with respect to variations

in the whirling frequency, f0, because it is a direct function of the rotor/bearing assembly

mass and stiffness. Since a primary goal of this investigation was to obtain the damping

characteristics of labyrinths this type of facility was eliminated from consideration.

Another method of obtaining these coefficients is to drive the seal in some prescribed motion

and then measure the resulting force components. The major advantage of this approach

is that the forces can be measured directly over a very wide range of frequencies yielding
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very accurate damping coefficients. These coefficients can be readily measured for a seal

executing either a harmonic rectilinear motion or a constant frequency circular precession.

Since a circular motion can be considered a linear combination of orthogonal rectilinear

motions, equivalent information can be extracted from either if the forces are linear func-

tions of the displacements and velocities. The LSTF was designed to measure the force on

a seal under going a circular motion in case the damping was a nonlinear function of velocity.

The fluid force acting on the rotor can be measured either directly, by employing a force

balance, or by measuring the static pressure at discrete locations in the axial and circumfer-

ential directions and then integrating over the area. These two methods yield measurements

of comparable accuracy. However, measuring pressure tends to be easier and cheaper since

high response pressure transducers are commercially available and they do not have to be

integrally designed into the hardware as a force balance would.

The force, or pressure, can be measured either directly on the rotor or it can be mea-

sured on the surrounding stator. The difference in the two measurements should be small

for the seals that are to be tested. While it has been shown experimentally that the steady

state pressure does vary substantially along the four interior surfaces of a given seal gland,

the net radial force found from integrating the pressure along the land is nearly the same as

that obtained by integrating along the bottom of the seal gland [82]. These measurements

were done for a static, 2-D, straight-through seal. The presence of swirl may alter this

slightly since it will induce a radial pressure gradient across the chamber depth, hi which

will increase the static pressure on the outer casing by approximately

R +hpdr p O+h -1 p V *2
Protor - Pstator = dr = dr (4.1)

So long as this difference is constant around the annulus no error is incurred by measur-

ing the casing pressure. Any reasonable azimuthal deviations, either steady or unsteady,

should lead to insignificant measurement errors. Seal geometries that create substantial

radial flows entering or leaving the knives may cause the force as measured at the stator to

be different than that on the rotor. This is due to the radial momentum flux. Calculating

this difference for arbitrary geometry with non-axial inlet/outlet flows may be somewhat
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problematic. However, for the cases to be considered, which have axial inlet/exit flow, it

should be sufficient to measure the pressure perturbations on the land to obtain the "true"

forces on the rotor. This is quite fortunate since it difficult and expensive to transfer the

information off of the rotating frame by means of a slip-ring or other telemetry system.

Due to the above considerations, the facility was designed to obtain the forces acting on

the rotor by measuring the time resolved static pressure on the static seal land.

4.2 Design Requirements

An extensive design study was conducted, using analytical predictions from the uncoupled

model developed in Chapter 2, to fix the requirements for the LSTF as well as to optimize

the conceptual design. Details of this study are contained in [81, 83]. A brief discussion of

this study will be given here for completeness.

Along with the basic requirement of maintaining rough similarity of the nondimensional

parameters presented in Chapter 2 between the values seen in a real machine and those of

the experiment, several other conditions on the design were imposed.

1. Maintain Reynolds numbers above certain critical values.

There are two different Reynolds Numbers of importance that were considered in the facility

design. The gap Reynolds number, defined as Reb. = -V, and the circumferential flow

Reynolds number, Re* = VDH, used for the calculation of friction factors. It is difficult to

maintain exact similarity between the experiment and real machines for either. However,

it is not necessary to match these as long as they are kept above certain threshold val-

ues. For some geometries, the flow coefficient, p1, is a strong function of the gap Reynolds

number when Re < 104. However, the flow through the gap is relatively independent of

Reynolds number above a critical value of 104 for all geometries. Appendix B gives a more

complete discussion of this topic. While there is not such a specific threshold requirement

for Re*, the flow in the experiment should be maintained in the turbulent regime. Higher

order Reynolds number dependent corrections to the friction factors such as hydrodynamic

roughness are also covered in Appendix B.
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2. Limit air flow to 0.5Kg/s @600 Kpa

This condition was imposed so that the existing air supply, the MIT-GTL oil free compres-

sor, could be used in steady state operation. While transient mode operation was considered,

it was not thought necessary since the critical Re6 . discussed above can be achieved within

this flow range.

3. Be able to run with fl > e.

The analytical model showed that the relevant whirling frequency scale is V. That is,

significant variations in the cross force are predicted to occur over the frequency range

0 < W < 1. Therefore it is necessary to measure the forces over this frequency range, to

have confidence that the damping characteristics of the seal are known over the appropriate

relative frequency scale. Since frictional effects tend to push the cross over frequency higher

to W > 1, it was prudent to design the facility to be able to whirl the seal so that the

gap variation phase speed is greater than the fluid swirl inside the gland for most operating

conditions.

4. Have independent control over the seal spin and whirl speeds.

In Chapter 3, it was shown that both the spin rate, w which alters the axial swirl gradient

(ie. r), and whirl rate, fl, exert a strong influence on the cross force, but in different ways.

Therefore if the experiments are to provide a means to validate the theory it is necessary

to have precise control over the spin and whirl frequencies independently.

5. Variable whirl eccentricity

The linear theory predicts that the forces should be proportional to the relative eccen-

tricity E1. Benckert and Wachter [42] showed experimentally that this holds, at least in

multi-chamber seals, in the range 0 < E, _ 0.6 for the stiffness coefficients. For damping

coefficients no experimental evidence that linearity with respect to amplitude exists. Also

whirl amplitude variation provides a good check on the absence of phantom forces. That

131



is, all forces should vanish as E1 -- 0. The whirling amplitude should be adjustable from

zero to the maximum seal clearance expected, ie 0 < e1 • 1.

6. Use large sealing gaps.

This condition was placed on the design for many reasons. The primary reason to use

larger clearances than those found in real machines is to reduce the error due to geometric

imperfections in the whirling motion. As the mean seal clearance increases any geometric

imperfections of a given size in the seal, land or rotating machinery represent a decreasing

relative deviation. Also as the sealing gaps are increased lower pressures can be used in

the flow path to maintain the critical Reb.. This provides for a greater margin of safety.

Finally, using larger gaps makes it easier to introduce pre-swirl. The reason for this will be

explained in a later section.

7. Maintain K* > 2.

The jet issuing from the first knife spreads with a half angle divergence of theta as shown in

Figure 4-1. The amount of flow the next knife blocks is d = ItanO. For a seal to be effective

in restricting flow, K* = t should be greater than two. Since 0 is about 7 degrees [84]

this criterion reduces approximately to I > 166*.

4.3 Seal Operating Conditions

Several of the above criteria were used to set the geometry and operating conditions for the

various test seals for the five builds. Figure 4-2 gives a typical map of possible seal designs

and aerodynamic operating conditions along with the appropriate limiting boundaries for a

seal of length 1=17mm. The overall seal pressure ratio, 7,, and gap, 61, set the gap Reynolds

number. The seal should be operated above and to the right of the critical Reynolds number

line of Res. = 104 as shown. The upper limit on 7r, is set by sonic choking of the second

knife, which is 2.36 if the flow coefficients of both knives is 0.65. K* > 2 sets the limit on

how large the sealing gap can be made for a given seal length. For this case, 6* can not be

larger that 1mm.
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A description of the LSTF hardware developed from these design requirements and others

will now be given.

4.4 Description of Test Facility

4.4.1 Rotating Machinery

The LSTF consists of the rotating machinery, test section and the auxiliary equipment.

The purpose of the rotating machinery is to drive the seal in a precise circular motion with

an adjustable amplitude and frequency while making the seal spin. The test section, which

supplies the swirling air to the spinning and whirling seal, supports the seal land and holds

the instrumentation. The auxiliary equipment includes the rest of the facility necessary to

operate the rig and acquire data.

From the design study it was determined that the rotating machinery should have the

capability of spinning the test seal, in either direction, at speeds up to 6000 RPM while

independently forcing it to execute a circular whirling motion up to 3000 RPM in either

direction with an adjustable eccentricity up to 1mm. To force a seal in this complicated

spinning/whirling motion the LSTF rotating rig was designed and manufactured with a

nested spindle configuration. Figure 4-3 shows a scaled cross section of the rotating rig -

test section assembly. The inner shaft (part 1), to which the disk (part 9) and the test

seal is attached, is mounted on two small ball bearings which are placed inside an rotating

intermediate housing (part2). This housing, which has two counter eccentric inserts (part

3), is in turn placed in large bearings supported by a fixed outer housing (part 6). When

the inner shaft is not centered with respect to the outer surface of the rotating housing, a

rotation of this outer spindle, driven by a V-belt, causes the inner spindle to satellite about

the centroid of the outer one producing the desired whirl. The shaft is independently driven

by an in-line flexible coupling. The disks has a radial tapper to minimize radial growth due

to rotation.

The inner spindle uses a BY207 angular contact bearing in the front and a BC207 ra-

dial bearing in back. The outer spindle uses two BC224 bearings. Both sets of bearings

are light series super-precision ABEC class 7 and are lubricated with high-speed lithium
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grease. Both spindles arrangements use wave springs to precisely pre-load the bearings in a

box configuration. This provides for maximum tilting rigidity and minimum radial run-out.

However, neither spindle has a large axial rigidity.

A supply of high pressure air, separate from that used for the test seal, is brought into

the back side of the test disk to control the axial force the bearings must support. A five

tooth labyrinth seal is used on the outside perimeter and a contact face seal is used on the

inside to seal this volume. The pressure in this thrust compensating volume is kept so that

the net axial force on the shaft is between 200 and 300 lbs in the forward direction. This

can be done manually by adjusting the back pressure in small increments, according to a

predetermined schedule, as the main flow is increased or by utilizing the automatic control

system described in appendix E.

The adjustable eccentricity mechanism is provided by a combination arrangement of the

eccentric rotating housing and two counter eccentric adjustable inserts. When the insert

locked in the zero position the eccentricities of the two parts cancel and the inner and

outer surfaces are concentric. However, as the inserts are rotated, different amounts of

shaft eccentricity are achieved. The inserts can be locked in place at any one of 18 discrete

angular locations by set screws facing radially inward from the housing. See Table 4.1 for

the eccentricity vs. whirl setting information. The shaft, rotating housing and the counter

eccentric inserts are all made of 8620, case-hardened 50 mils deep, RCW-58 steel.

To avoid unwanted vibration problems the rotating machinery was designed to operate

subcritically in bending. The inner shaft was designed so that its first lateral bending fre-

quency (348 Hz. from analysis) is well above the highest operating speed anticipated (,

100Hz.). The torsional resonance frequency of the motor-coupling-shaft assembly (mea-

sured at 3.27 Hz) was placed well below the minimum spin speed to be used. The bending

and torsional natural frequencies of the outer spindle were placed even further from the

desired operating range.

Both spindles were dynamically balanced using a rigid body two-plane method. The ISO-

DR-1940 G6.3 standard [851 was used in determining an acceptable vibration level. The
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inner rotor did not require on site balancing. This was due to the high machining tolerances

placed on all the parts. However, the situation with respect to the outer spindle is much

more complicated. As the whirl eccentricity is changed, the centroid of the outer rotor

moves along a radial arc in an axial plane. The rotating housing must be re-balanced for

each whirl eccentricity setting. This is accomplished by adding weights at three locations

at the two ends of the spool. The required masses and their positions for the different

eccentricities, shown in Table 4.1, were calculated based on the machine geometry. For the

first five positions, the outer whirl spindle was tested using these balancing masses and the

situation was determined to be satisfactory. The largest residual vibration source after bal-

ancing was caused by the non-uniformity of the V-belt driving the whirl producing spindle

[86]. This causes a modulated vibration with the primary energy component at the whirling

frequency and an envelop with a period of 10 to 20 seconds.

Some of the dynamic behavior of the rotating machinery will be presented in the next

chapter along with the data reduction procedure.

4.4.2 Test Section

A cross section of the test section, which rigidly attaches to the rotating machinery by

means of a mounting plate with eight bolts is displayed in Figure 4-3. In this open loop

facility the air flows from the left, in a two inch diameter pipe, into the first plenum. Then

the pressurized air turns radially outward into the annular pre-swirl plenum through eight

1½ inch holes having - inch aluminum honeycomb plugs. Next the air turns axially again

and accelerates through a sets of replaceable swirl vanes (or orifice plates) into the swirl

plenum. The inner surface of the swirl cavity seals against a three tooth axial labyrinth seal.

The nominal axial gap is about 0.010 inches. The major reason for using this arrangement

was to prevent centrifuged swirling flow from coming off the disk and altering the swirl in

the swirl cavity. The flow through this axial spacing may be very important in altering the

forces. However, the possible importance of this "leakage" flow was not identified during

the test program and hence no direct effort was made to measure or controlling it. Finally,

the air flows through the test seal, where the measurements are made, and discharges to

atmospheric pressure through 32 holes in the mounting plate.
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The test section is composed of two separable halves that bolt together to hold the swirl

vane rings in place. Different vanes may be put in the test section without having to remove

the entire test section. In order to replace the vanes with a new set the front half of the

composite assembly is removed and the new set inserted. This insures that the position of

the seal relative to the land does not change as the swirl angle is altered.

Some problems must be addressed when seeking to introduce a high enough swirl velocity

which is controlled and uniform upstream of the test seal. The seal clearances, b1 and 62,

are very small. Therefore if a moderate swirl angle is induced upstream, by mean of swirl

vanes or some other mechanism, at a place in the flow path where the axial velocity is low

relative to that at the first knife, a very low absolute swirl velocity will be introduced. A

lower swirl angle would occur at the first knife than at the vanes, even if they had the same

flow area, due to the decrease in density and friction. The sealing gaps were made as large

as possible to minimize the difficulty with introducing a sufficiently high swirl component.

Still, care must be exercised in order to obtain a uniform inlet flow at reasonable swirl levels.

Many types of designs were considered in order to introduce varying levels of swirl into

the seal. The following is a description of the three generic kinds of designs that were con-

sidered in detail along with some of the advantages and drawbacks of each type of design.

1. Mixing jet designs.

One method which could have been used to introduce swirl upstream of the test seal is

to have a number of tangential jets mixing into the main flow. By controlling the relative

mass flow rates of the axial and tangential components different inlet swirl velocity can be

achieved. Besides being simple this scheme allows for independent control of the overall seal

pressure ratio, 7r,, and the swirl velocity, Vi. However, this method was discarded because

it was feared that the inlet flow may not be sufficiently uniform, at the seal entrance, due

to incomplete mixing.

2. Motor driven Swirl generator designs.
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Another possible way of introducing swirl into the flow is to have a high-solidity rotating

cascade driven by a motor just upstream of the test seal. This method, like the mixing jet

design, permits the flow and swirl to be independently controlled. The major advantage of

this over the mixing design is that the flow into seal would be uniform. The major problem

with implementing this design is the complexity and cost of manufacturing the hardware

and integrating it into the overall test section design. From Euler's turbine equation it was

determined that a 10 hp. motor and drive would be needed to obtain the levels of swirl

needed, as determined by the design study, for the maximum flow rate.

3. Static Vane designs.

Instead of having a rotating cascade as previously described a static ring of swirl vanes can

be introduced into the flow path. Either different sets of vanes, with fixed geometry, can be

used to obtain different swirl velocities or a single set with variable incidence can be used

similar to the CIVVs (compressor inlet variable vanes) found in gas turbine compressors.

Due to the very small vanes heights required at the exit to reach the necessary swirl veloc-

ities variable geometry vanes would be very difficult to make.

4. Orifice Plate.

An orifice plate with holes drilled at an angle can be used instead of vanes sets. These

are simpler to make than the vane sets but may not have as high a degree of circumferen-

tial uniformity. One disadvantage with both fixed geometry stationary vane sets or orifice

plates is that one can not control the flow rate and the swirl velocity independently. As the

pressure and hence flow rate increase the swirl velocity also increases.

Both fixed vane sets and orifice plates were used to introduce a swirling flow to the different

test seals.

There were three vane sets designed and manufactured employing a high solidity, con-

stant thickness distribution, un-chambered blading design, having metal exit angles of 300,

450 and 600 to axial. This type of design was chosen primarily to minimize manufacturing

difficulties and cost. These were designed with a strongly accelerating through flow in order
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to reduce separation and hence minimize the exit deviation angle. The axial convergence

ratio for all three sets is approximately 40. The axial cord of these vanes was 1.000 inch.

Some simple aerodynamic analyses were performed and correlations used to help optimize

the geometry for this flat plate cascade design. However, the empirical correlations used,

such as Carter's rule for angle deviation, to guide the design may not be too good for such

a design since it is in a quite different parameter space than for which these rules were

intended. Therefore a healthy safety factor was added to the solidity since loss generation

was not of concern. The experimental data to be presented in the next chapter data seem

to indicate that there was no large scale separation.

The 450 vane set was made as a prototype to test the concept. It was made out of PVC plas-

tic inner and outer rings having 60 radially facing slots into which the vanes were inserted.

Sixty flat 0.032 inch thick pieces of aluminum sheet were placed in the slots and epoxyed.

While this set did work, it displayed a fairly non-uniform gap around the circumference and

hence was not used extensively in the testing. The 300 and 600 sets were made entirely of

aluminum (6061-T6 rings and 3026 brazing sheet for the vanes) and had 120 vanes instead

of 60. The vanes were salt-flux dip-brazed in place and then finish machined. These later

two sets have very uniform (within 2%) exit flow areas.

Also two orifice plates, one with 120 00 to axial compound holes (0.199 inch dia. 1 inch

deep transitioning, in the flow direction, to 0.104 inch dia.) and the other with 120 150

compound holes were manufactured. The exit area of the holes is approximately the same

as the vanes slots. The geometry of the three vane sets and the two orifice plates are given

in Table 4.2.

As shown in the previous Figure, 4-3, separate replaceable rings can be inserted into the

test section just like on the rotor. This permits the seal and land geometry to be easily

changed. However, the test section must be totally removed in order to replace the land.

The sealing knives can be placed either on the rotor or the stator. For the experiments only

the tooth on rotor type seal configuration was used. Three lands one with a honeycomb

insert were made and tested. Two rotors were also made. Five experimental builds each

consisting of a specific rotor and land combination were tested. The geometry of these five
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builds is shown in Table 5.1 The result from these builds will be presented in the next two

chapters.

4.4.3 Facility Layout and Auxiliary Equipment

The LSTF is an open loop pressurized air facility utilizing the M.I.T. Gas Turbine Labora-

tory oil-free system to supply the air. This system consists of a Sullair KT-24 inter-cooled

compressor rated at 110 psi @ 750 scfm. This air is first dried and then cooled. Next it

is fed through a series of 2 inch pipes to the LSTF. There is a master valve that supplies

all of the air systems to the facility. After this valve, part of the air can be diverted from

the primary flow path through a tee and a 1k" diameter pipe to be used as back pressure

air to balance the test disk. This air flows through an on/off gate valve and a ball control

valve. The remainder of the air goes through a 0.2 micron filter which has replaceable

cartridges. This is here to protect the delicate instrumentation downstream, especially the

hot wire probes. A differential pressure gauge is attached across the filtering element to

ensure that it is functioning properly. Next in the flow path is a pressure regulation system

that decouples the disturbance occurring upstream from the changing pressure ratio across

the seal. A 2 inch high flow Air Systems D1-350 dome regulator was used along with a 1

inch pilot regulator to control the pressure. The flow out of here is straightened with a plug

of - inch honeycomb then it travels through 112 inches of straight pipe to a Venturi flow

meter. After this is a short length of pipe which has a blow off valve for safety purposes be-

fore transitioning to a 2 inch flexible hose that connects the the front half of the test section.

Figures 4-4, 4-5 and 4-6 show a front, back and side view respectively of the facility. Figure

4-7 gives an elevated view of the facility.

Two 5 hp., 2-pole, 3 phase induction motors, shown in Figure 4-5, are used to drive the

spin and whirl of the seal. These can be operated at either 220 volt or 440 volts depending

on how the shunt connections are wired. The inner shaft of the rotating machinery is con-

nected to the spin motor by an in-line flex coupling with tapper lock bushings. The outer

rotating housing is driven by a single 3-VX v-belt driven by a pillow block supported pulley

as shown in Figure 4-8. The speed of these a.c. motors is controlled independently by two

Emerson Electric Accuspeed HP-A200 10 hp. variable frequency a.c. drives. These were
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operated in both open loop (for builds #1, #2 and #3) and closed loop (for builds #4 and

#5) modes. The whirl drive can operate between 6 and 67 Hz input (,250 to 3585 RPM

with slip). The spin drive was modified, per instructions of the manufacturer, to extend its

frequency capabilities to 13-128 Hz input (,680 to 7139 RPM). Reversing kits were added

to both drive units to allow the motors to run in either direction. The circuit diagrams

showing how to connect these kits shown in manufacturers operation manual [102] is not

correct. The proper way to wire these in is shown in [104].

Attached to the rotating housing is an optical chopper wheel, with a single slot at the

outer edge of the wheel and 32 equally spaced holes just inside of that, for triggering and

clocking the data acquisition system. This is shown in Figure 4-9. In conjunction with

this wheel were two stationary OPTEK OPB-823A infrared diode emitter/N-P-N junction

detector pairs mounted on a stationary holder. After the trigger circuit is armed the next

time the slot on the chopper wheel passes by the data acquisition system begins collecting

data. From this time on, until the memories are full, every time one of the 32 holes passes

through the optical device a sample of all the input channels is recorded. This turns out to

be every 11.250. A circuit was designed and built to power the emitter and processes the

detector signal so that an appropriate TTL output signal could be feed to the data acqui-

sition system. The circuit schematic of this, which was used to drive both triggering and

clocking channels is shown in Figure 4-10. The advantage of using this method of clocking

is that it automatically phase locks the measurements to the whirling motion and makes

it easy to ensemble average the data. When an external clock with constant time steps is

used, as was done for some of the shake down runs, it is cumbersome to re-scale the time

in terms of the whirl position and process the data.

The phase of the minimum gap relative to top dead center (TDC) of the rotating housing

when the triggering occurs changes from one whirl eccentricity to another. This is because

as the counter eccentric insert is rotated and locked in the housing the radial displacement

vector from the centroid of the outer housing to the shaft's center changes direction as well

as magnitude. This must be accounted for by using the proximeter readings when process-

ing the data.
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The entire rotating machinery-test section composite assembly is bolted down to a welded

steel frame which rests on four high isolation vibration dampers. Both the main and back

pressure balance air are supplied to the test section through flexible bellow-braided hose.

4.5 Instrumentation

4.5.1 Primary Measurements

As previously mentioned the way in which the forces are obtained is to measure the change

in static pressure around the casing as the rotor executes its whirling motion. In order to

have the necessary frequency response (- 500 Hz) it was decided to use a flush mounted

type pressure transducer. From the design study it was anticipated that the transducer

would need a high sensitivity ( to measure the minimum predicted pressure perturbation of

0.0005 psi) and a d.c. range of 0-40 psi. Since it is very difficult to meet these two separate

requirements in a single transducer, a system using high sensitivity, low range differential

transducer in conjunction with a reference manifold at the same average pressure as the

gland. Capacitive coupled a.c. sensors similar to acoustical microphones were also consid-

ered. Kulite XCS-190 pressure transducers were used. These are etched silicon diaphragm

four arm resistive gauges. They have small sensing volumes both in front and in the back of

the deforming diaphragm to minimize the filling time and increase the frequency response,

which is rated by the manufacture at 50 KHz. The area of the sensing surface is 0.00507 in2

(0.0327 cm 2 ). Theoretically, a single transducer would suffice in making the measurement,

since the reading at any other circumferential location would differ from this reading by a

spatial phase or a time lag. However, four transducers, spaced 900 apart around the land,

were used so averaging could be done and to give an extra margin of confidence. Between

each of these flush mounted transducers was a static tap which was used to feed the large

volume (40 cm 3 ) reference manifold. High damping 0.063 inch PVC tubing was run from

all four static taps to the reference manifold box, which supplied the differential port of

all four pressure transducers with a steady average pressure. The manifold was filled with

fibrous damping material and different lengths of tubing were used for each of the eight

connections to avoid any unwanted resonances. Both the transducers and the taps were

placed in the center of the seal pitch for both seal rotors.
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Each pressure transducer channel was used with a Pacific Instruments 8650 signal condi-

tioning amplifier which supplied a constant voltage (15 volts) excitation for each transducer.

Local sensing of the excitation voltage was used due to the short connecting wires and rel-

atively low load frequencies. These units also were used to amplify and filter the output

signal.

Two Bentley-Nevada 7200-5mm eddy current proximeters and demodulators were placed

900 apart, one at TDC, to precisely measure the (x,y) orbiting motion of the seal. Due to

the high sensitivity of these systems ( 0.5 Vt depending on the particular target metal) a

voltage divider, isolator and a low output impedance driver were added in series to keep the

input voltage from these two channels to the A/D within the -5 to +5 Volts for all possible

whirl eccentricities and both kinds of metal. These have a quoted frequency response from

d.c. to 500 kHz. and are accurate down to 0.000015 of an inch when used with calibrated

target metals such as 4140 alloy and 304 stainless which the rotors were fabricated.

A hot wire anemometer system was used to measure the air velocity leaving the second

knife. This measurement was taken at this location primarily so that the inlet swirl and

variation in change of swirl with spin speed, due to the friction inside the gland, would

be known. This type of system was chosen because it gives good spatial resolution and

is relatively non-intrusive. This is necessary when measuring flow in such close proximity

to a small clearance. A manually operated rotating traversing probe unit was designed,

manufactured and mounted to the instrument window facing radially inward. The radial

movement of the probe across the sealing clearance is controlled by a micrometer attached

to the probe which moves the probe in and out radially. The angular position of the wire

relative to an axial flow is measured by means of an angle dial gauge with a face plate pro-

tractor. The probe used was a TSI miniature 1260A-T1.5 Tungsten hot wire and was used

with a TSI 1050B constant temperature anemometer with a TSI 1057 signal conditioner

and a TSI 1052 polynomial linearize module. The procedure used to measure the exit angle

from this arrangement is presented in Appendix G.

Several pressure transducers were used to measure the steady state pressures at various

locations in the flow path. The inlet pressure to the seal and the reference manifold pres-
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sure are measured by two Omega PX602 0-30 psig transducers. These transducers used the

same signal conditioning amplifiers as the Kulites.

The discharge pressure of the seal is atmospheric and was measured by using the GTL

mercury barometer and by using the Logan International Airport Weather Service reports.

Static pressure taps for determining the axial pressure distribution along the flow direc-

tion of the seal were placed in one of the instrument windows for build #3. These pressures

were measured by using a Scani-Valve mechanical multiplexing unit with a Druck DSV-50

50 psi transducer. This unit contained its own transducer signal conditioning system and

the readings are displayed on the front of the unit and were recorded manually.

A Venturi type flow meter was placed upstream of the test section inlet to precisely measure

the flow rate through the seal. This meter has a 2 inch diameter inlet that contracts to a

1.2 inch diameter throat. The temperature of the air upstream of the meter was measured

with a calibrated Omega K type thermocouple and digital thermometer. The pressure here

was taken with a Druck DPV50-50 psi transducer. Also the pressure difference between the

Venturi inlet and throat was measured by a Druck DVP5 5 psid differential transducer and

a Heliflow ASH235-5 5 psid dial gage. The method for calculating the flow rate from this

information is given in appendix G.

Two Shimpo magnetic pick-up proximity probes were used to measure the rotating speeds

of the spin and whirl spindles. These signals were fed into frequency counters and the speeds

displayed on top of the variable a.c. drives. These signals were also used as feed back for

the motor controllers as well as stored with the other data in digital form.

The calibration methods used for each of the above described instruments along with there

accuracies are given in appendix H.

4.5.2 Secondary Measurements

Along with the primary measurements, there were other measurements taken for opera-

tional purposes, such as machine health monitoring.
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Along with the measurement for the pressure on the front of the disk, which is the same

as the seal inlet pressure, a reading for the static pressure on the back side of the disk was

needed to properly control the axial force on the bearings. The pressure in this volume was

measured with a 0-50 psig dial gage, for manual control, and with an Omega PX604 0-50

psi electronic pressure transducer for automatic control.

Four Endevco 7701-50 charge coupled accelerometers were placed on the outer casing of

the rotating machinery 900 apart over each of the bearings. These were used for dynamic

balancing and for monitoring the vibration levels during testing. The structural response

data from these accelerometers was processed to determine whether the effect of the aero-

dynamic forces acting on the seal could be measured on the outer housing. There was no

measurable change in the outer casing vibration due to variations in the flow rate through

the seal.

Since the highest speed at which the outer bearings were run exceeded the recommended

limit set by the manufacturer, thermocouples were attached to the outer races of the outer

bearing to monitor the operating temperatures. However, since the time at which the whirl

spindle was run at these high speeds was relatively short (, 1 min) the thermal inertia was

great enough so that no significant over temperatures were experienced.

4.6 Data Acquisition System

The amplified analog signals were fed into a Lecroy 8210 Fast Data Logger to be digitized.

This is a 32 channel, 12 bit, -5 to +5 Volt analog input device. This sets the digital reso-

lution of all measurements at 2.44 milivolts. The logger is capable of being triggered and

clocked from either an internal source or an external TTL signal. Almost all of the data was

taken using the optical chopper wheel for triggering and clocking. The input impedance for

all the data channels is 1 Megohm and that of the clock and trigger is 510 ohms. Most of

the data were taken using 16 channels. The maximum sampling bandwidth per channel is

10 kHz when 16 channels are used.
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The channel assignments and settings for the amplifiers, filters and the data acquisition

system are all presented in Table 4.4.

The digitized data are stored temporarily in one or more Lecroy 8800A buffer memory

module(s). Each module can store up to 32,768 readings. Therefore using 16 channels and

32 samples per whirl revolution, each memory will store 64 whirl cycles of data. These

memories can be cascaded in the crate with a maximum allowable of four. Early tests used

all four (ie. recording 256 whirling cycles). Data from these tests suggested that a single

memory would be sufficient to obtain enough whirl cycles to have stable averages. Data

from builds #3, #4 and #5 were taken using a single memory.

The data from the buffer memory(s) were automatically down loaded to the computer

by means of a Lecroy 8810 interface module and an IEEE 488 bus. A national Instruments

1505 computer interface/control card allows the data to be stored in the computer's hard

disk.

An IBM-PC-AT with a 286 16 bit processor and a math co-processor which runs at 8

MHz was used to operate the data acquisition system and to store the data. This machine

has a 30 Mb hard disk and a single high-density floppy drive (1.2 Mb. 5¼ inch disk drive).

Finally, all the data processing was done on this computer.

CATALYST software version 3.5 was used to control the data acquisition system crate,

logger, memory, interface submodules and to store the data in raw form (ASCII format)

on the hard disk. The data were also converted into a format that is easier to use for the

data processing software. The fortran program CATASYST was used to accomplish this

conversion. The raw data were stored on floppies in both CATALYST and ASYSTANT

formats.

Most of the data processing was done on ASYSTANT software. User written command

programs were written and used to facilitate rapid data reduction. The outline of these

procedures is presented in the next chapter.
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4.7 Facility Operation

Detailed step-by-step operational procedures for running the facility and taking data are

described in the Labyrinth Seal Test Facility Operations Manual [106].

The next chapter will give the results of the experimental study.
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WHIRL ECCENTRICITY BALANCING MASS (grams)
SETTING (mils) front back

calculated (measured) 00 450 900 00 450 900

0 0.0 (1.0) 0 0 0 0 0 o
1 3.5 (3.8) 7 1 0 3 0 0
2 7.0 (7.3) 12 4 0 4 1 0
3 10.3 (10.7) 15 8 0 5 3 0
4 12.9 (13.1) 16 13 0 6 4 0
5 16.9 (17.1) 17 21 0 6 7 0
6 20.0 (?) 15 30 0 5 10 0
7 23.0 (?) 12 41 0 4 14 0
8 25.7 (?) 7 51 0 3 17 0
9 28.3 (?) 0 64 0 0 21 0

10 30.6 (?) 0 62 8 0 21 3
11 32.9 (?) 0 58 17 0 19 6
12 34.6 (?) 0 53 26 0 18 9
13 36.2 (?) 0 45 37 0 15 12
14 37.6 (?) 0 38 47 0 13 16
15 38.6 (?) 0 29 59 0 10 20
16 39.2 (?) 0 20 68 0 7 23
17 39.8 (?) 0 10 80 0 3 27
18 40.0 (?) 0 0 91 0 0 30

Table 4.1: Table of whirl eccentricities, calculated and measured, vs. insert position and
counter-weighting needed for two plane balancing of the rotating housing.

VANE ANGLE # VANES d,4h RADIAL EXIT
SET /TYPE /HOLES in. CR MATERIAL GAP in. AREA in2

0o

A plate 120 0.104 0.273 6061 AL 1.019
150

B plate 120 0.104 0.273 6061 AL 1.027
300 0.035

C vanes 120 0.028 0.047 6061 AL 1.010
457 6061 vanes 0.031-0.045

D vanes 60 0.032 0.061 PVC rings nonuniform 1.663
600

E vanes 120 0.028 0.047 6061 AL 0.035 1.050

Table 4.2: Geometry for the swirl vanes. CR is the exit to inlet area ratio. The exit area
given is the effective flow area in the axial direction.
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Table 4.3: Seal and land geometry for the 5 different builds.
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SEAL DIMENSIONS (rotor) LAND DIMENSIONS (stator)
BUILD cm cm

in. in.
Material R, 1 h, d a•. Material 4k. h2  1 6'

4140 15.166 1.016 0.508 0 1117 15.240 0 0 0.0737
#1 steel 5.971 0.400 0.200 0 200 steel 6.000 0 0 0.029

4140 15.166 1.016 0.508 0 1117 15.245 0 0 0.0787
#2 steel 5.971 0.400 0.200 0 200 steel 6.002 0 0 0.031

304 SS 15.177 1.727 0.508 0.043 1117 15.245 0 0 0.0686
#3 5.975 0.680 0.200 0.017 170 steel 6.002 0 0 0.027

304 SS 15.177 1.727 0.508 0.043 304 SS 15.245 0.483 1.905 0.0686
#4 5.975 0.680 0.200 0.017 170 HastollyX 6.002 0.190 0.750 0.027

4140 15.166 1.016 0.508 0 304 SS 15.245 0.483 1.905 0.787
#5 steel 5.970 0.400 0.200 0 170 HastollyX 6.002 0.190 0.750 0.031
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INSTRUMENTATION INFORMATION
CHAN. TRANSDUCER AMP. FILTER CALIBRATION COMMENTS

# OR SOURCE FACTOR FREQ. Hz. (approx)

1 KULITE xcsl90 X 100 1.0 kHz. 1843 ~a @45 0cw TDC

2 KULITE xcsl90 X 100 1.0 kHz. 2824 Pa  @135 0cw

3 KULITE xcsl90 X 100 1.0 kHz. 1599 P @2250cw

4 KULITE xcsl90 X 100 1.0 kHz. 1805 Pa @3150cw

5 PROXIMETER -4.436 WB 22.18 i"' 00 0cw

6 PROXIMETER -4.525 WB 22.62 mile @2700
SPIN tachometer

7 RPM 1 per rev. none negative output
WHIRL tachometer

8 RPM 8 per rev none negative output
FLOW METER

9 PRESSURE X 20 1.0 kHz. 25.00 Absolute
FLOW METER

10 PRESSURE X 50 1.0 kHz. 3.496 p Differential
UPSTREAM In

11 PRESSURE X 20 1.0 kHz. 7.407 ,s chamber
GLAND Reference

12 PRESSURE X 20 1.0 kHz. 7.407 Psi manifold
REFERENCE Square Time

13 FREQUENCY 1 volt 5.0 Hz. wave reference
REFERENCE Triangle Control

14 FREQUENCY 1 volt 50.0 Hz. wave systems
TTL 0.4-4.5 32 Phase

15 CLOCK volts per whirl digital lock
TTL 0.4-4.5 1 Skip

16 TRIGGER volts per whirl digital check
Front

17 ACCEL. X 50 1.0 kHz. 43.23 P-  top (Y1)
Front

18 ACCEL. X 50 1.0 kHz. 41.322 side (X1)
Back

19 ACCEL. X 50 1.0 kHz. 39.12 - top (Y2)
Back

20 ACCEL. X 50 1.0 kHz. 42.87 P-  side (X2)q

Table 4.4: Channel assignments for the data acquisition system.
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Figure 4-3: Cross section of nested spindle Spin/Whirl producing rotating rig and test

section assembly.



Figure 4-4: Front view of the Labyrinth Seal Test Facility.

Figure 4-5: Back view of the Labyrinth Seal Test Facility.
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Figure 4-6: Side view of the Labyrinth Seal Test Facility.

Figure 4-7: Elevated view of the Labyrinth Seal Test Facility.
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Figure 4-8: Layout of the core facility showing the drive systems for both the spin and
whirl.
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Figure 4-9: Optical chopper wheel and N-P-N detector pairs for triggering and clocking
the analog to digital converted.The wheel has 32 equally spaced holes at one radius (for

clocking) and one notch at another radius for triggering. The V-belt for running the whirling

spindle can be seen along with the attachment plate used for balancing.

iLrtr

4-7V

Figure 4-10: Circuit used to drive the optical
system.

trigger and clocking for the data acquisition
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Chapter 5

Experimental Results

5.1 Introduction

This chapter describes the results of the extensive experimental investigation that was con-

ducted using the Labyrinth Seal Test Facility - LSTF - described in the previous chapter.

The primary emphasis of this study was to obtain information on the rotordynamic behav-

ior, especially with regard to the damping characteristics, of single gland labyrinth seals

similar to those found in high power-density turbomachinery. All experiments used tooth

on rotor type seal designs because these are the kind generally used in applications.

A total of five builds were tested. However, the results from the last four will be presented

only. The geometry of the first build was not sufficiently uniform to guaranty accurate

results. A build here is considered to consist of a given rotor and stator geometry. Each

build was tested parametrically under a wide variety of operating conditions, yielding an

extensive data base for the dynamic forces generated by single gland labyrinth seals. Typi-

cally, for each build pressure perturbation data were taken with different inlet swirl vanes

(00, 150, 300 and 600) inserted between the two halves of the test section. Different operat-

ing conditions were obtained by changing the overall pressure ratios, seal spin speeds and

whirl eccentricity. For each of these operating condition, data were taken over a large range

of whirling frequencies so that the manner in which the whirl frequency effects the time

varying seal perturbation pressure is directly measured. The data processing methods that

were used to obtain the amplitude and phase of the pressure perturbation and to extract the

force information for both the normal and tangential components, FN and FT respectively
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at a given whirl frequency, are delineated. Corrections to the force data that were made

in order to account for certain un-controlled but measured changes in the seal operating

conditions due to some machine specific phenomena will be discussed. The procedures used

to obtain the rotordynamic coefficients, Kij, and Ci,j, from the force vs. frequency will be

presented.

These data are presented to show the effect that changes in the primitive variables such as

pressure ratio and inlet swirl angle have. Methods for normalizing these data are presented

for a specific geometry using the information of the scaling behavior found in chapter 3.

Next the effects of geometric variations are given. In particular, seals of different pitch and

gap were tested. Also data showing the effect that honeycomb lands have on both direct

and cross force is presented. Finally, the relationship, discussed in chapter 3, between the

cross-stiffness and direct damping, as obtained from the experiment will be shown.

Besides the primary measurements made to obtain the dynamic forces, auxiliary measure-

ments were made to check certain characteristics of the flow field. The swirl, or more

precisely the swirl angle, leaving the second knife edge was measured for the third build.

Also, the steady state axial pressure distribution for the third build was measured. The

static pressure at eight circumferential locations around the test sections between the vanes

and the seal was taken. These measurements are described and the results are reported.

All experiments contain errors in the measurements, both random and systematic in nature.

In order to use the measurements with some degree of confidence, knowledge of the probable

magnitude of the uncertainty must be obtained. An uncertainty analysis for the measure-

ments involved in calculating the forces and the dependent quantities is presented along

with confidence intervals bounding the force data that give an indication of the reliability

of the measurements.

5.2 Test Matrix

A total of five different single gland seal/land geometries were built and tested all of which

had the seal knife edges on the rotor. The geometry for all five builds is presented in Table
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5.1.

Before the actual test series commenced, a series of preliminary runs were made to bal-

ance, shake down the rig and to test the various systems. Several modifications were made

primarily with regard to the operating and data acquisition procedures. Distress was de-

tected in one of the outer bearings when whirling speeds reached 2200 RPM. A modification

to the bearing loading configuration of this spindle was made and testing continued. Many

test were conducted to measure the inherent noise in the system. Static pressure traces from

the Kulites were taken with no whirl, by using an external clock, to measure the normal

fluctuations due to just the air flowing through the seal. Also data were taken with no

through flow to measure if the vibration or electrical noise influenced the measurements.

Results of these tests will be discussed along with the force data. Most of these tests were

done with the geometry of the first and second build.

The first build used the narrow rotor with I = 0.400 inches with a smooth land and a

mean gap of 0.029 inches. The test matrix for the build #1 geometry is shown in Table

5.3. The results from these tests showed large variations in both magnitude and phase, up

to 38% in magnitude and 370 in phase even after being averaged, in the measured pres-

sure perturbations from one angular location to another around the circumference of the

seal. Several additive effects were believed to contribute to this relatively large spatial

non-uniformity.

1. Non-circularity and/or non-concentricity relative to the centroid of the whirl orbit of

the land insert when placed in the test section.

2. Non-circularity of the whirl orbit.

3. Non-uniform area distribution for the 450 vane set.

Several things were done in parallel to correct this situation. A new attachment design for

locking the land insert in place, with eight screws instead of four, was implemented. All fu-

ture inserts were ground insitu to maintain proper concentricity with the mounting surface.

The circularity of the whirl was checked, by measuring the linear radial displacement of the

shaft at 16 places around the circumference with a dial indicator for all eccentricities that

were used. Every time the eccentricity was changed the inserts were locked using a specific
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tightening procedure presented in [106]. These measurements for the whirl trajectory, which

show a slightly elliptical trajectory for the smallest whirl eccentricity but become more cir-

cular at higher ones, are given in Table 5.2. Finally, the 45 degree vane set, which is the

only one that has large exit area variations, was not used in subsequent testing. The data

from build #1 will not be reported due to the large uncertainties involved and since not

much of the instrumentation for the flow path had been installed at that point. Even after

all these adjustments, the maximum difference in perturbation pressure from one trans-

ducer to another was nearly double that of what was expected based on radial geometry

imperfections in the land and whirl orbit. For the amplitude at which most of the data were

acquired, E1 =0.1407, the typical channel to channel variation was usually 5% of the average.

The steps taken in the first build to correct the non-uniformity led to build #2. This

build also had the narrow seal pitch rotor and a smooth land. The only nominal difference

in geometry is that build #2 had a slightly larger gap of 0.032 inches. The data from this

build showed much greater spatial uniformity than build#1. The test matrix for build #2

is presented in Table 5.4. Along with this test matrix several tests were conducted to in-

vestigate several sources of error. Many tests were done at the same operating condition to

check for repeatability. The effect of placing the swirl vanes in the test section at different

angular positions (ie. clocking) was investigated.

Build #3 used a rotor with a wider seal pitch, I = 0.680 inches, and smaller Clarence

gap P* = 0.027 inch but with the same stator as build #2. The most extensive test matrix

was run for this build and is shown in Table 5.5. This is the only build in which the whirl

eccentricity was parametrically varied. Also many auxiliary tests were run on this build.

Axial pressure distributions, both static and dynamic, were taken as were circumferential

distributions upstream of the test seal. Also measurements of the swirl angle of the air

leaving the second knife, were made.

The purpose of build #4 was to test the effect honeycomb lands have on the forces. Build

#4 used the same rotor as build #3 but with a land that had radially inward facing - inch

hexagonal honeycomb cells made out of 0.003 thick Hastolly X foil. The 0.75 inch wide strip

was centered axially with respect to the seal knives and hence the pressure transducers. The

159



test matrix for this build is given in Table 5.6.

The last build used the narrow pitch rotor from build #2 along with the honeycomb land

from build #4. A limited test matrix, shown in Table 5.7, was taken for this geometry.

5.3 Force Data

5.3.1 Data Reduction Methods

The measurements that were used to calculate the rotordynamic forces are the time resolved

static pressure perturbations taken at the middle of the seal pitch at four locations around

the annulus. In the absence of turbulence it would be straight forward to calculate these

forces, as was done in Chapter 2. However, the large random fluctuations 1 that are due to

the turbulent nature of this flow, make it more difficult to extract the pressure fluctuations

that are due solely to the whirling motion of the shaft. Essentially, these unwanted spurious

variations in pressure will be "averaged away" by using a phase-lock-ensemble-averaging,

PLEA, technique. This method and how the forces were obtained will be presented in a

step by step manner.

The flow noise was measured under a variety of conditions in order to characterize it. This

was first done with no seal whirl or spin. The result was that the peak-to-peak magnitude

of the fluctuations were of the same order of magnitude as the expected, and later mea-

sured, pressure perturbations due to a whirling rotor under the same flow conditions. The

details of this investigations will not be presented but some characteristics of the random

fluctuations will be discussed. The power spectral density, PSD, of the pressure signals at

all four locations was taken. Each location showed a certain degree of uniqueness in the

distribution of energy presumably due to deviations from the nominal geometry. For all

locations, most of the energy was distributed widely between 100 Hz. and 500 Hz. with

one or more broad maximums occurring in the range of 250 Hz. to 400 Hz. However, some

general characteristics held for all positions.

1Whether or not these fluctuations are truly random is debatable and probably not of great practical
importance here. What is important, is that these fluctuations not be strongly correlated to the frequency
of the whirling mode pressure.
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1. The total energy increased with flow rate.

2. The frequency(s) at which the maximum(s) energy occurred increased with flow rate.

This could be associated with some vortex shedding phenomena which would be locked

to a particular Stroughal #. No well defined source of the shedding fit into the range

of Stroughal #'s that one would expect [107].

3. There is very little cross correlation between any two locations. This is true even at

the acoustic resonant frequencies (? n 27 n358 Hz. n=1,2,3...) for standing

waves in the annulus. This means that these disturbances are very localized. Of

course this is not true when the seal is whirling and/or spinning.

4. The frequency distribution of energy changed with the local gap, 61. These changes

were not universally consistent with constant Stroughal # shedding.

5. The whirling of the seal does not add energy to the broad band noise but at the

whirling frequency, Q, only.

6. The spinning of the seal adds energy primarily at the spinning frequency, w, but also

adds energy (ie. noise) over a broad range of frequencies.

Figure 5-1 shows a typical amplified output from one of the Kulites. This run is from

build # 2 with 300 swirl vanes and the design flow rate with no seal rotation and a 21 Hz.

whirling frequency. Shown is the raw voltage from transducer # 1 plotted vs. the data

point number. Recall that there are 32 data points taken per whirl revolution. This signal

shows strong periodicity at the whirling frequency with a superimposed random component

due to flow noise. Figure 5-2 shows the raw voltage from the proximeter located at TDC

for the same run vs. data point number. There is a relative phase of 4 points between the

pressure and proximity data. Notice that the proximeter signal contains virtually no noise.

Figure 5-3 shows the un-normalized PSD of this signal. Note how "clean" this signal is.

The maximum magnitude of the noise, which here occurs at 143 Hz. and 311 Hz., is at

least two orders of magnitude less than the primary energy component, which occurs at 21

Hz. To calculate the amplitude and phase, relative to the gap, of the pressure perturbation

an average is taken by cutting the signal every 32 points and adding them together and

dividing by the number of cycles. For signals like the one just shown 20 to 30 cycles are

needed to obtain a stable repeatable average. However, somewhat more -cycles are needed
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for runs with seal rotation or honeycomb lands. Honeycomb lands tend to add more flow

noise. The spinning of the seal adds flow noise too. But, it also brings in extra complicating

phenomena that must be treated carefully. Figure 5-4 shows a typical PSD for a run with a

spinning seal, w = 42 Hz. Here the pressure perturbation at the spinning frequency is due

to the imperfections of the seal and inner shaft spindle2 . When the spinning and whirling

frequencies are significantly different about 40 cycles are sufficient to obtain a good repeat-

able average. However, as the spinning and whirling frequencies approach each other, more

and more cycles for the average are needed. When f = w the pressure perturbation due to

the whirling motion can not be recovered from the total signal. This condition was avoided

during the test program for obvious reasons.

For all of the force data to be presented 64 whirling cycles were used, which is sufficient for

all conditions. Figure 5-5 shows the PLEA for the data of Figure 5-1. This is the mean

time varying pressure at location #1.

The amplitudes and phases (relative to the minimum whirling gap, which is different for

each position) of the pressure perturbations were not exactly the same at all four locations.

The differences among the readings changed from build to build. Rotation of the seal also

had an effect. Typically, the maximum deviation in the amplitude from the average was

about 10 percent. To handle this, the average measured value at the four locations was

used to determine the amplitude and phase of the first harmonic. This composite phase

locked average is obtained by first multiplying each channel by its calibration factor (to go

from voltage to pressure) then phase shifting all channels to a single fixed reference point

and finally by averaging. For convenience, all signals were phase shifted to TDC where the

channel #5 proximeter was located. A block diagram of this data reduction procedure is

shown for both forward and backward whirl in Figures 5-6 and 5-7 respectively.

The amplitude and phase of the pressure perturbation relative to the gap is calculated

by curve fitting both the composite average pressure and the proximeters to a sinusoidal

2 The spinning of a non-perfect. seal forces the flow much like a whirling motion does. The analysis
presented for the whirling seal in Chapter 2 can not be used directly for this situation since there is probably
a relative phase angle between the gap and gland area distributions. The relative magnitude of the two
components shown in 5-4 is consistent with the measured deviation of radial run-out and seal non-circularity.
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function of the form

P(t) = A ± Bcos(Ct - D) (5.1)

Where the + is for the pressure and the - is for the proximeters. A is the d.c. offset, B is

the amplitude, C is the frequency and D is the phase. A least squares curve fit method was

used to find A,B and D. C was set to 0.19635 radians because there are 32 data points per

revolution and the first harmonic was desired. Figure 5-8 shows the composite PLEA from

the experimental data along with the curve fit. Here the fit to this function is almost exact,

which is typical. For all cases the goodness of fit parameter, R 2 = 1 - , was

between 0.968 and 1.000. For this run the fitted parameters are

Bpressur, = 578.35Pa Dp,,ieue = 48.200 (5.2)

Similarly the least-squares fitted amplitude and phase of the proximeters are

Bprox = 0.003810inches Drox = 7.030 (5.3)

Therefore the relative phase of the pressure maximum to the minimum gap, ,elr, is Dressure,, -

Dreox = 44.230. If the pressure is assumed to be constant in the gland the direct and cross

forces are

FN = - rBIR,cosqel FT = -7rBIR,sinqeL (5.4)

For this whirl frequency, 21.07 Hz.(132.38ad), the total force is 2.699 N and the two

components are FN = -1.934N and FT = 1.883N.

5.3.2 Rotordynamic Coefficients

To obtain the damping characteristics, forces must be known at a minimum of two whirling

frequencies 3. However, it is better to measure the forces at many frequencies over a wide

range for a couple of reasons. First, one will see if higher order coefficients are needed, such

as the inertia coefficient Mi,j. Secondly, a more accurate determination of these coefficients

is made if more points are used and a least-squares fit is employed. The error made in es-

timating the damping decreases rapidly (at least initially) as the number of points increases.

3Actually, since accurate d.c. pressure data were not taken around the gland, the forces at two frequencies
are needed even to find the stiffness coefficients.
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Typically, for each nominal operating condition the forces were measured at eight whirling

frequencies (-48.15, -33.17, -20.87, -7.52, 7.52, 20.87, 33.17, 48.15 Hz.) These values were a

compromise found mostly from a trial and error procedure and taking into account many

separate factors. Machine vibration levels and constancy of speed were considered. A slight

bias towards higher frequencies is present since this will tend to reduce the error in mea-

suring the slope (ie. damping).

The direct forces were fit to a quadratic polynomial because stiffness, damping and inertia

were all found to be important. This force can be represented as

FN = Co + Clf + C2 f 2  (5.5)

Since there is little or no curvature in a plot of cross forces vs. frequency (as predicted by

theory), the data were fit a linear function of the form

FT = Ao + Al, (5.6)

The procedures used to find these are specified in Appendix D along with an example.

These can be related to the rotordynamic coefficients by the following relations

Co -C 1  C 2K = -O C = AM = -

Ao -Al
K•= - CX = (5.7)

r

5.3.3 Nondimensional Rotordynamic Coefficients

The nondimensional stiffness coefficients will be defined by

K ,** = K { gKy (5.8)
g" IR,(Pi - Po) -Y IR,(Pi - Po)

This nondimensional direct stiffness is straight forward. However, the choice for the cross

stiffness is not unique and the data could be further "collapsed" for some cases by using
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the following alternative definition which contains the nondimensional swirl parameter a

= K,,6 (5.9)KXX IR,(Pi - Po)a

This definition can be useful because the cross forces scale with pressure difference only if

the inlet swirl angle is fixed. For a set inlet swirl velocity Vi the cross force, FT - VP .I-PP.

Note that this definition becomes singular for cases with no inlet swirl. For this reason, the

first definition was used.

The damping coefficients are defined by

C.** C** (5.10)
C -lR p•i(P Po) C' IR /Pi(Pi - Po)

This definition is obtained from considering the cross force at zero frequency and an inlet

swirl of Vi to be equivalent to the force at a frequency 0 and an inlet swirl Vi = Vi - fIR,.

5.3.4 Quality of Data

Many factors contribute to measurement error and hence the quality of the data. While

it is very difficult to really know how much a measured value differs from the "true" one,

several tests were done in order to ascertain the sources and magnitudes of the different un-

certainties involved. In general the errors can be classified as either random or systematic.

A formal analysis for the overall uncertainty of the force measurements will be presented in

the next section. For now a discussion of some of the factors influencing the general quality

of data will be covered. A fairly complete analysis of the magnitude of the random errors

was done by doing repeated tests at a single condition. Also, many tests were done to look

at potential sources of errors such as non-uniformities of various types.

In general, the force measurements as computed by the composite phase locked ensemble

average method were very repeatable for a given condition. However, there is a difference in

the degree of repeatability between the calculated (from the pressure perturbation measure-

ment) direct and cross force. The variation in direct force from one run to another at the
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same nominal conditions is typically two to three times as great as that of the cross force 4.

This probably means that the some factor(s) that more strongly influences the direct force,

such as the variability of flow coefficients, are relatively more sensitive to certain spurious

small changes in the operating point.

The standard deviations, aF, and oF,, of the measured direct and cross force as calculated

from 30 separate tests (from build #2 and 300 swirl) which is good measure of repeatability,

is 0.152 N (out of 3.2 N, 4.8%) and 0.043 N (out of 2.2N, 2.0%) respectively. Similar test

were done for other builds, but with many fewer runs and correspondingly less statistical

significance.

For build #3, a sampling of the axial distribution of the pressure perturbation was measured

at one circumferential location, the measuring window. Three of the Kulites were used to

measure the pressure at ¼, 1 and of the seal pitch. The measured unsteady component of

the pressure at the three locations varied less than 10% or about the same as it did around

the circumference. This validates one of the basic assumptions of the lumped parameter

framework, that the perturbations inside the seal gland are not spatially varying, at least

to the necessary precision.

The swirl vanes were manufactured to very tight tolerance to to avoid azimuthal asym-

metries in the flow field upstream of the seal. In order to directly test whether the vanes

contributed to any distortion generated forces at a given location, pressure data were taken

with the vanes inserted in different clocked position. Except for the 450 vanes, which had

large deviations in the outlet area. It was not possible to notice the effect of clocking, since

the variation fell within the repetability bands.

The effect of having a nonuniform downstream boundary condition was investigated. An

annular section of the exit holes (3 out of 32) was plugged. This resulted in a change in

cross force of less than 6%.

4The repeatability of the amplitude and phase of the rotating pressure disturbance lies somewhere between
the two force components. The variability of these are necessarily not independent.

166



5.3.5 Uncertainty Analysis

Other things besides those just discussed contributed to the uncertainty of the measure-

ments. The calibrations for the various transducers and amplifiers are not exact and these

devices are not perfectly linear. As assembled there was a degree of uncertainty, which was

quantified, in the seal/land geometry. The magnitude of the uncertainty related to these

and the other factors that directly effect the force calculations or the operating condition of

the seal are given in table 5.8. Some of these numbers were obtained by direct measurement

and others are per specification of the manufacturer and are usually traceable to NBS cali-

brations. The important quantity that introduces uncertainty into the force calculation via

the measurement of pressure is not the absolute uncertainty in the pressure level, which is

relatively large (±500 Pa), but the sensitivity ( 8) uncertainty. This is due to the combined

hysteresis and nonlinearity of the transducer and amplifier. The maximum uncertainty in

changes in pressure is 7.1 Pa, or about 2%. Considerable effort went into measuring the

swirl velocity. The inlet swirl is inferred from measurements of the exit swirl angle. This

angle is known to within ±10. This uncertainty is the second largest.

The largest source of uncertainty, which dominates all others in most cases, is the axial

sealing clearance, 6*. While the importance of the other uncertainties were known during

the test program, the effect of this gap was not considered until well afterwards. Hence, no

effort to control or measure this quantity was made.

The design value of 6* is 0.010 inches. However, this value has an absolute tolerance

band of ±0.010 inches. No evidence of rubbing was detected.

Using these estimates, several methods can be used to calculate a confidence interval bound-

ing the most probable error. The most conservative way is to simply assume that all errors

are in the same direction and add the magnitude of each contribution to obtain the maxi-

mum absolute error. However, if these errors are not positively correlated to one another,

a smaller interval can be specified by using the method of Kline and McClintock [108].

Let F, the value of the measured result, be a function of several independent variables
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X1 ,X2, X3...Xn. Thus,

F = F(z, 2, ... ) (5.11)

The the total uncertainty, with a given degree of confidence, in the measured result F, which

will be called WF, can be expressed as a function of the other uncertainties associated with

each separated measurement, with the same degree of confidence, as WF = wF(wl, w 2, ws...).

Then wF may be expressed as

W = w F 2 + w2 + w2 + ... (5.12)
ax1 aX2  z +

The manor in which the forces change with deviations in the nominally specified geometry

and operating conditions was obtained from the coupled lumped parameter model with

leakage. The sensitivities, -, were calculated numerically from the theory. The total

uncertainty in the individual force measurements will be specified to 2 standard deviations,

which corresponds to a 95% confidence level. While the uncertainty in the actual force

measurement is less than 5% for most cases, the total uncertainty, due almost entirely to

the uncontrolled axial leakage gap and inlet swirl velocity, is usually ±40%.

5.3.6 Corrections to Force Data

Some corrections were made to the force and rotordynamic data to account for specific

uncontrolled, but measured, variations in the test conditions. The amplitude and phase of

the whirl eccentricity, as measured by the two proximeters, was influenced by both the spin

and whirl rate as well as the flow conditions. For each condition the forces were normalized

by the whirl amplitude at that speed divided by the whirl amplitude at zero speed. As

expected the increase in amplitude, due mainly to the inertial effect of the over-hung rotor,

scaled roughly with Q2. This correction is typically 3-4 % at the highest whirl speed.

The flow conditions also influenced the whirl motion slightly. The influence of variations

in swirl angle and flow rate on the rotor motion was fairly repeatable when there was no

spinning. The fluid forces calculated from changes in the motion of the seal5 corresponded

to those measured with the pressure transducers within a factor of two for the few run that

5The structural stiffness at the seal was measured in the x and y directions with a dial gage and a
weight-pulley arrangement.
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were compared. For cases with w 5 0 the dynamics of the machine are so complicated,

presumably due to gyroscopic terms from the over-hung rotor and other effects, that no

information of the fluid forces on the seal can be extracted from measurement of the seal

motion.

The force data were corrected to reflect the fact that small changes in the overall seal pres-

sure ratio occurred from one whirl speed to the next. This was done by using the theoretical

pressure scaling behavior extracted from the theory. The forces at a given nondimensional

frequency, R d N scale approximately with the pressure difference.

The diameter of the disk-seal assembly increases, and therefore the sealing gap decreases,

with the square of the rotor speed. This growth was measured to be about 6.44*10-8 •i•'

This means that the sealing gap closed about 4% at the highest speed. This measured value

is within 3% of the value predicted in the design study by an axisymmetric finite element

calculation. The forces were normalized by - to obtain an unbiased comparison of force

data taken at different spin rates.

5.3.7 Auxilliary Data

Measurements besides those related to the force data were taken. For build #3 the static

pressure non-uniformity upstream of the seal was taken with all 5 swirl vanes inserted.

Figure 5-9 shows the normalized static pressure distribution, _, measured 0.550 inches

upstream of the first seal knife. The pressure non-uniformity is less than 2% around the

annulus except with the 450 vanes.

The axial distribution of static pressure within the seal gland along the land was also

taken for build #3 with each swirl vane set. All of theses were taken at a single angular

location (ie. the measurement window at 22.50 cw from TDC). Figure 5-10 shows a pressure

coefficient, defined by Pr-iP vs. the distance from the first seal knife normalized by the

seal pitch. The distributions for the 00 swirl case is slightly different from the rest.

Swirl measurements downstream of the second seal knife were made for build #3. The

experimental set up was described in Chapter 4 and the method for extracting the swirl
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angle from the measurements is given in Appendix H. The method appeared to work well

when the seal was not spinning. It was hoped that a direct measurement of the change in

the swirl angle leaving the seal as a function of the seal spin rate could be made, because

this is a very useful quantity in checking the theory. However, the angle data were not

consistent for cases with the seal rotating. This may be due to the centrifuged boundary

layer coming off the disk or something else creating a non-two dimensional flow downstream

of the seal exit. Figure 5-11 shows the measured swirl angle leaving the second knife vs.

gap height for the 0, 15, 30 and 60 degree devices. The mass flow calculated from the axial

velocity at this position generally agrees with the flow meter to within 10 %. The averaged

measured exit angle with the zero degree orifice plate is 0.20. This gives an indication on

the accuracy of this measurement. The inlet angle to the first knife, ai, and the air angle

leaving the vanes, a,, were calculated using the same flow and friction sub-model as used in

the lumped parameter model. The deviation angle between the vane metal angle and the

backed out effective exit angle of the air increased with the amount of turning as would be

expected. Here are the calculated swirl angles leaving the vanes

00 Ring -- a = 00 (5.13)

150 Ring - a, = 14.60 (5.14)

300 Ring - a,, = 28.40 (5.15)

600 Ring - a, = 43.10 (5.16)

These values will be used in the next chapter when direct comparisons to the theory are

made.

5.4 Force vs. Frequency and Rotordynamic Data

The raw force data, that is direct and cross force vs. frequency, are presented in graphical

form in Appendix J. Appendix I gives the values of the rotordynamic coefficients from the

experiments along with those calculated from the model. The nondimensional coefficients

are also presented. The effect that each parameter has on the direct and cross force will

now be presented. Some parallels with the theory will be drawn especially with respect to
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scaling behavior. However, extensive comparisons of this data to the theory will be reserved

until the next chapter.

5.5 Experimental Results

5.5.1 Effect of Whirl Eccentricity

Force data for build #3 were acquired at whirl eccentricities of 1.0, 3.8, 7.3, 10.7 and 13.1

mils which in terms of gap fraction corresponds to a range of 0.037 <5 E = 0.485.

Figure 5-12 shows the direct stiffness coefficient, K**, vs. the gap normalized eccentricity,

E1= at a pressure ratio of 1.42 for all vane sets. These direct stiffness coefficients are

nearly independent, to within experimental uncertainty, of the whirl amplitude for relative

eccentricities 0.1407 and higher. At the lowest amplitude there is a 10% reduction in the

stiffness for all vane angles. Qualitatively, this type of nonlinear behavior was predicted in

chapter 3. The effect is about of the same magnitude as the random errors that occur at

the other eccentricities. However, the shift does seem to be systematic. The magnitude of

the reduction is less than might be expected based on the theory, unless P* is assumed to

be very small, about 0.002.

Figure 5-13 shows a similar plot for the cross stiffness coefficients. Again these are nearly

independent of the relative whirl eccentricity at all but the lowest one. Here again, there

is a noticeable reduction. The theory suggest that direct force should show a larger sensi-

tivity to whirl amplitude. The data does not tend to support this. However, the necessary

controls to isolate this effect were not taken.

Figure 5-14 shows the effect of whirl eccentricity on the direct damping coefficient, CJ*.

These are also indicate the same nonlinear behavior with respect to whirl eccentricity.

Finally 5-15 shows the cross damping coefficient vs. relative whirl eccentricity. These

coefficients do not show the same degree of correlation with E1 as the other three. However,

there is no definite tend with decreasing E1 either. These deviations may be best explained

by noting that C,, is the least repeatable, from run to run, of the four coefficients.
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These data show that the forces are linear functions of the whirl amplitude providing that

the vibration amplitude is large enough. At low amplitudes6 the nonlinear nature of the

leakage flow may be important. Some care must be taken not to over generalize this result.

This type of linearity probably would not hold, especially with regard to direct forces, for

seal tip geometries where . > 1 due to the large relative variations in flow coefficients (See

Appendix B).

5.5.2 Effect of Pressure Ratio

The effect of pressure ratio on the direct stiffness for builds 2-5 with 00 inlet swirl is shown

in Figure 5-16. For for builds 2 and 5, which have the narrow pitch, the pressure scal-

ing is as expected. That is, the stiffness is proportional to the pressure difference. Also

there is little difference between the builds. Both of these builds produced a positive direct

stiffness 7 which is proportional to the pressure difference applied to the seal as predicted

by the model. In contrast, there is a substantial difference in the behavior of builds 3 and

4. However, these two builds do demonstrate a similarity in there sensitivity to pressure

ratio. For both, the direct force coefficient, K**, algebraically increases with flow rate. At

the highest flow rates r, 1.83 this coefficient becomes independent of flow rate. This is

probably an indication that the carry over coefficient variation, = is an increasing

function of mass flow rate, at least initially for these seals which have a high J. Perhaps

the honeycomb land used in build #4 is more effective in destroying the jet traveling from

the first to the second knife, hence reducing carry over effect.

It may appear that the builds 2,3 and 5 "collapse" with this normalizing. However, this

is not really the case. Since builds 2 and five should have a r twice a large as that for

build 3 the apparent confluence of the curves is simply coincidence. More will be said with

regard to the direct stiffnesses, and in particular the difference in builds 3 and 4, in the

next chapter when a direct comparison of the model to the experimental data is made.

Figure 5-17 shows the swirl parameter normalized cross stiffness coefficient, K- , vs. pres-

'Whether or not an amplitude is 'small" depends strongly on the ratio 6-

'This means that the fluid force tends to act like a normal spring and restore the shaft to its nominal
position when displaced.
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sure ratio for all builds using the 150 swirl plate. For each build the value of - is different.

However, it is independent of pressure ratio, as predicted by theory. When the inlet angle,

ai, is fixed8 then K+* should be independent of pressure difference. But If the inlet swirl

velocity, Vi is fixed, then K,~ - Po.

Figure 5-18 shows the effect of seal pressure ratio on the direct damping coefficient Cj**

for all builds with zero inlet swirl. C* is nearly independent of 7r, and is between 0.21 and

0.27 for all builds.

Figure 5-19 shows C** vs. 7r for all builds taken with the 150 swirl ring. These data

could also be normalized by a. However, this nor any other normalization that was tried

effectively collapsed the data.

These data confirm, within the bounds of experimental error, the pressure scaling behavior

shown in chapter 3. Namely, that compressibility plays a small role at pressure ratios up

to at least 2.0

5.5.3 Effect of Inlet Swirl

No direct measurement of inlet swirl was made. However, from the measured exit angle

from the second knife for the third build, a value for the effective exit angle from the vanes

as well as the inlet angle to the seal was calculated.

Figure 5-20 shows the direct stiffness coefficient, K**, plotted against a. The data are

quite scattered and there does not appear to be any strong trend with the inlet swirl. For a

given build, the separate groups of points were obtained by changing the seal pressure ratio

with a given swirl ring inserted. The local downward slopes for the data within a group, for

builds 3 and 4, are probable not due to changes in a but most due to flow dependent kinetic

energy carry over effects. The reason for the wide scatter in these data will discussed in the

next chapter in conjunction with the theory.

"This is equivalent to holding a = P constant.
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Figure 5-21 shows K.; vs. a for all of the builds. The cross stiffness in the absence of

inlet swirl is almost zero for all builds. The scatter within a build and from build to build

is much less than for the direct stiffness. K** is well correlated with a linear function of

a. This scaling behavior was predicted by theory and is equivalent to the results reported

by Benckert [42] where they reported that K,, oc . Recall that in chapter 3, it was

shown that a - V . Table 5.9 gives the linear coefficient from a least squares fit for each

build, that relates the cross-stiffness to the inlet swirl parameter. For all four builds the

composite correlation is

K* = 0.37a (5.17)

This correlation is consistent with the static data obtained by Benckert [44] for two and

three gland labyrinths of various designs. It will be shown that this cross-stiffness correlation

can be generalized, in accordance with the theory, to predict a seal's dynamic characteristics.

Figure 5-22 shows C** vs a. The damping is independent of the inlet swirl. This was

predicted by the theory. The physical explanation of this is straightforward. The damping

is created by the change in the apparent inlet angle as seen by an observer in the whirling

frame as the whirling speed changes. The value of the normalized damping coefficient is

about the same for builds 2,4 and 5 but is substantially higher for build 3. While the prob-

able reason for this will be discussed in the next chapter, this is not surprising since the

measured cross-stiffness was also higher in build 3. The average direct damping coefficients

from these data is

C** = 0.30 (5.18)

C:* demonstrates a strong dependence on a. This, in itself, is relatively unimportant since

the rotordynamic influence of a large change in this coefficient is quite minor. However, in

terms of understanding the accuracy of the model or the various sub-models, this coefficient

can be quite useful in tracking problems.

5.5.4 Effect of Spin Speed

The effects of changing the spin speed can be seen directly by looking in Appendix J. Quali-

tatively, seal rotation has a strong influence on all the coefficients except the direct damping.
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Seal rotation, in the direction of inlet swirl (w > 0), tends to shift the curve of cross force vs.

whirl frequency down while maintaining the same slope. This decreases the cross-stiffness

but leaves the direct damping unchanged. Spinning in the opposite direction, w < 0, in-

creases the cross-stiffness but again maintains the same direct damping.

Figure 5-23 shows the difference between the cross-stiffness coefficient at a particular spin

speed and that at zero spin speed. While there is a good deal of scatter, the tend is clear.

Positive spin reduces the cross stiffness and negative spin increases it.

Figure 5-24 shows the percentage change in the direct damping, from its value at zero

spin, vs. spin speed. Again there is considerable scatter (± 20%) , but here there is no

definite trend with spin speed (ie. C., is independent of shaft rotation).

Both static and velocity dependent cross force components behave as predicted in chap-

ter 3, at least qualitatively. The damping, which was shown to be due to the relative

change in the inertial component is not affected by the frictional force. The frictional force,

which is proportional to the velocity difference Vi - V* generated by the rotor moving

relative to the swirl velocity inside the seal gland, contributed to the stiffness component

only. These changes in cross stiffness coefficient are relatively small when compared with

the total stiffness coefficient (about 10 %), except of course in the cases with zero inlet swirl.

The mechanism(s) involved in the altering the direct forces are not well understood. In

particular, the data show CO* to be sensitive to w, while the theory predicts that it should

be independent of spin. The explanation of why this should be is analogous to that given

for C,,.

5.5.5 Effect of Honeycomb

A great deal of effort went into characterizing the effect that honeycomb lands have on

the rotordynamic forces. The model presented in chapter 2 which included an unsteady

mass storage term due to the volume of the honeycomb predicted a 3% reduction in cross

force at the highest frequency when the honeycomb depth was 5 times that of the seal gland.
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The data indicate that honeycomb lands may act to reduce the destabilizing cross force

component by 10-30 %. However, this "result" is somewhat inconclusive. For the longer

seal, builds 3 and 4, the honeycomb did reduce both the cross stiffness about 25% and the

direct damping by about 30%. But for the narrow seal, builds 2 and 5, there was only a

10% decrease in both the measured cross force coefficients using the honeycomb land. No

physical mechanism has clearly been identified to be responsible for this reduction of the

cross force. Also the difference in the cross force coefficients, K.* and C,,, from build to

another even with the same land show at least as large a difference. Therefore, the con-

fidence to which it can be claimed that the reduction in cross force is solely due to the

honeycomb land is somewhat low.

Two possible explanations, neither which have been directly checked, for why the honey-

comb could cause a small reduction in cross force have been proposed. First, the honeycomb

cells at the sealing gaps act as swirl brakes to reduce the incoming swirl. This would de-

crease the cross-stiffness but not alter the direct damping. No realistic estimate of the

magnitude of this effect has been made. However, this swirl change is probably not large

per seal gap and therefore will not change things for a single gland seal appreciably. But

this effect may be of greater importance in longer multi-cavity seals. The second reason is

that the honeycomb may act to "break-up" the carry over jet. Reducing the sensitivity of

the kinetic energy carry-over coefficient to small radial displacements would tend to reduce

the both cross force coefficients. According to the predictions of the model, eliminating the

carryover effect totally would reduce the cross-force coefficients by 17% for the geometry of

build 3.

5.6 Relationship Between Cross-Stiffness and Direct Damp-

ing

In chapter 3 it was shown that the total cross force can be broken into an ideal and frictional

component. This can be written as

FT = FT, + FTrr (5.19)

176



Where FT, and FTr are the ideal and frictional components respectively. The frictional

component which is proportional to the swirl change parameter r is frequency independent

and therefore does not affect the damping.

The cross force changes with frequency solely because the ideal component of the total

force is different for different apparent inlet angles, - & =, a(1 - W), that are seen by

an observer fixed to the whirling frame. This means that the direct damping coefficient

can be calculated from the cross-stiffnesses measured at different inlet swirl angles. This

can be done providing that the frictional force can be treated properly 9 ie, subtracted away

from the total cross force. For cases where the frictional component is relatively small (See

Chapter 3), this detail is not so important. At higher swirl levels the frictional contribution

becomes a larger fraction of the total force.

The procedure for obtaining the dynamic coefficients from purely static data will be pre-

sented. First note that the static data are not "truly static". Accurate spatial distributions

for the statically offset seal were not taken. These static values were found by obtaining the

forces over a range of frequencies, both positive and negative, and interpolating to find the

forces at Q = 0. However, there is no reason to expect irregular behavior as f -- 0 from

either direction.

The basic idea is to calculate the cross force per unit displacement, X, at two whirl fre-

quencies using an experimental stiffness correlation of the form Equ. (5.17). This can be

written as
FT OK*, p*VT*IR,(P, - Po)=  (5.20)

data

This expression is now evaluated at two frequencies. It is most convenient to have one

of them be zero, where the cross force will vanish, and the other be denoted by 11d. The

inlet velocity to be used in the correlation is V7* = adR,. From this forces the frictional

component, FTr is subtracted to isolate the inertial contribution FT,. This frictional com-

ponent can be calculated either from an experimental correlation or from a calculation from

the lumped parameter model. This frictional correction can be handled directly in the ex-

9Another assumption that is tacitly assumed in developing this procedure is that the flow is not truly
rotational. This assumption is discussed in Appendix A.
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periment, if the inlet and outlet swirl velocities are directly controlled and measured, as

follows. For every value of the inlet swirl the spin speed of the seal should be adjusted to

maintain Vi - V* a constant so that the additive frictional component is fixed. Vi = V*

would eliminate the frictional force totally. For typical designs the spin speed needs to be

kept at about 125% of inlet swirl speed to keep r = 0.

Once the ideal and frictional components are separated, the damping is calculated from

the following equation

C = FT- FTr - FT,(ftd) (5.21)
ftd lid

The above procedure used a global secant method to calculate the damping. This is really

valid only when the ideal component of cross force is a linear function of &. This behavior

was shown to occur when & << 1. As this parameter becomes large, cubic terms become

dominant. For the more general case the following local tangent method must be employed

OFT(V*)
C- (R)) (5.22)O(v* - nR,)

The global procedure was used to extract C., from K,_ and the results for each build, along

with a composite result, are presented in Table 5.9. The total nondimensional cross force

sensitivity with the inlet swirl parameter, = )data' was obtained from the experimental

data and the viscous force, FTr, was calculated from the theory.

The values of Cx calculated from the above procedure are slightly higher than the mea-

sured values for all builds. The "error" in calculating the direct damping is 13%, 8%, 15%

and 28 % for build 2, 3, 4 and 5 respectively. This agreement should be considered very

good, since many separate measurements and calculations went into predicting the damping

coefficient (each contributing some uncertainty). It is possible that this small systematic

error is caused by either/both a low measured value of the inlet swirl or an under prediction
8K"

of the friction factors. Higher swirl would reduce !- and higher friction factors, which

seems quite likely based on the sensitivity of the cross-force with seal rotation, would in-

crease the magnitude of FTr. Both would decrease the direct damping predictions. These

comparisons provide a strong case for the argument that damping can be "backed out" from

purely static measurements. Since static measurements are much simpler and cheaper than
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their dynamic counterparts, this result is important.

Physically, this result means that the damping is not truly a dynamic phenomenon. It

is merely a consequence of the "ideal" part of the stiffness generating a force due to the

relative inlet swirl, Vi - OR,. In some sense this is not surprising. Since the reduced fre-

quency of the whirl, based on the axial flow residence time, is very low one should expect

quasi-static behavior.
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SEAL DIMENSIONS (rotor) LAND DIMENSIONS (stator)
BUILD cm cm

in. in.
Material R, 1 hi d a, Material h2 1, 1i h1i 6

4140 15.166 1.016 0.508 0 1117 15.240 0 0 4.064 0.635 0.0737
#1 steel 5.971 0.400 0.200 0 200 steel 6.000 0 0 1.600 0.250 0.029

4140 15.166 1.016 0.508 0 1117 15.245 0 0 4.064 0.635 0.0787

#2 steel 5.971 0.400 0.200 0 200 steel 6.002 0 0 1.600 0.250 0.031
304 SS 15.177 1.727 0.508 0.043 1117 15.245 0 0 3.683 0.635 0.0686

#3 5.975 0.680 0.200 0.017 170 steel 6.002 0 0 1.450 0.250 0.027
304 SS 15.177 1.727 0.508 0.043 304 SS 15.245 0.483 1.905 3.683 0.635 0.0686

#4 5.975 0.680 0.200 0.017 170 Hastolly X 6.002 0.190 0.750 1.450 0.250 0.027
4140 15.166 1.016 0.508 0 304 SS 15.245 0.483 1.905 4.064 0.635 0.787

#5 steel 5.970 0.400 0.200 0 170 Hastolly X 6.002 0.190 0.750 1.600 0.250 0.031

Table 5.1: Seal and land geometry for the 5 different builds.



ANGULAR STATIC RADIAL DISPLACEMENT (mils) at location
POSITION setting and (average f)

1=TD C
0(1.0) 1 (3.8) 2 (7.3) 3 (10.7) 4 (13.1) J 5 (17.1)

1 0.8 3.7 7.4 10.8 13.2 17.2
2 0.8 3.8 7.3 10.7 13.1 17.0
3 0.9 3.8 7.3 10.7 13.2 17.1
4 0.9 3.8 7.3 10.7 13.1 17.1
5 1.0 3.9 7.3 10.6 13.0 17.2
6 1.1 3.8 7.3 10.6 13.1 17.2
7 1.1 3.8 7.3 10.7 13.1 17.1

8 1.0 3.7 7.4 10.8 13.2 17.0
9 0.8 3.6 7.4 10.8 13.2 16.9
10 0.8 3.7 7.3 10.8 13.1 16.9
11 0.9 3.8 7.3 10.7 13.0 17.0
12 0.9 3.8 7.3 10.7 13.1 17.1
13 0.9 3.9 7.3 10.7 13.1 17.2
14 1.1 3.8 7.3 10.7 13.2 17.2
15 1.1 3.8 7.3 10.7 13.2 17.3
16 0.9 3.7 7.4 10.8 13.3 17.3

Maximum
Deviation 20.0% 5.5% 1.4% 0.9% 1.5% 1.2%

Table 5.2: Orbit trajectory of the shaft, as measured at 16 equally spaced angular locations,
for the different eccentricities used in the experiments. Location 1 is TDC and they increase
numerically in the clockwise direction every 22.50.
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(i-mils) VANE PRESSURE RATIO SPIN SPEEDS WHIRL SPEEDS
11= # ANGLE w, 1 w (Hz.) S0 (Hz.)

(7.3) ±7.57, ±14.12, ±20.10
0.2517 00plate 1.00 0 ±26.18, ±32.29, ±40.53
(7.3) ±7.11, ±14.72, ±21.99

0.2517 O0 plate 1.21 0 ±25.87, ±33.85, ±40.03
(7.3) ±8.08, ±14.98, ±21.76

0.2517 00plate 1.32 0 ±26.87, ±33.73, ±40.98
(7.3) ±7.08, ±14.73, ±21.95

0.2517 00plate 1.44 0 ±26.98, ±33.93, ±40.05
(7.3) ±7.64, ±14.98, ±21.79

0.2517 00plate 1.68 0 ±26.61, ±33.03, ±40.94
(7.3) +20.11, +27.50, +32.97 ±7.53, ±14.29, ±20.03

0.2517 00plate 1.32 +45.00, +57.02 ±26.94, ±32.24, ±40.49
(7.3) -20.87, -27.07, -33.05 ±8.00, ±14.52, ±20.11

0.2517 00plate 1.32 -44.91, -57.03, ±26.21, ±32.07,±40.45
(7.3) +20.48, +28.20, +32.05 ±8.59, ±14.20, ±19.59

0.2517 0 oplate 1.44 +44.36, +57.11 ±26.18, ±32.22, ±40.43
(7.3) -20.07, -27.33, -33.83 ±7.04, ±13.87, ±20.88

0.2517 00plate 1.44 -44.06, -57.41, ±26.48, ±32.37, ±40.65
(7.3) ±8.48, ±15.02, ±20.58

0.2517 450 1.00 0 ±26.07, ±32.42, ±40.90
(7.3) ±7.34, ±14.81, ±20.75

0.2517 450 1.21 0 ±26.03, ±32.21, ±39.04
(7.3) ±7.76, ±14.71, ±21.84

0.2517 450 1.32 0 ±26.48, ±32.44, ±39.69
(7.3) ±7.29, ±14.48, ±20.29

0.2517 450 1.44 0 ±26.19, ±32.34, ±42.19
(7.3) ±7.26, ±14.21, ±20.25

0.2517 450 1.68 0 ±27.87, ±32.24, ±39.03
(7.3) +20.34, +27.54, +32.87 ±7.05, ±14.98, ±20.35

0.2517 450 1.32 +44.87, +57.87 ±26.97, ±32.34, ±40.08
(7.3) -21.03, -27.07, -33.35 ±6.99, ±14.23, ±20.87

0.2517 450 1.32 -44.47, -56.34, ±26.38, ±32.42, ±40.15
(7.3) +20.34, +28.09, +32.65 ±7.07, ±13.95, -21.24

0.2517 450 1.46 +44.96, +57.87 ±26.88, ±32.98, ±40.94
(7.3) -20.47. -27.35, -33.75 ±7.18, ±14.47, ±20.37

0.2517 450 1.46 -43.96, -57.49, ±26.58, ±32.37, ±39.89

Table 5.3: Test Matrix for build #1.
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(f-mils) VANE PRESSURE RATIO SPIN SPEEDS WHIRL SPEEDS
1 = f ANGLE o, w (Hz.) 0 (Hz.)
(7.3) 1.21, 1.32, 1.44 ±7.06, ±14.22, ±21.07

0.2355 00plate 1.51, 1.59, 1.89 0 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 00plate 1.44 21.34, 43.90, 65.01 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 00plate 1.44 -22.44, -43.43, -64.93 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 00plate 1.51 22.57, 44.53, 65.73 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 00plate 1.51 -21.67, -43.53, -65.20 ±26.18, ±32.45, ±40.98
(7.3) 1.21, 1.32, 1.44 ±7.06, ±14.22, ±21.07

0.2355 150 plate 1.53, 1.61, 1.89 0 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 150plate 1.44 22.14, 43.71, 65.98 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 150plate 1.44 -22.23, -42.45, -65.33 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 150plate 1.52 22.03, 44.97, 67.23 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 150plate 1.52 -21.06, -41.13, -65.29 ±26.18, ±32.45, ±40.98
(7.3) 1.21, 1.33, 1.44 ±7.06, ±14.22, ±21.07

0.2355 300 1.53, 1.62, 1.89 0 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 300 1.44 21.54, 44.18, 67.36 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 300 1.44 -22.03, -43.93, -65.13 ±26.18, ±32.45, ±40.98
(7.3) 1.21, 1.33, 1.45 ±7.06, ±14.22, ±21.07

0.2355 600 1.55, 1.62, 1.89 0 ±26.18, ±32.45, ±40.98

(7.3) ±7.06, ±14.22, ±21.07
0.2355 600 1.44 21.48, 43.50, 64.91 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 600 1.44 -22.38, -43.00, -64.49 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 600 1.51 21.03, 44.93, 65.35 ±26.18, ±32.45, ±40.98
(7.3) ±7.06, ±14.22, ±21.07

0.2355 600 1.52 -21.67, -43.53, -65.20 ±26.18, ±32.45, ±40.98
(7.3) 1.21, 1.32 ±7.52, ±20.87

0.2355 O0 plate 1.44 0 ±33.17, ±48.15

(7.3) 1.21, 1.32 ±7.52, ±20.87
0.2355 15 0plate 1.44 0 ±33.17, ±48.15
(7.3) 1.21, 1.32 ±7.52, ±20.87

0.2355 300 1.44 0 ±33.17, ±48.15

(7.3) 1.21, 1.32 ±7.52, ±20.87

0.2355 600 1.44 0 ±33.17, ±48.15

Table 5.4: Test Matrix for build #2.
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(if-mils) VANE PRESSURE RATIO SPIN SPEEDS WHIRL SPEEDS
_i= _ ANGLE _, w (Hz.) 0f (Hz.)

(1.0) 1.27, 1.38, 1.46 ±7.52, ±20.87
0.0370 00plate 1.65, 1.83 0 ±33.17, ±48.15
(1.0) 1.25, 1.39, 1.42 ±7.52, ±20.87

0.0370 150plate 1.65, 1.84 0 ±33.17, ±48.15
(1.0) 1.27, 1.38, 1.44 ±7.52, ±20.87

0.0370 300 1.66, 1.82 0 ±33.17, ±48.15
(1.0) 1.25, 1.40, 1.46 ±7.52, ±20.87

0.0370 600 1.66, 1.85 0 ±33.17, ±48.15

(3.8) 1.13, 1.21, 1.27 ±7.52, ±20.87
0.1407 0 *plate 1.38, 1.48, 1.65 0 ±33.17, ±48.15
(3.8) 1.73, 1.79, 1.94 ±7.52, ±20.87

0.1407 00plate 2.07, 2.29, 2.40 0 ±33.17, ±48.15
(3.8) ±7.52, ±20.87

0.1470 00plate 1.48 ±44.87, ±66.52 ±33.17, ±48.15
(3.8) 1.24, 1.40, 1.55 ±7.52, ±20.87

0.1470 150plate 1.64, 1.81 0 ±33.17, ±48.15
(3.8) ±7.52, ±20.87

0.1407 150plate 1.55 ±44.87, ±66.52 ±33.17, ±48.15
(3.8) 1.23, 1.38, 1.55 ±7.52, ±20.87

0.1470 300 1.66, 1.76 0 ±33.17, ±48.15
(3.8) ±7.52, ±20.87

0.1470 300 1.55 ±44.87, ±66.52 ±33.17, ±48.15
(3.8) 1.11, 1.19, 1.23 ±7.52, ±20.87

0.1407 600 1.38, 1.55, 1.66 0 ±33.17, ±48.15
(3.8) 1.79, 1.88, 2.02 ±7.52, ±20.87

0.1407 600 2.21, 2.30, 2.38 0 ±33.17, ±48.15
(3.8) ±7.52, ±20.87

0.1407 600 1.54 ±44.87, ±66.52 ±33.17, ±48.15
(7.3) 1.20, 1.38, 1.58 ±7.52, ±20.87

0.2704 00plate 1.67, 1.88 0 ±33.17, ±48.15
(7.3) 1.21, 1.38, 1.55 ±7.52, ±20.87

0.2704 15 0 plate 1.67, 1.93 0 ±33.17, ±48.15
(10.7) 1.23, 1.39, 1.52 ±7.52, ±20.87
0.3963 00plate 1.65, 1.79 0 ±33.17, ±48.15
(10.7) 1.25, 1.40, 1.46 ±7.52, ±20.87
0.3963 600 1.66, 1.85 0 ±33.17, ±48.15
(13.1) 1.27, 1.38, 1.46 ±7.52, ±20.87
0.4852 00plate 1.65, 1.83 0 ±33.17, ±48.15
(13.1) 1.25, 1.39, 1.42 ±7.52, ±20.87
0.4852 15 0 plate 1.65, 1.84 0 ±33.17, ±48.15
(13.1) 1.27, 1.38, 1.44 ±7.52, ±20.87
0.4851 300 1.66, 1.82 0 ±33.17, ±48.15

(13.1) 1.25, 1.40, 1.46 ±7.52, ±20.87
0.4851 600 1.66, 1.85 0 ±33.17, ±48.15

Table 5.5: Test Matrix for build #3.
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Table 5.6: Test Matrix for build #4.

(i-mils) VANE PRESSURE RATIO SPIN SPEEDS WHIRL SPEEDS
i = f ANGLE r, w (Hz.) 9 (Hz.)

(3.8) 1.21, 1.32 ±7.52, ±20.87
0.1407 0 *plate 1.44 0 ±33.17, ±48.15
(3.8) ±7.52, ±20.87

0.1407 0 °plate 1.32 ±44.87, ±66.52 ±33.17, ±48.15
(3.8) 1.22, 1.30 ±7.52, ±20.87

0.1407 150plate 1.46 0 ±33.17, ±48.15
(3.8) ±7.52, ±20.87

0.1407 150plate 1.30 ±44.87, ±66.52 133.17, ±48.15

Table 5.7: Test Matrix for build #5.
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(f -mils) VANE PRESSURE RATIO SPIN SPEEDS WHIRL SPEEDS
aI= r ANGLE 8, w (Hz.) J (Hz.)

(3.8) 1.08, 1.19, 1.28 ±7.52, ±20.87
0.1407 00plate 1.43, 1.58, 1.68 0 ±33.17, ±48.15
(3.8) 1.83, 1.96, 2.02 ±7.52, ±20.87

0.1407 00plate 2.11, 2.21, 2.31 0 ±33.17, ±48.15
(3.8) ±20.80, ±44.87, ±66.52 ±7.52, ±20.87

0.1407 00plate 1.58 ±85.37, ±105.03 ±33.17, ±48.15
(3.8) 1.25, 1.40, 1.58 ±7.52, ±20.87

0.1407 150plate 1.65, 1.80 0 ±33.17, ±48.15
(3.8) ±7.52, ±20.87

0.1407 150plate 1.58 ±44.87, ±66.52 ±33.17, ±48.15
(3.8) 1.25, 1.42, 1.59 ±7.52, ±20.87

0.1407 300 1.68, 1.81 0 ±33.17, ±48.15
(3.8) ±20.80, ±44.87 ±7.52, ±20.87

0.1407 300 1.59 ±66.52, ±85.37 ±33.17, ±48.15
(3.8) 1.24, 1.41, 1.56 ±7.52, ±20.87, ±33.17

0.1407 600 1.67, 1.83 0 ±48.15, ±57.37
(3.8) ±7.52, ±20.87

0.1407 600 1.56 ±44.87, ±66.52 ±33.17, ±48.15,



VARIABLE ABSOLUTE RELATIVE COMMENTS
UNCERTAINTY UNCERTAINTY

linearity, hysteresis
Kulite Sensitivity, V ±7.1 Pa ±1.4% - ±2.2% of P5  and calibration

Repeatability P 2aF = 0.304N ±8.5% 95 %
2 aFT = 0.146N ±4.6% Confidence

Inlet 0.0 ± 0.75M-00 undefined mass flow,
swirl 28.4 ± 2.2"-150 7.7 % alignment,

Vi 49.7 ± 3.6m-300 7.2 % repeatability,
Build#3 design 69.6 ± 4.4m"-600 6.3 % calibration

Pl, P*, Po ±344 Pa Max 0.5 % each MAX Total
accuracy

Spin speed ±2.1 RPM ±0.1 % MAX @ 1275 RPM
w

Whirl speed ±4.5 RPM ±0.9 % MAX @ 520 RPM

Temperature 10 F 0.2 % To calculate
T density

1.0± 0.2 mils 5.5% Most probable
, 3.8± 0.2 mils 1.5% error due to

and 7.3± 0.1 mils 0.6% non-circularity
10.7± 0.1 mils 0.2% of orbit
13.1± 0.2 mils 0.3% and casing.
17.1± 0.3 mils 0.3%

1,h,R, ±0.001 in. MAX 0.5 % MAX Machining
tolerances

Uncontrolled
6* 0.012±0.008 in. +67% -50% axial

clearance

Digitization 1 0.4% MAX2 4096

Table 5.8: Table of
force data.

uncertainties used in calculating the overall confidence interval for the
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From Static Measured
BUILD# FT ) Fr(d) C* Correlation Directly

2 0.372 7763 953 0.289 22.70 19.95

3 0.416 27821 3162 0.371 82.19 75.80

4 0.283 20001 3162 0.247 56.13 48.54

5 0.338 7053 953 0.231 20.33 15.81

Composite 0.357

Data 0.357
of 0.423

Benckert 0.265

Table 5.9: The first column shows the cross-stiffness correlation for all builds and for the
static data of Benckert [42]. The next two columns show the total cross force and frictional

component evaluated at £d = 300 (rads) and design pressure ratio. The next column

is the measured nondimensional direct damping coefficient. The final two columns give
the damping calculated from the cross-stiffness coefficient and the average value that was
directly measured.
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Figure 5-1: Typical raw voltage from pressure transducer #1 (located 0 450 cw from TDC)

vs. data point number. There are 32 data points per whirl revolution.

L .4 2 ......... ............ ......... ......... .......... .. ....... ......... .......... ............ .........

. -- '.............. ............. . .. ................

1 .13 . .. .. ". ......... .

S.........

.825

4. 12. a 28'. ' 28'. ' 36.

Data Point Number

Figure 5-2: Raw voltage from proximeter #5 (located @ TDC ie. 00) vs. data point number.

Again there are 32 points per whirl revolution. There is a "time" difference of four data

points between this signal and the pressure channel shown above.
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Figure 5-3: Power spectral density calculated from 5-1. Note that virtually all of the energy

is concentrated at the whirling frequency, 21 Hz.
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Figure 5-4: Power spectral density function of the pressure data for a run with both spin

and whirl.
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Figure 5-5: Phase locked ensemble average, PLEA, for channel # 1 using 64 whirl cycles.
Each data point represents 11.250 around the seal annulus. Note that virtually all of the
noise has been removed by using this process.
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Figure 5-6: Block diagram showing the procedure for obtaining the composite phase locked
ensemble average from the 4 pressure signals for forward whirl. The phases are referenced
to TDC.

Figure 5-7: Block diagram showing the procedure for obtaining the composite phase locked
ensemble average from the pressure signals for backward whirl. The phases are referenced
to TDC.
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Figure 5-8: The composite (averaging all four transducers with their calibration) phase
locked ensemble average is shown vs. data point number along with a least-square curve fit
using F(t) = A + Bcos(Ct - D).
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Figure 5-9: Steady circumferential pressure distribution around the annulus taken at eight
equally spaced locations, 0.550 inches upstream of the first knife edge and at the design
pressure ratio, 7r, = 1.58. This is shown for all five vane sets.
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Figure 5-10: Steady axial pressure distribution at design flow rate for build #3 for all five

vane sets. "=0 is at the first knife and x=1 is at the one downstream.
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Figure 5-11: Swirl angle of the air leaving the second knife edge vs. % seal gap. Measure-
ments are from build #3 with no seal rotation and at design flow rate.
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Figure 5-12: The effect of whirl eccentricity on the nondimensional direct stiffness coefficient,
K*, for inlet swirl angles of 00, 8.60, 15.80 and 21.40. Build #3. 7r ,1.42.
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Figure 5-13: The effect of whirl eccentricity on the nondimensional cross stiffness coefficient,
K*,, for inlet swirl angles of 0', 8.60, 15.80 and 21.40. Build #3. r, -1.42.
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Figure 5-14: The effect of whirl eccentricity on the nondimensional direct damping coeffi-
cient, C**, for inlet swirl angles of 00, 8.60, 15.80 and 21.40. Build #3. 7, -1.42.
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Figure 5-15: The effect of whirl eccentricity on the nondimensional cross damping coefficient,
C•;, for inlet swirl angles of 00, 8.60, 15.80 and 21.40. Build #3. 7r, -1.42.
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Figure 5-16: The effect of pressure ratio on the nondimensional direct stiffness coefficient,
K*, for builds #2(narrow rotor-smooth land) , #3(wide rotor-smooth land), #4(wide rotor
- honeycomb land) and #5(narrow rotor - honeycomb land). The inlet swirl for all cases is
00 and E1=0.1407.
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Figure 5-17: The effect of pressure ratio on the nondimensional cross stiffness coefficient,
-v for build #2, #3, #4 and #5. All were taken with the 150 swirl orifice plate and
E1=0.1407.
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Figure 5-18: The effect of pressure ratio on the direct damping coefficient, C**, for builds
#2(narrow rotor-smooth land) , #3(wide rotor-smooth land), #4(wide rotor - honeycomb
land) and #5(narrow rotor - honeycomb land). The inlet swirl for all cases is 00 and
E1 =0.1407.
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Figure 5-19: The effect of pressure ratio on the nondimensional cross damping coefficient,
C** for build #2, #3, #4 and #5. All were taken with the 150 swirl orifice plate and
E1=0.1407.
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Figure 5-20: The effect of inlet swirl on the direct stiffness
#2(narrow rotor-smooth land) , #3(wide rotor-smooth land),
land) and #5(narrow rotor - honeycomb land). E1=0.1407.
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Figure 5-21: The effect of inlet swirl on the nondimensional cross stiffness coefficient, K;*
for build #2, #3, #4 and #5. All data were taken with E1=0.1407.
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Figure 5-22: The effect of inlet swirl on the direct damping coefficient, CO*, for builds
#2(narrow rotor-smooth land) , #3(wide rotor-smooth land), #4(wide rotor - honeycomb
land) and #5(narrow rotor - honeycomb land). E1=0.1407.
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Figure 5-23: The difference K - K**(w = 0) is plotted against w. E1=0.1407, r,=1.55 and

data from all inlet swirl vane sets are shown. Note that positive spin decreases Key where
as negative spin values increases Ky.
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Figure 5-24: The effect of spin speed on Cz. This is shown as a
the value measured with w = 0. 7,=1.55 and E1=0.1407.
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Chapter 6

Comparision of Experimental

Results to Theory

6.1 Introduction

A comparison of the experimental data to the theory developed in Chapter 2, which in-

cluded the presence of an upstream swirl cavity with a radial leakage flow, will now be

made. The major problem in making these comparisons is that the axial leakage gap, B*,

and the swirl inside the center cavity, Vc*, were not measured. The reason for this is that

the importance of these parameters was not identified until after the test program had been

completed. Therefore, values of 6* and V* must be estimated in order to make any direct

comparison with the rotordynamic data.

The rotordynamic coefficients K.,, Kxy, CX,, CX, and Mx obtained from experiments

and calculated from the theory are tabulated in Appendix I. The values were computed by

using the nominal axial gap, 6*=0.010", and by assuming that Vj* = 0. The effective vane

exit angles were set from exit swirl measurements of build #3.

In general the cross force coefficients that were measured, K.y and C,,, can be well ex-

plained by the theory. In particular, these coefficients are bracketed between the values

predicted by the uncoupled theory (uniform upstream boundary conditions) and the fully

coupled values (no leakage flow). Qualitatively, the theory predicts the sensitivity of these
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coefficients to changes in pressure ratio, spin rate, etc., quite well.

The situation with respect to the direct coefficients, K,, and C.,, is some what less satisfac-

tory. A direct comparison of the experimental and theoretical values show a wider disparity

and the manner in which these coefficients change with pressure ratio and spin are not well

explained by theory.

Benckert and Wachter [42] made measurements of the cross-stiffness coefficients of two gland

seals. The measured K,, for these seals is higher, by a factor of two or more, than would be

predicted by a lumped parameter model with constant inlet conditions. The present theory

provides a rational explanation for this discrepancy. The theory was extended to calculate

the forces on a two gland seal and a comparisons with the measurements of Benckert [44]

were made. Of course no measurement of the leakage flow axial gap in their apparatus was

made and therefore it must be used as a free parameter to match these data.

6.2 Cross Forces

Figure 6-1 shows the nondimensional cross-stiffness coefficient, Kg*, vs. the swirl parameter,

a, for both theory and experiment. For the theory 6* is treated as a parameter, because its

exact value is not known. The nominal value, which was used in the calculations presented

in Appendix I, is 10 mils(0.000254 m). The calculation with this nominal value falls in the

"middle" of the experimental data. However, the data are "scattered" from +60% to -40%

about this line. In terms of the theory, small absolute changes in the axial gap may be

responsible for all the variation in the experimental data. All of these data are bounded by

theory for the axial gap in the range 0.004"(0.0001m) < 6" < 0.017"(0.0004m). The bottom

thick line ( shown with 6* = oo) represents the calculation with no upstream perturbations.

The top thick line is the predicted cross stiffness coefficient vs. inlet swirl parameter with

direct coupling. That is with no leakage flow to the center volume. Each group of points

is obtained from a build with a particular vane set. All points in a group follow a ray

from the origin very closely. Presumably this is because the axial gap is the same for all

these data points. It appears that changing the vane sets has the unintended effect of al-

tering the axial sealing clearance and hence placing different groups of data on different rays.
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Since the direct damping is the change in the ideal component of cross force as viewed

in the whirling frame, the experimental data and theory for the direct damping match to a

similar degree as the cross stiffnesses. While the cross stiffness coefficient vs. swirl parame-

ter correlation and direct damping vary from one configuration (build and vane set) to the

next, the ratio of these is such to make the cross over frequency approximately equal to .

This is as predicted by theory.

6.3 Direct Forces

Figure 6-2 shows a comparison of the experimentally obtained direct stiffness coefficients,

K., for builds 3 (smooth lands) and 4 (honeycomb lands) against the theory. Again 6* is

used as a parameter in the calculations. The experimental values do not always fall within

the bounds of the predictions for a chosen value of 6*. The lower direct stiffness measured

in build 4 can not simply be attributed to a reduced axial gap. This explanation would not

be consistent with the higher cross-stiffness measured in build 3. The most likely reason for

the reduced direct stiffness seen in build 4, is that the honeycomb land tends to reduce the

carry-over sensitivity. This explanation is consistent with the lower flow coefficient that was

measured for the second knife of build 4 (•p = 0.75 ) as compared to build 3 (I; = 0.85).

For builds 2 and 5 the measured values are quite close to each other and match the theory

much better than for the two wider seals. The theoretical predictions match the measured

values for these two builds with an axial gap of 0.008 inches.

The cross damping coefficient is predicted reasonably well (within 40%) by the theory for

cases without seal rotation. But the sensitivity of the measured cross stiffness to rotation

is an order of magnitude higher than predicted by the theory for any set of parameters.

Fortunately, this coefficient plays a rather minor role in the dynamics of a rotor for most

cases. While no direct reason for this discrepancy has been confirmed, it may be that the

swirl velocity inside the center cavity, which must be affected by the seal rotation, plays a

strong role in generating cross damping.
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6.4 Comparision of Theory to the Data of Benckert and

Wacht er

Many researchers [25, 29, 30, 34, 28] have used the data of Benckert and Wachter [42] as a

means of validating there predictive models for static labyrinth forces. Most models match

these data within 20-30% for multi-chamber seals (more than 4 knives). However, for the

shorter seals they measured (two and three glands), no model to date has be able to match

the higher-than-expected cross forces.

All of the models assumed constant upstream boundary conditions. It was shown in Chap-

ter 3 that the addition of the upstream cavity can significantly augment the cross force

levels. The test section used by Benckert is similar to the LSTF's in that swirl vanes feed

a swirl cavity which is nominally sealed from a large center cavity by an axial clearance.

However, in their facility the seal is not a knife edge but an axially facing annular "seal".

They did not report this sealing gap in their publications. Obviously they did not recognize

the importance of the upstream coupling. Therefore, just as with the data from the LSTF,

the unknown axial gap is used in the model as a free parameter with which to match the

forces.

In order to compare the coupled theory to these data the model was extended to a two

gland seal. Appendix M contains the generalized linearized continuity and momentum

equations for the i th gland of an N gland seal.

The cross forces obtained in all three 2 gland seals that Benckert tested can be matched

by the theory with appropriate choices of the axial sealing gap 6* (a different one for each

build). Not only can the total force be predicted but the relative contributions from each

gland can be matched for the one case for which this was reported. The model predicts

that the effects of the upstream coupling die exponentially. After a few glands the upstream

influence can not be seen.

Table 6.1 gives the data of Benckert along with several cases from the model. The cross

force as predicted with uniform upstream conditions is given (note these are approximately
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the values that one would obtain using the models of other researchers) along with the fully

coupled model (ie. no leakage gap). Finally, value of the axial gap that matches Benckert's

data is given for each case. These values are reasonable and show that the strong upstream

coupling is the most likely cause for the high cross forces generated in the first gland of a

seal.
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Table 6.1: Comparison of the data of Benckert and Wachter [42] to the coupled model
predictions. All cases are for standard conditions. Pi = 1.58 (bar), Po = 1 (bar) and
av = 28.40. The first column shows the experimental value. The second column gives
the value predicted with full coupling, that is no leakage flow. The third column has the
predictions for constant upstream boundary conditions. The last column gives the value of
the axial space needed for the model to match the experimentally obtain value.
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Matched
CONFIG. FT(meas.) FT(6=0, = 0) FT(6 = oo) 6:

1 10.21(N) 16.28(N) 4.99(N) 0.008"

2 8.28(N) 16.15(N) 4.25(N) 0.011"

3 11.91(N) 15.51(N) 4.09(N) 0.010"
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S= 0

b = 0co

50

0 7- p 'V *b*
q*

Figure 6-1: K.* vs. o for the experimental data and theory. The axial gap, 6*, is used as
a parameter. All experimental values fall between the theory with 0.004"(0.0001m) < b* <
0.017(0.0004m).The top thick line is for full coupling (ie. no leakage). The bottom one is
for uniform inlet conditions (ie. no coupling). The calculations are for build #3 geometry.
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THEORY EXPERIMENT
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Figure 6-2: K** vs rx, for the experimental data and theory for builds 3 (smooth land) and
4 (honeycomb land). a, = 150, w = 0 and E1 = 0.1407. 6" is used as a parameter.
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Chapter 7

Conclusions and

Recommendations

7.1 Summary

A lumped parameter model, which included the coupling effects of an upstream swirl cav-

ity, was developed. One-dimensional continuity and momentum equations, which included

mass and momentum source terms due to the axial transfer from the through-flow, were

presented for both the swirl cavity and the seal gland. In the swirl cavity a radial "leakage"

term was added to account for venting to a large center volume. The effect of variation in

kinetic energy carry-over and unsteady mass storage due to honeycomb lands were added

to the seal conservation equations.

A solution method based on a perturbation expansion and assuming harmonic behavior

was developed. The leakage term in the swirl cavity, which introduced an essential nonlin-

earity into the perturbation equations, was treated by the method of harmonic balance. An

iterative solution technique for the resulting system of nonlinear complex equations for the

pressure and velocity perturbations was described.

A simplified set of equations, without upstream coupling was non-dimensionalized and the

important parameters and terms were identified. The scaling behavior with respect to pres-

sure ratio, inlet swirl, seal rotation rate, relative eccentricity, etc. was given along with the
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physical reasons for such behavior. A parametric study giving the sensitivities of the forces

to variations in geometry and flow conditions was presented.

The cross force at a set whirl frequency was shown to be composed of an ideal and a

viscous component. This decomposition was shown to be useful in recognizing the origin of

the direct damping coefficient. In particular, the direct damping is produced by a change

in the relative inlet swirl, as observed in the whirling frame, changing the ideal component

of the total cross force.

A test facility was designed, manufactured and operated to measure the rotordynamic forces

generated by a spinning/whirling labyrinth seal. The time resolved static pressures were

measured on the outer land and the forces were obtained by phase lock ensemble averaging

the measurements at several circumferential locations. The direct and cross force compo-

nents as a function of frequency were obtained for five different seal/land configurations.

A large body of data was acquired by parametrically varying the inlet pressure, swirl vane

angles, seal rotation rate and whirl eccentricity. Wide and narrow - smooth and honeycomb

landed single gland tooth on rotor seals were tested.

The results of this experimental investigation were reported and discussed. The relationship

between the ideal component of cross stiffness and direct damping, that was predicted by

theory, was shown to be valid experimentally.

Comparisons of the new theory with upstream coupling and leakage to the experimen-

tally obtained data were made. The cross stiffness data were explained in terms of the

unknown axial seal gap.

The static cross force data for three 2 gland seals from the measurements of Benckert

and Wachter were explained in terms of the new theory.
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7.2 Conclusions

The following conclusions have been drawn from consideration of the analytical results and

the supporting experimental data. The original goal set for this investigation - to understand

the nature of the damping forces - has been accomplished. A fairly complete understanding

of origin of these forces has been obtained. The conclusions about the fundamental nature

of damping are

1. The total cross force at a given whirl frequency is the sum of an "ideal"

component, due to an inviscid fluid with swirl, and a "viscous" one, due

to the change in swirl brought about by shear forces.

2. The ideal component of cross force is a function of the inlet swirl relative

to the gap variation speed. This component vanishes when the velocity of

the traveling gap is equal to the swirl velocity inside the seal gland. This

component is solely responsible for the damping.

3. The viscous component does not create nor alter the direct damping. It

adds to (if the swirl velocity is decreased in the gland) or subtracts from

(if the swirl increases) the cross-stiffness.

4. An important consequence of the above items is that the direct damping

can be extracted from purely static (ie. non-whirling) measurements.

In addition to these conclusions on the nature of damping, it has been determined that

The upstream perturbations in pressure and tangential velocity caused by cou-

pling between the seal and swirl cavity flow can have a very strong impact on

the pressure perturbations in the seal gland.

The effect of the upstream swirl cavity "feeding" non-uniform swirling air into the test

seal was found to be very important. In particular, the theory predicts that this coupling

will increase the cross forces by as much as a factor of four with some geometries. The

primary factor controlling this augmentation is the swirl cavity to seal gland area ratio,

.Lh1 The presence of a large volume with a non-contact seal adjacent to this swirl cavity

will tend to mitigate this large increase. Three parameters were shown to be important in
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understanding the leakage flow's impact. They are the ratio of effective flow areas, , the

swirl velocity inside the center cavity, 4 and the whirl amplitude. The highly nonlinear

behavior of the leakage flow becomes important as the whirl amplitude and hence pressure

perturbations decrease. In the limit of zero whirl amplitude, the perturbation leakage flow

"kills" the upstream coupling.

The significance of this upstream coupling is clear. It is not sufficient to specify the up-

stream uniform flow conditions to accurately predict the destabilizing effect of a single gland

seal. It is necessary to match the perturbation boundary conditions in pressure and velocity

to the upstream flow field. Neglecting this interaction may lead to large errors. This direct

coupling appears to be a problem confined to short seals.

7.3 Secondary Deductions

Along with the major conclusions that were presented, several other findings from various

aspects of this work will now be given.

The lumped parameter model is a very useful tool for understanding the basic physical

phenomena that generate rotordynamic forces in labyrinth seals. Information on the scal-

ing behavior of the cross force and its decomposition into ideal and viscous contributions

both originated from an investigation of this simple model. While it was necessary to add

a new set of equations for an upstream cavity with leakage and some additional terms to

the seal gland equations (notably carry-over variations), the basic framework of the model

is extremely useful in understanding the static and dynamic behavior of labyrinth seals.

The basic approach used in the Labyrinth Seal Test Facility was successful. Accurate

rotordynamic coefficients for single gland labyrinths were obtained under a wide range of

operating conditions. In particular, the facility demonstrated

1. The basic mechanism for producing the spinning/whirling motion was capable of

precisely controlling the motion over a wide range of spin rates and whirl speeds and

eccentricities.
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2. The necessary rotordynamic information (the amplitude and phase of the pressure

perturbation) can be successfully extracted from the low level "noisy" time resolved

pressure traces by a phase lock ensemble averaging technique.

3. The data are repeatable. 64 cycles of data are sufficient to obtain repeatable averages

at a given whirl frequency. A minimum of eight whirl frequencies over a wide range

are required to calculate the damping accurately.

4. The wide range of whirl frequencies at which data could be acquired, from negative

to positive whirl, was shown to be a great advantage in calculating the damping

coefficients. The disadvantage of this type of facility is that it is more complicated

than a linear shaking mechanism.

The data from the experiment confirmed many of the theoretical predictions. Besides those

previously discussed regarding the nature of damping, most important of these are

1. The cross force components scale as predicted by theory. This includes the scaling

with eccentricity, pressure difference and inlet swirl

2. The cross force is a linear function of whirl frequency. Theoretically, the damping

can be found by measuring the cross force at two frequencies. This result is probably

limited low values of the relative inlet swirl. la(1 - W)I <K 1. This means that the

cross inertia term, M,,, can be neglected in rotor stability calculations.

3. The direct force is a quadratic function of the whirl frequency. Kx,, Cxy and M,, are

all needed to describe this force. The direct force must be measured at a minimum of

three Q's in order to extract these coefficients.

4. The direct damping is virtually independent of seal spin speed.

5. The cross stiffness changes with spin as predicted by theory. An increases of spin

speed in the direction of inlet swirl decreases the cross stiffness while a decrease in

seal speed (algebraically) increases the cross stiffness. The sensitivity, , is nearly

twice as high as predicted. This is probably due to higher than expected friction

factors.

The comparison of theory to experimental data showed that the cross force components are

well explained by the theory in terms of the axial sealing clearance. However, the direct
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force components are not explained well quantitatively for all cases with the current model.

The experimental cross stiffness data were shown be bound on the lower side by the un-

coupled theory (with uniform inlet conditions) and on the upper side by the fully coupled

theory (with no leakage flow). All of the cross force data can be explained by the theory

with an appropriate choice of the axial sealing gap.

The experimental direct stiffnesses for builds 2 and 5 are predicted by theory quite well.

For builds 3 and 4 the theory does not explain the K,, data. The measured cross damping

coefficients are predicted within 35% for most cases for all build when the seal is not rotat-

ing The measured sensitivity of Cy to seal rotation was an order of magnitude higher than

predicted by the theory.

The proposed method of obtaining the direct damping coefficient from static data cor-

relations by extracting the change of the ideal component of the total cross force with

relative inlet swirl was checked against experimental data. The predicted direct damping

coefficients matched those directly measured to within 15% for builds with stiffness data

taken over a wide range of inlet swirl. This calculation along with the solid theoretical

foundation on which it is based strongly suggest that the proposed method for calculating

the damping coefficients from static data is generally valid.

The data of Benckert and Wachter are consistent with the predictions of the new model

with upstream coupling. It was shown that there exists a value of the axial gap for which

the model matches the data.

7.4 Recommendations for Future Work

Recommendations for practical ways to calculate the destabilizing forces generated in labyrinth

seals and ways to minimize their adverse effects are given in Appendix K.

Based on this research several areas have been identified as important questions that that

need to be addressed if more reliable prediction methods are to become available to rotor-
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dynamists. The two most pressing needs are for better sub models and for a more clear

understanding of the coupling of a seal to the "environment" in which it exists. These and

other topics for further investigation will be discussed.

The greatest uncertainty in the sub-models surround the carry-over variations due to ra-

dial motions and the friction factors used for the calculation of swirl change inside the

seal glands. The carry-over may be strongly affected by the details of the knife tip land

geometry. Specifically, honeycomb may alter •. Seal rotation, by creating Taylor cells,

may substantially increase the friction factors - See Appendix A. The gland aspect ratio,

, will be important in determining the instability boundary and should be included as a

parameter if this phenomena is investigated.

Generically, the effect of the upstream boundary conditions, especially as they apply to

real machines, needs to be investigated. The extended model was used to predict how the

upstream geometry would affect the measured forces. The validity of the model should be

checked in a static rig with the parameters given in the model carefully controlled. The

downstream boundary conditions should also be measured.

The limits of the model should be investigated. At large axial vane to seal spacing the

non-uniformities should be circumferentially attenuated. Qualitatively, the effects of an

upstream potential disturbance should decay exponentially, in the axial direction, over the

scale of the seal radius.

As a practical matter, what are the "appropriate" conditions under which to test seals,

if the data are to be used in real machines? Perhaps data must be taken over a wide range

of an "upstream coupling parameter" and the designer must use a different correlation for

each cases. For applications of this theory to a sealed turbine tip shroud the lumped param-

eter model probably breaks down and the radial variations in the axial inter-stator/rotor

spacing may become important. A potential calculation or actuator disk theory may be

useful in coupling the upstream flow to that in the seal.

The following is a list of suggestions for designing a test section to address these ques-
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tions.

1. Measure the upstream and downstream pressure and velocity perturbations along with

the steady state values.

2. Make the test section insensitive to small errors in axial assembly. It is not a good

idea to remove the inner part of the swirl cavity or to make the axial sealing clearance

large. A tight seal is needed here to prevent the rotation of the seal from altering

the swirl in the pre-cavity. A venting arrangement to the center volume with radial

honeycomb passages may be an attractive solution since the swirl velocity re-entering

from the center volume would have a known value - namely zero.

3. Be able to adjust the axial spacing from the swirl vane exit to the seal. This will allow

for a check of the potential influences.

The following topics have been partially investigated. Further work on these may lead to

some interesting and practical results

1. The knife tip geometry may be tailored to reduce the flow perturbations in and out of

the seal gland (by introducing a term 7 into 4), which are responsible for generating

these destabilizing forces. Preliminary results suggest that if the knife width is 1.5

times the sealing gap there is a 35% reduction of cross force (See Appendix B). Several

variations of this technique are possible.

2. These basic fluid mechanisms responsible for generating the instability forces can

also generate forced vibrations. A spinning non-circular seal will generate pressure

perturbations and hence force locked to the spin frequency. If the first harmonic

of the gland and seal imperfections have a relative phase then the analysis must be

generalized.

3. Investigate possible parametric instabilities and mode coupling between the spin and

whirl mode. Non-circularity in the seal discussed above will cause modes locked to

the spin speed. Under some conditions, f = 2w, energy may be transferred from

the spinning mode to the whirling mode. The source of this mode coupling is the

quadratic terms in the equations - mainly V 2.
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4. Investigate optimum geometries with respect to the forces. One of the dominant

parameters that controls the generation of forces is -R. An experimenatal study

quantifies the effects of changing this and othe geometric parameters would be useful.
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Appendix A

Rotational Flow Effects

A.1 Condition for Neglecting Rotationality

As mentioned in Chapter 2 the analytical model used through out this work is based on

coupling two one-dimensional flows and therefore does not account for any possible added

complexity due to any fully rotational nature of the flow. If this simple type of model is

to be used, it would be wise to know, at least approximately, when the rotational effects

should be small.

An exact analysis of when to include the rotational flow effects would be very difficult.

Therefore an order-of-magnitude analysis will be presented that gives a rough criterion for

when the more complicated rotational effect may be reasonably neglected without intro-

ducing large errors.

In general the Rossby number (Ro) indicates the relative importance of the convective

inertial forces and the Coriolis type forces as viewed in the rotating frame. This number in-

cludes a length scale(L), a velocity scale(V) and an angular frequency(f). It can be defined

as
VRo = (A.1)S1L

When Ro > 1 rotational effects may be neglected. To know what the appropriate scales

are for the flow in a labyrinth consider the flow entering it with an upstream axial and

tangential velocity of Vx and VT respectively. The seal radius is R, and the height is hi.
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For the Coriolis forces to be important it has to be the same size as the convective inertial

forces
9u

u- o - OXV - fIXfIXR (A.2)

For the nominal flow, u scales with Vx and the axial velocity changes over a length of hi.

The frequency f ~-V . Therefore the ratio of the forces scale like

inertial u s Vxil VxR,
~ ' a (A.3)Coriolis dfXV Vx VThl

In typical turbomachines machines the axial and tangential velocities are roughly the same.

But the gap is much smaller than the seal radius leading to a large Rossby number, so that

the truly rotational effects can usually be neglected.

However if the seal radius is reduced to minimize the annular leakage area, Vx will re-

main roughly constant but both VT and h will both increase. It is possible under these

conditions to have ~ ( 0(1). When this is the case, it is advisable to consider more

closely the effects that the rotational nature of th flow might have.

Even when these rotational effects may be important, it may be possible to make the lead-

ing order corrections in the sub-models without abandoning the lumped parameter model

framework.

A.2 Possible Rotational Effects

A.2.1 Flow Coefficients

One possible rotational effect would be to alter, due to inertial stiffening, the flow coef-

ficient entering the seal. The vena contracta should enlarge as the Rossby # is lowered.

Presumably limnRo-o i = 1 as one would expect from the Taylor-Proudman Theorem [87].

Also inertial waves may propagate upstream due to the time varying gap when the swirl to

axial velocity becomes high enough (, 2 for large th) [88, 89, 90, 91].
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A.2.2 Friction Factors

The friction factors calculated in Chapter 2, which are used in calculating the shear stress

that changes the swirl velocity in the gland, were based on turbulent flow correlations in a

smooth, straight pipe. Clearly the flow in the gland is much more complicated than this.

Many effects contribute to altering the friction factors. Some of these are discussed in Ap-

pendix B. Here the possible effects from the rotation of the seal will be treated.

It is well known that the flow between plain concentric cylinders when the inner one is

rotating and with an axial through flow may lead to very different flow regimes depending

on the Taylor number (Ta) and the axial flow Reynolds number (Re) defined by

Rsh3Q2 h 2 hi R
Ta = I Re = (A.4)V2 V Rs 2rR,v

The flow in this geometry has been studied both theoretically and experimentally [92, 93,

94]. The axial through flow tends to repress the onset of the Taylor instability cells. Four

different flow regimes exist for this type of flow as shown in figure A-1.

The situation is even more complicated for a labyrinth seal. The sealing knives segment

the annulus and change the spatial wavelength of the most unstable eigenmode. The most

unstable configuration should occur when the distance between knives is some integer mul-

tiple of twice the gland height. Physically, this is because the Taylor vortices form in pairs.

Boyman [96] provided a qualitative understanding of how seal rotation affects the flow

pattern in labyrinth seals by using flow visualization. Recently, Waschka and Wittig [97]

reported that seal rotation significantly increases the heat transfer on both rotating and

static parts when Ta > 1. From Reynolds analogy a similar increase should be seen in the

friction factors. Figure A-2 shows the heat transfer augmentation due to rotation. The

situation is further complicated due to the presence of the inlet swirl.

Due to the complicated nature of these flows it is difficult to predict the friction factors

with confidence to the needed precision. More research is needed in this area.
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Re = 2Uh
Vd

Taylor Number, Ta = ' ),

Figure A-1: Map of the four distinct flow regimes, showing the effect of Taylor# and
Reynolds#, for flow between long concentric cylinders, with inner cylinder rotating, with
an axial through flow. The critical Talor number in the absence of axial flow is Tact=41.3.
Note: This definition of the Taylor is the square root of A.4.
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Figure A-2: Heat transfer augmentation on a labyrinth rotor and stator due to rotation. The
Taylor and Reynolds numbers are defined the same way as above. 1=12mm, R, = 250mm,
hi = 10.5mm. Data from Wittig [97].
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Appendix B

Submodels

B.1 Flow coefficients

B.1.1 Effect of Reynolds Number

The flow coefficient of a given orifice, jp, is the ratio of the actual mass flow to the ideal

mass flow and can also be expressed as the contraction coefficient multiplied by the kinetic

energy carry-over coefficient as
ideal (B.1)

mactual

The contraction coefficient is a function of the clearance geometry and the Reynolds #.

Figure B-1 shows the contraction coefficient as a function of tip aspect ratio, 7, using the

gap Reynolds number as a parameter. Note that C, is relatively insensitive to Reynolds #

when .- < 1 but becomes more sensitive at higher aspect ratios.

B.1.2 Possible Reduction of Forces

It may be possible to exploit this sensitivity to help reduce the destabilizing rotordynamic

forces. For a constant knife thickness the flow coefficient increases on the side where the seal

gap is closed. Of course the opposite effect occurs on the other side of the sealing annulus.

This effect reduces the amount the flow change for a given gap variation hence reducing the

forces. The maximum flow sensitivity occurs at about d = 1.5 and is

6 -0.35 (B.2)P oab
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A linearized model using this effect was incorporated into the standard model and a reduc-

tion of the cross force on the order of 30 percent was found.

This may not be such an attractive option in real turbomachines because it has the unin-

tended side-effect of increasing the mean flow coefficients and therefore the leakage losses.

B.1.3 Other Effects

Several other effects may alter the flow coefficients. As described in Appendix A inertial

stiffening may increase these coefficients but no direct experimental evidence exits to sup-

port this. When the distance between successive knives is sufficiently large they will act

as isolated orifices. However, when this distance is reduced potential interaction become

important and act to increase the flow coefficient, from' 0.65 up to 0.78, of the upstream

knife as reported by Meyer [73].

The effects of complicated geometry and honeycomb lands on the local flow coefficients

is poorly understood. Only some global performance of relatively long seals has been inves-

tigated [75]. But very little detailed flow information, of the kind needed for the prediction

of rotordynamic forces from the lumped parameter model, is available.

B.2 Friction Factors

The friction factors used in Chapter 2 were based on the turbulent flow in a straight, smooth

pipe. The following formula is generally more accurate when the Reynolds number is 106

or larger
1 K8  37.4

= 0.87 - log[- + Rý (B.3)

In Appendix A the effect that rotation of the seal might have on the friction factors was

discussed. Other factors, such as roughness and curvature, may also contribute to alter

the friction factors. Most machined seals would be hydrodynamically smooth to Reynolds

numbers of 5 X 10' or greater. The effect of curvature on the friction factor of a pipe was

treated by White [84]. Curvature acts to augment the friction factor and is given by the

233



following empirical formula

A = 1 + 0.075Re0.'2s5 R
To- = (B.4)

Where A and Ao are the friction factors for the curved and straight pipes respectively. No

specific information exists on the effects the axial jet traveling through the seal has on the

friction factors.

0.950

0.900-

0.850-

0.800-

0.750-

0.700-

0.650-

0.600- I I I I I I I I I I I I i I I I I I

10- 1  100 101
d
P'

Figure B-1: Effect of geometry on the contraction coefficient of an isolated
plotted for several gap Reynolds #.
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Appendix C

Accuracy of Linear Perturbation

Method

The analytical predictions presented through out this work are based on a linear perturba-

tion analysis. It is useful to know how accurate this technique is when applied to this set

of equations.

This method was checked against the solution of a finite difference scheme. A reduced

set of equations was solved for both methods which did not contain the honeycomb stor-

age nor carry-over effects. The equations were first transformed into rotating coordinate

to eliminate their explicit dependence on time and make them ordinary differential equa-

tions. This reduces the computational time required and simplifies the implementation

significantly. These equations, given in [83], are

d
d[pfV] - R,(q2 - qi) = 0 (C.1)

and

d[pf [ + QR,)] - R [V2 - (1 + 2h)(wR, - V)2R,(q2V - qV) + fdP = 0 (C.2)
dJ 8 d- (

These are the continuity and momentum equations in the rotating frame. P = 0 - Ot and

V = V - IR,.. These equations were solved using a second order finite difference method

with periodic boundary conditions P(O) = P(O + 27r) and V(O) = V(O + 27r). A Newton-
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Raphson technique along with a block-tridiagonal solver was used to solve the system of

nonlinear equations. Figure C-1 shows a comparison of the finite difference solution to the

linear perturbation one. The parameters for this comparison were R, = 0.15m, 1=0.010m,

hi = 0.005m, Pi = 158500Pa, Po = 101325Pa, Vi = 50ms - 1 , w = 0, f = 0, T=300K,

P1 = z2 = 0.65, 6* = 0.001m, f = 0.0001.

The amplitude and phase found from the linear perturbation technique are (1 = 0.000484P* =

60.85Pa and -88.930 respectively.
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Figure C-1: Comparision of the linear perturbation technique to a finite difference solution.
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Appendix D

Calculation of Rotordynamic

Coefficients

Rotordynamic coefficients were calculated for both theoretical results and from the experi-

mental data. A least squares method was used to find the coefficients for both.

The normal force data were fitted to a second order polynomial of the form

FN = Co + C1O + C2 f 2 (D.1)

If the normal force is known at n different frequencies fti, i=1,2,3...n to be FN(!Qi) then the

polynomial coefficients presented above are found by solving the following system of linear

equations

n

n

i=l1

i=l

n

i=I
n

i=l

i=1

n

i=-1

i=-1
ICo

C1

C2

i=ln

i=1

i=1

(D.2)

Figure D-1 shows experimental data

for a typical case.

for the direct force along with a least squares curve fit

The rotordynamic coefficients for the cross force are obtained by fitting the data to a
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line of the form

FT = Ao + AfI (D.3)

This is sufficient since neither the theory nor the data indicate any substantial curvature

in the cross force vs. frequency curves. Ao and A 1 are found from the following system of

equations

! )i:? i=jFT() (D.4)

Figure D-2 shows representative cross force data vs. frequency along with the associated

curve fit. Typically the errors associated with the fits are small. R2 is usually greater than

0.98 for the cross force and greater than 0.96 for the direct forces.
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Figure D-1: Typical experimental direct force data vs. whirling frequency along with a
least squares curve fit to FN = co + Clfl + C2f12.
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Figure D-2: Typical experimental cross force data vs. whirling frequency along with a least
squares curve fit to FT = Ao + Aj1 .
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Appendix E

Disk Balance Control

E.1 Manual and Automatic Control.

In chapter 4 the disk balance control was introduced. The purpose of this system is to

maintain the axial force on the inner bearings within acceptable bounds. The bearing pre-

load requires that the force on the test disk be in the opposite direction as the main seal

flow. To calculate the necessary pressure difference between the front and back of the test

disk some assumptions are needed.

1. The pressure on the front of the disk is spatially uniform and acts on the entire frontal

projected area.

2. There is no net axial force contribution from from inside the seal gland.

3. The pressure inside the back pressure cavity is uniform up to the labyrinth rig seals.

4. The pressure drop across these labyrinth seals follows the same type of relations used

in the theory.

5. The pressure in the discharge annulus is spatially uniform and equal to atmospheric

pressure.

Using these assumptions the pressure ratio, as measured at the front and back of the test

disk, required to maintain a zero or a specified level of net axial force is easily found. The

effective area ratio was calculated to be 1.43. For a safety margin the gauge pressure in

the back pressure cavity was kept at a minimum of 1.5 of the pressure on the front of the disk.
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In order to keep the forward thrust on the bearings under 300 lbs the the two compen-

sating pressures had to be stepped up to the operating point. The procedure for doing this

along with the schedules are presented in [106].

A detailed design for an automatic control system to regulate the disk balance cavity

pressure was done. However, this system was never fully implemented. The necessary

components ( transducers, proportional ball valve, etc.) and the logic circuit design are

contained in [104]. This system should be constructed and used if future regular facility

operation is planned.

E.2 Self-Excited Vibrations.

During early shake-down runs a severe axial vibration of the inner spindle was detected.

When the back pressure was lowered below a certain level the vibration started. The vi-

bration created a loud low frequency "barking" sound. To suppress the vibration a large

system hysteresis had to be overcome. Therefore the back pressure must be increased, or

Pi decreased, substantially.

This problem was attributed to a self-excited vibration involving the axial motion of the

disk and filling and discharging of the disk balance cavity. If the pressure on the front side

of the disk was too high, the test disk is forced back closing the clearance for the rig seals.

This reduces the flow rate and increases the back pressure. When the pressure has increased

enough the disk is forced forward again for this cycle to repeat itself.
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Appendix F

Venturi Flow Meter

A Venturi flow meter was used to measure to mass flow through the test seal. It was a

B.I.F. Inc. UVT-PI-0182-022231 meter with a 2 inch inlet and a 1.2 inch throat.

The actual mass flow that passes through the meter, rh, is found by calculating the ideal

mass flow from the 1-dimensional compressible flow relation, ride,l, and multiplying it by

an empirically obtained discharge coefficient, Yp.

ih = •,v hideal (F.1)

The mass flow at the throat for a 1-D steady flow is

mideal = P2 a2 v 2  (F.2)

The pressure and temperature before the contraction, denoted by pi and T, were measured

along with the pressure difference between upstream and the throat Ap1 ,2. The pressure

at the throat is pi - Ap1 ,2 and 4 = a. The area ratio is denoted by m and -y is ratio of

specific heats. The ideal mass flow can be expressed in terms of these quantities as

2 P1(PI P2) (1- m2) - 4 1
7midel = a2  m1 (F.3)

1 - m \ 1 - m

The second expression under the V is the compressibility correction known as the adiabatic

expansion factor. If this is set to unity the relation for incompressible flow is recovered.
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The discharge coefficient L, is a function of Reynolds number 1. The program used to

calculate the mass flow looks up the appropriate 1L, as given by the manufacturer. At the

design flow rate the Reynolds number is z 400,000. Above 250,000 it, is relatively insen-

sitive to Reynolds number and a value of i,, = 0.9797 can be used with errors of less than

1% incurred.

'It also becomes a function of Mach number as the throat Mach number approaches unity
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Appendix G

Instrument Calibration

G.1 Pressure Transducer Calibrations

All of the pressure transducers, both the ones for measuring of steady state values as well

as the one used for the measurement of the time-varying gland pressure, were calibrated

by comparing them to a high-accuracy Baratron Pressure System. Before and after each

group of runs all of the pressure transducers were screwed into a calibration chamber and

readings taken as the pressure was raised and then lowered. For the Kulites voltage readings

were taken from -5 to +5 p.s.i. at about 1 p.s.i. intervals. Then the calibration data were

put into a least squares curve fit routine to find the overall system sensitivity, Up, for each

channel. Figure G-1 shows typical calibration data along with the associated curve fit. The

other pressure transducers were calibrated in a similar manner.

G.2 Hot Wire Calibrations

The hot wires were calibrated by inserting the wire normal to a free jet issuing from a

nozzle. The velocity of the jet was calculated from 1-d flow relations using the 1D flow

relations from the measured pressure and checked at two velocities with a pitot-static tube

and water manometer. The calibrations were used to check the general accuracy of the

system and to obtain the linearizing coefficients for the TSI polynomial linearizing module

for the particular wire used (T-1.5).
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G.3 Miscellaneous Calibrations

Many other devices had to be calibrated. Below is an itemizes list of the methods used for

each instrument.

1. The accelerometers were calibrated using a Briiel and Kjaer electodynamic shaker.

2. The temperature calibrations were done by using an ice bath and a laboratory mercury

thermometer.

3. The proximeters were checked against gauge pins, but the calibration for Stainless

304 and alloy 4140 targets supplied by the manufacturer were used.

4. For all electrical measurements two multimeters were used as primary voltage stan-

dards.

5. A stroboscope was used to check the accuracy of the the tachometers.
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Figure G-1: Typical Kulite calibration showing output voltage vs. input pressure. Cali-
bration data were taken for both increasing and decreasing pressure to measure hysteresis.
As can be seen in the figure, the symbols for lie on top of each other. Therefore there is
negligable hysteresis.
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Appendix H

Hot Wire Measurements

The experimental set up for the hot wire anemometer used to measure the exit swirl angle

leaving the second knife is described in Chapter 4. Basically the idea is to find the angle

by turning the hot wire normal to the flow coming through the gap to obtain a maximum

output signal. However, this alone is not very accurate because it is difficult to detect a

maximum since the voltage sensitivity with angle, dV is necessarily zero at the peak. Any

"noise" tends to create a relatively large error in the determination of the angle.

To overcome this difficulty the following procedure was used to compute the exit angle.

1. Find the approximate exit angle by rotating the probe until a voltage maximum is

obtained.

2. Take voltage readings every 100 as the probe is rotated. This was done for positive

as well as negative deviations from the maximum. A total of 11 points, from -500 to

+500, were taken for each vane set.

3. The maximum of this "function" is found by a least squares curve fit to the data.

Since the output from the amplifier was put through a Tsi 1052 polynomial linearizer, the

voltage vs. angle characteristics of the probe should follow a functional relation of the form

V(ad) = V(ao) - Vosin2 (ad - a¢) (H.1)

Where ao is the initial angle determined to be normal to the flow, ad is the angle measured

from a0 and a¢ is the correction to the initial angle ao. V, and ao are determined by curve
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fitting to the data.

Figure H-1 shows the voltage output vs. deviation angle from the original angle, ad and the

curve fit used to find the correction ak. For this case a,0 = -1.790. Usually the correction

was within ±50. When this method was tested for the case with axial flow the predicted

flow angle was calculated to be within 10 of axial with no apparent sensitivity to the initial

choice of a0 .

For cases with shaft rotation this method did not work well. Several things could be

responsible for this. One of the most probable is the shedding of the centrifused boundary

layer from the back of the disk adversely influenced the measurement by creating a non

two-dimensional flow field at the probe.

5.Z5

4.50-

3.75-

Volts 3.00-Volts
2.25-

1.50-

0.75-

0.00-
-50.0 -40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0 50.0

ad (degs.)

Figure H-1: Typical hot wire data and curve fit showing the procedure for correcting the
initial measurement of exit swirl angle by using by ap. Which for this case is -1.790.
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Appendix I

Tables of Rotordynamic

Coefficients: Experiments and

Theory

The rotordynamic coefficients, obtained from the measurements, for Builds #2-#5 are given.

For the test conditions see the test matrix in Chapter 5. These coefficients were obtained by

taking the direct and cross forces over a range of whirl frequencies and curve fitting by the

procedure outlined in Appendix D. Also presented are the coefficients as predicted by the

theoretical model which included the coupling to the upstream swirl cavity with a leakage

flow. The effective swirl angles at the vane exit was calculated from the seal exit swirl angle

measurement. They are

0 -+ a, = 00  15 --- a, = 14.6 0  30 -+ a = 28.40  60 -* a, = 43.10  (I.1)

No measurement of center cavity swirl velocity nor axial seal gap was made. The nominal

values, 6C =0.000254 m and Vc* = 0 are used. Nondimensional rotordynamic coefficients for

both theory and experiment are also presented. The stiffnesses are defined by

K** = K _ K** = Kxy1 (I.2)
K R IR,(P1 - Po) - IR,(Pi - Po)
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and the damping coefficients are given by

C** = CZ 1 - )
"IR2, VPi Fi - Po) "z IR2 VJp (P - Po)

The reasons behind nondimensionalizing the coefficients in this manner are discussed in

Chapter 5.
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LSTF - BUILD #2

SK N) K a C N. M CN

( ad Experiment Experiment Experiment Experiment Experiment
E1 (Theory) (Theory) (Theory) (Theory) (Theory)
a K** K** C** C**

r,=1.21 9072 75 14.00 0.42 -0.000857
w=0 (10742) (0) (21.53) (0) (-0.02242)

e1=0.2355 0.2106 0.0017 0.2638 0.0079
a, = 00 (0.2577) (0) (0.4122) (0)
7r,=1.32 13673 151 16.64 0.40 +0.0083

w=O (16851) (0) (27.76) (0) (-0.02638)
fE=0. 2 355 0.2116 0.0023 0.2451 0.0059
a, = 00 (0.2654) (0) (0.4123) (0)
r,= 1.44 18554 166 19.93 1.89 +0.0012

w=0 (23757) (0) (33.74) (0) (-0.0304)
El1=0.2355 0.2106 0.0018 0.2407 0.0228

a, = 00 (0.2721) (0) (0.4092) (0)
•',=1.21 7513 6138 14.27 5.90 -0.0076

w=0 (11856) (2933) (18.45) (5.52) (-0.0154)
E1=0.2355 0.1744 0.1425 0.2689 0.1111
a, = 14.60 (0.2845) (0.0704) (0.3523) (0.1056)

7r,=1.32 11656 8571 18.31 9.05 -0.0158
w=0 (18493) (4366) (23.71) (7.53) (-0.0181)

E1=0.2355 0.1804 0.1327 0.2697 0.1333
a, = 14.60 (0.2912) (0.0688) (0.3522) (0.1118)

r,=1.44 16758 10847 21.03 12.03 -0.02080
w=0 (25950) (5815) (28.76) (9.55) (-0.02095)

E1=0.2355 0.1902 0.1231 0.2540 0.1453
a, = 14.60 (0.2972) (0.0666) (0.3488) (0.1157)

7•=1.21 5338 7454 17.48 4.49 -0.00473
w=0 (12557) (5227) (15.64) (8.43) (-0.00888)

E1=0.2355 0.1239 0.1731 0.3293 0.0846
a, = 28.40 (0.3013) (0.1278) (0.2994) (0.1615)

7r,=1.32 8355 10469 21.90 8.44 -0.00125
w=0 (19581) (7882) (19.97) (11.46) (-0.01053)

E1=0.2355 0.1293 0.1620 0.3226 0.1243
a, = 28.40 (0.3083) (0.1241) (0.2967) (0.1703)

Table I.1: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #2
NKs) N . N CxxNN_3)

7c . K X( E ) K x y( E ) C I-n--/ C l y ( 7n M

w(rad ) Experiment Experiment Experiment Experiment Experiment

e1 (Theory) (Theory) (Theory) (Theory) (Theory)
a, K** K C** C**

7r,=1.44 11602 13727 26.26 10.50 -0.00128
w=O (27462) (10463) (24.13) (14.54) (-0.01236)

E==0.2355 0.1317 0.1558 0.3172 0.1268
av = 28.40 (0.3145) (0.1198) (0.2927) (0.1763)

7r,=1.21 10798 12875 20.04 11.24 -0.00253
w=0 (13068) (7654) (12.59) (9.89) (-0.00374)

E1=0.2355 0.2507 0.2989 0.3776 0.2188
av = 43.10 (0.3135) (0.1837) (0.2411) (0.1999)

7r,=1.32 15981 17141 22.96 15.63 -0.00889
w=0 (20413) (11233) (15.96) (13.46) (-0.00478)

E1=0.2355 0.2473 0.2653 0.3382 0.2302
av = 43.10 (0.3215) (0.1769) (0.2370) (0.1999)

7r,=1.44 21839 19202 28.05 21.30 -0.00273
w=O (28667) (14830) (19.16) (17.15) (-0.00596)

e1=0.2355 0.2479 0.2180 0.3389 0.2572
a, = 43.10 (0.3283) (0.1698) (0.2324) (0.2080)

Table 1.2: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

, K N Kz .N( 'M N° Mz(EO)

w($dc ) Experiment Experiment Experiment Experiment Experiment
E1 (Theory) (Theory) (Theory) (Theory) (Theory)
a, K** K ** C* C*

nr,=1.27 15592 956 30.16 0.08 -0.00043
w=0 (1903) (0) (58.56) (0) (-0.05888)

E1=0.0370 0.1457 0.0089 0.2517 0.0007
a,, = 00 (0.0182) (0) (0.4942) (0)
7r,=1.38 25001 789 34.11 1.74 -0.00000

w=0 (3361) (0) (72.55) (0) (-0.06843)
E1=0.0370 0.1721 0.0054 0.2344 0.0118

a, = 00 (0.0228) (0) (0.4951) (0)
,r,=1.46 34064 213 40.75 2.28 +0.00074
w=0 (4601) (0) (81.83) (0) (-0.07482)

E1=0.0370 0.1937 0.0012 0.2475 0.0138
a,, = 00 (0.0258) (0) (0.4935) (0)
7r,=1.65 44678 110 45.50 1.14 -0.0004

w=0 (7961) (0) (102.09) (0) (-0.0891)
E1=0.0370 0.1798 0.0004 0.2187 0.0055
a,, = 00 (0.0316) (0) (0.4872) (0)
ir,=1.83 53167 432 50.16 0.86 -0.00937

w=0 (11487) (0) (119.84) (0) (-0.10222)
e1=0.0370 0.1676 0.0014 0.2025 0.0035

av, = 00 (0.0357) (0) (0.4806) (0)
r,=1.25 4412 8921 53.14 5.27 -0.0125
w=O (4115) (5833) (48.80) (10.21) (-0.0385)

E1 =0.0370 0.0462 0.0933 0.4730 0.0469
a, = 14.60 (0.0424) (0.0602) (0.4314) (0.0903)
r,,=1.39 11007 13976 71.32 5.38 -0.00897
w=O (7153) (8884) (63.99) (14.53) (-0.04626)

E1=0.0370 0.0738 0.0937 0.4821 0.0363
a, = 6.80 (0.0474) (0.0588) (0.4295) (0.0976)
7r,=1.42 12346 14586 78.69 4.95 -0.0143

w=0 (7855) (9505) (66.98) (15.40) (-0.0478)
E1=0.0370 0.0768 0.0908 0.5071 0.0319
a, = 6.80 (0.0483) (0.0583) (0.4286) (0.0985)

Table 1.3: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

K N N Nv Ns N' M, N
8Kzv() Cvx (L- CZV(-I-) MM.

W(d) Experiment Experiment Experiment Experiment Experiment
el (Theory) (Theory) (Theory) (Theory) (Theory)
a, KO* K* C** C**

7r,=1.65 19213 18145 92.12 4.28 -0.00183
w=0 (13635) (13966) (88.05) (21.61) (-0.05948)

E1=0.0370 0.0773 0.0730 0.4426 0.0205
a,, = 14.60 (0.0542) (0.0555) (0.4202) (0.1031)

7r,=1.84 22207 22006 107.53 5.83 -0.00218
w=O (18740) (17349) (103.94) (26.40) (-0.06877)

E1=0.0370 0.0692 0.0685 0.4305 0.0233
a, = 14.60 (0.0576) (0.0533) (0.4132) (0.0777)

7r, =1.27 5307 12795 48.95 8.93 -0.00197
w=0 (6714) (11947) (44.25) (16.72) (-0.02150)

E1=0.0370 0.0514 0.1240 0.4160 0.4932
a,, = 28.40 (0.0642) (0.1142) (0.3735) (0.1411)

7r,=1.38 12060 20057 66.39 12.75 -0.00184
w=0 (9962) (16350) (54.07) (21.67) (-0.02459)

E1=0.0370 0.0831 0.1381 0.4562 0.0876
a,, = 28.40 (0.0677) (0.1111) (0.3690) (0.)

7r,=1.44 16978 24958 74.75 15.96 -0.00042
w=O (11818) (18626) (59.02) (24.22) (-0.02629)

E1=0.0370 0.1009 0.1483 0.4674 0.0998
a,, = 28.40 (0.0693) (0.1093) (0.3660) (0.1504)

7,8=1.66 22048 31254 91.54 21.53 -0.00865
w=0 (18956) (26386) (75.64) (33.00) (-0.03255)

E1=0.0370 0.0874 0.1238 0.4352 0.1023
a-, = 28.40 (0.0742) (0.1032) (0.3571) (0.1585)

7r,=1.82 27891 36958 110.48 24.94 -0.00385
w=0 (24345) (31599) (86.77) (39.04) (-0.03709)

e-=0.0370 0.0889 0.1179 0.4501 0.1016
a, = 28.40 (0.0766) (0.0995) (0.3515) (0.1580)

7r,=1.25 5729 21361 48.26 9.35 -0.02649
w=0 (8164) (16942) (35.41) (18.56) (-0.00682)

E1,=0.0370 0.0599 0.2235 0.4296 0.0832
a, = 43.10 (0.0843) (0.1750) (0.3131) (0.1523)

Table 1.4: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

Kr N C N, )N M,7. N

,(rad) Experiment Experiment Experiment Experiment Experiment
E1  (Theory) (Theory) (Theory) (Theory) (Theory)
a, K*:* K** CX: C:*

7r,=1.40 10038 33412 72.94 15.84 -0.00863
w=O (13739) (25782) (46.28) (26.23) (-0.00891)

E•=0.0370 0.0656 0.2185 0.4851 0.1053
a,, = 43.10 (0.0888) (0.1664) (0.3056) (0.1814)

r,=1.46 12946 38057 84.79 19.93 -0.0274
w=O (16059) (29077) (50.23) (29.12) (-0.0098)

E1=0.0370 0.0736 0.2164 0.5149 0.1210
a, = 43.10 (0.0901) (0.1632) (0.3030) (0.1756)

r , =1.66 17216 47512 106.31 27.48 -0.00487
w=0 (24023) (39320) (62.39) (38.34) (-0.01288)

E1=0.0370 0.0682 0.1883 0.5055 0.1307
a, = 43.10 (0.0939) (0.1538) (0.2946) (0.1801)

7r,=1.85 23846 55183 124.42 27.67 -0.00142
w=0 (31769) (48275) (73.01) (46.70) (-0.01578)

E1=0.0370 0.0734 0.1698 0.4938 0.1099
a, = 43.10 (0.0965) (0.1466) (0.2877) (0.1841)

7r,=1.13 3917 111 24.15 0.99 -0.00138
w=0 (635) (0) (36.83) (0) (-0.04311)

E1=0.1407 0.0788 0.0022 0.3135 0.0129
a, = 00 (0.0126) (0) (0.4749) (0)
2r,=1.21 11264 -183 26.00 -0.20 -0.00837

w=O (578) (0) (34.96) (0) (-0.04158)
cl=0.1407 0.1403 -0.0023 0.2566) -0.0020
a, = 00 (0.0124) (0) (0.4714) (0)
7r,=1.27 15833 413 29.95 -1.84 -0.00763

w=0 (1903) (0) (58.56) (0) (-0.05888)
E1=0.1407 0.1534 0.0040 0.2545 -0.0156

a, = 00 (0.0182) (0) (0.4942) (0)
r,=1.38 26111 161 33.75 2.59 -0.00893

w=0 (3361) (0) (72.55) (0) (-0.06842)
E=-0.1407 0.1798 0.0011 0.2319 0.0178
a, = 00 (0.0228) (0) (0.4951) (0)

Table 1.5: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

W K N() K N N() ,( C() M. ( E)--

W( ad) Experiment Experiment Experiment Experiment Experiment
e1 (Theory) (Theory) (Theory) (Theory) (Theory)
a K** K** I ** z**

7r,=1.46 33250 397 35.78 0.18 -0.03122
w=0 (4601) (0) (81.83) (0) (-0.07482)

E1=0.1407 0.1891 0.0023 0.2173 0.0011
a, = 00 (0.0258) (0) (0.4935) (0)
ir,=1.58 39498 86 39.40 0.44 -0.00826

w=0 (6668) (0) (94.86) (0) (-0.08397)
E1=0.1407 0.1781 0.0004 0.2048 0.0023
a=, = 00 (0.0297) (0) (0.4897) (0)
7r,=1.65 44414 183 44.74 4.06 -0.01346

w=0 (7961) (0) (102.09) (0) (-0.08921)
E1=0.1407 0.1787 0.0007 0.2150 0.0195
a, = 00 (0.0316) (0) (0.4872) (0)
7r,=1.69 45934 1218 47.60 0.23 -0.00018
w=O (8723) (0) (106.13) (0) (-0.09209)

E~=0.1407 0.1742 0.0046 0.2194 0.0011
a, = 00 (0.0326) (0) (0.4857) (0)
7r,=1.79 51837 62 49.79 0.90 -0.00847

w=0 (10684) (0) (115.98) (0) (-0.09934)
E1=0.1407 0.1717 0.0002 0.2083 0.0038
a, = 00 (0.0349) (0) (0.4820) (0)
7r,=2.07 71349 492 63.03 -0.29 -0.0097

w=0 (16455) (0) (142.21) (0) (-0.1192)
E1=0.1407 0.1744 0.0012 0.2108 0.0010
av = 00 (0.0397) (0) (0.4722) (0)
7r,=2.40 85290 -111 72.95 1.52 -0.07321

w=0 (23473) (0) (171.54) (0) (-0.14222)
E1=0.14 07 0.1593 -0.0002 0.1981 0.0041
av = 00 (0.0433) (0) (0.4625) (0)
7r,=1.46 32100 947 45.72 12.91 -0.00436
w=-418 (6374) (3635) (79.23) (1.35) (-0.05722)

E1=0.1407 0.1826 0.0054 0.2776 0.0784
av = 00 (0.0358) (0.0204) (0.4778) (0.0082)

Table 1.6: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

(ad) Experiment Experiment Experiment Experiment Experiment
el (Theory) (Theory) (Theory) (Theory) (Theory)
av K** K* C*C*

7r,=1.46 32867 1389 42.34 6.94 -0.06232
w=-282 (5947) (1902) (79.89) (0.71) (-0.07255)

E1=0.1407 0.1869 0.0079 0.2571 0.0421
av = 00 (0.0333) (0.0107) (0.4818) (0.0043)

'r,=1.46 32660 86 39.97 -6.76 -0.07265
w=282 (5947) (-1902) (79.89) (-0.71) (-0.07255)

E1=0.1407 0.1857 0.0000 0.2427 -0.0411
a, = 00 (0.0333) (-0.0107) (0.4818) (-0.0043)
7r,= 1.46 32768 -318 41.55 -12.45 -0.00253
w=418 (6374) (-3635) (79.23) (-1.35) (-0.07173)

e=-0.1407 0.2004 -0.0018 0.2523 -0.0756
as = 00 (0.0358) (-0.0204) (0.4778) (-0.0082)
r,=1.24 4346 9210 54.17 4.67 -0.0023
w=O (4560) (5465) (46.22) (8.95) (-0.0360)

E1=0.1407 0.0474 0.0999 0.4942 0.0426
a , = 14.60 (0.0491) (0.0589) (0.4187) (0.0719)

r,=1.40 10034 14395 74.85 4.15 -0.03852
w=0 (8321) (8836) (63.09) (13.42) (-0.04471)

E1=0.1407 0.0656 0.0942 0.4978 0.0276
a , = 14.60 (0.0541) (0.0570) (0.4166) (0.0821)

7r,=1.52 14654 17865 86.95 7.47 -0.0476
w=0 (11530) (11165) (74.24) (16.46) (-0.0507)

E1=0.1407 0.0737 0.0898 0.4867 0.0419
av, = 14.60 (0.0573) (0.0555) (0.0412) (0.0915)

7r,=1.60 17670 18636 93.12 5.68 -0.02391
w=0O (13722) (12643) (81.24) (18.40) (-0.05465)

EI=0.1407 0.0770 0.0813 0.4730 0.0289
a , = 14.60 (0.0590) (0.0544) (0.4098) (0.0928)

"r,=1.78 21684 22960 110.67 4.59 -0.09951
w=O (18829) (15796) (96.14) (22.59) (-0.06322)

E1=0.1407 0.0727 0.0770 0.4674 0.0194
av = 14.60 (0.0623) (0.0522) (0.4032) (0.0947)

Table 1.7: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

1r, Kz N x(Ns Cov( NvzN M
w( ') Experiment Experiment Experiment Experiment Experiment

E1 (Theory) (Theory) (Theory) (Theory) (Theory)
av K:** K** C** C**

ir,=1.52 16704 20173 92.63 29.29 -0.06342
w=-418 (12530) (16524) (73.58) (18.47) (-0.05087)

E1=0.1407 0.0840 0.1015 0.5185 0.1639
a, = 14.60 (0.0572) (0.0820) (0.4090) (0.1029)

r,=1.52 16899 19225 93.05 28.73 -0.05562
w=-282 (12217) (14313) (73.63) (17.61) (-0.05065)

E1=0.14 07 0.0850 0.0967 0.5209 0.1608
a, = 14.80 (0.0607) (0.0711) (0.4093) (0.0978)

?r,=1.52 15447 14328 85.64 -11.93 -0.0229
w=282 (11419) (10024) (74.28) (15.99) (-0.0505)

E1=0.1407 0.0777 0.0721 0.4794 -0.0667
a, = 14.60 (0.0567) (0.0497) (0.4129) (0.0888)
7r,=1.52 18407 9319 82.12 -17.05 -0.0357
w=418 (11816) (8774) (73.70) (15.33) (-0.0498)

E1=0.1407 0.0926 0.0469 0.4597 -0.0954
av = 14.60 (0.0587) (0.0436) (0.4100) (0.0742)

7r,=1.23 4514 12080 46.00 7.76 -0.0285
w=O (6296) (9889) (39.45) (13.15) (-0.0211)

E1=0.1407 0.0513 0.1373 0.4304 0.0726
a, = 28.40 (0.0707) (0.1110) (0.3666) (0.1221)

7r,=1.38 11723 19379 64.52 15.26 -0.04327
w=O (11027) (15721) (52.99) (19.32) (-0.02579)

E1=0.1407 0.0807 0.1334 0.4434 0.1049
a, = 28.40 (0.0749) (0.1068) (0.3616) (0.1318)

r8,=1.55 18216 25177 82.10 19.20 -0.04382
w=0 (16773) (21714) (66.28) (25.63) (-0.03100)

E1=0.1407 0.0901 0.1243 0.4537 0.1061
a, = 28.40 (0.0784) (0.1019) (0.3548) (0.1311)
-r,=1.66 23153 30092 93.76 23.10 -0.03897

w=0 (20625) (25332) (74.21) (29.50) (-0.03433)
e1=0.1407 0.0.0918 0.1193 0.4458 0.1098
a, = 28.40 (0.0807) (0.0991) (0.3504) (0.1391)

Table 1.8: Rotordynamic coefficients for both theory and
nondimensional form. The operating conditions are shown

experiment in dimensional and
in the left hand column.
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LSTF - BUILD #3

Kr N CK A i N° Cv N) M. tNs'

to(ds) Experiment Experiment Experiment Experiment Experiment
El (Theory) (Theory) (Theory) (Theory) (Theory)
a K** K** C C**

7r,=1.76 24997 33458 105.74 26.06 -0.06221
w=0 (24182) (28485) (81.12) (32.93) (-0.03735)

E1=0.1407 0.0860 0.1152 0.4550 0.1121
a, = 28.40 (0.0822) (0.0967) (0.3466) (0.1407)

7r,=1.55 22610 26811 79.17 35.13 -0.05691
w=-418 (17587) (28172) (65.99) (28.35) (-0.03189)

E1=0.14 07 0.1075 0.1275 0.4267 0.1893
a, = 28.40 (0.0825) (0.1322) (0.3523) (0.1517)

7r,=1.55 20781 26091 75.75 29.61 -0.03744
w=-282 (17448) (25663) (65.94) (27.26) (-0.05382)

E1=0.1407 0.0988 0.1241 0.4083 0.1596
a, = 28.40 (0.0819) (0.1205) (0.3530) (0.1458)

ir,=1.55 18718 21934 85.34 1.73 -0.0496
w=282 (15684) (20079) (67.21) (25.25) (-0.0312)

E1=0.1407 0.0890 0.1043 0.4599 0.0093
a, = 28.40 (0.0736) (0.0943) (0.3597) (0.1351)

7r,=1.55 21013 21567 86.29 0.90 -0.0568
w=418 (16135) (19548) (66.69) (24.75) (-0.0345)

E1=0.1407 0.0999 0.1025 0.4651 0.0049
a,, = 28.40 (0.0757) (0.0913) (0.3570) (0.0149)

r,=1.23 5405 23041 54.37 13.85 -0.01801
w=0 (8127) (14979) (33.95) (15.81) (-0.00964)

E1=0.1407 0.0615 0.2621 0.5087 0.1295
a, = 43.10 (0.0912) (0.1681) (0.3155) (0.1486)

r,==1.39 9875 35236 76.91 19.72 -0.0429
w=0 (14404) (24092) (45.92) (23.39) (-0.0125)

E1=0.1407 0.0662 0.2364 0.5185 0.1332
a, = 43.10 (0.0953) (0.1529) (0.3820) (0.1569)
r, =1.54 14427 43077 94.69 21.88 -0.03814

w=O (20574) (31814) (55.69) (29.92) (-0.01525)
E1=0.1407 0.0699 0.2086 0.5168 0.1194
a,, = 43.10 (0.0983) (0.1521) (0.3017) (0.1621)

Table 1.9: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

w( wa( ) Experiment Experiment Experiment Experiment Experiment
el (Theory) (Theory) (Theory) (Theory) (Theory)

az K;, Kx* Y C;; ,

7r,=1.65 18516 49522 107.61 21.55 -0.04767
w=0 (25202) (37106) (72.32) (34.52) (-0.01729)

e1=0.1407 0.0745 0.1993 0.5171 0.1035
a, = 43.10 (0.1001) (0.1474) (0.2974) (0.1647)

r,=1.79 21530 53762 120.78 18.33 -0.05383
w=0 (31161) (43496) (80.33) (40.20) (-0.01988)

E1=0.1407 0.0713 0.1780 0.5054 0.0767
a, = 43.10 (0.1018) (0.1421) (0.2922) (0.1671)

r,=1.54 23020 50076 88.30 45.00 -0.02733
w=-418 (21443) (39103) (55.54) (33.41) (-0.01605)

E1=0.1407 0.1115 0.2426 0.4819 0.2455
a, = 24.30 (0.1025) (0.1869) (0.3009) (0.1756)

7r,=1.54 17787 47724 91.80 38.49 -0.0352
w=-282 (21287) (36375) (55.45) (32.65) (-0.0192)

E1=0.1407 0.0862 0.2312 0.5009 0.2100
av = 43.10 (0.1017) (0.1739) (0.3005) (0.1715)

n,==1.54 22299 36327 89.87 12.30 -0.04031
w=282 (19605) (29050) (56.27) (28.78) (-0.01508)

Ef=0.1407 0.1080 0.1760 0.4904 0.0671
a, = 43.10 (0.0937) (0.1388) (0.3049) (0.1559)

7r,=1.54 27755 32344 88.34 3.37 -0.04012
w=418 (19054) (28633) (56.69) (28.79) (-0.01539)

E1=0.1407 0.1345 0.1567 0.4821 0.0184
a= = 43.10 (0.0911) (0.1369) (0.3072) (0.1560)

r, =1.20 11032 -7 26.35 -0.32 -0.00937
w=0 (1170) (0) (48.49) (0) (-0.05432)

E1=0.2704 0.1442 -0.0000 0.2676 0.0033
a, = 00 (0.0151) (0) (0.4892) (0)
7r,=1.38 25191 -123 34.99 1.32 -0.00736

w=0 (3361) (0) (72.55) (0) (-0.06848)
Ex=0.2704 0.1734 -0.0008 0.2405 0.0090
a, = 00 (0.0228) (0) (0.4951) (0)

Table I.10: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

( rd) Experiment Experiment Experiment Experiment Experiment
e1 (Theory) (Theory) (Theory) (Theory) (Theory)
a,, K** K** C** C**

7r,=1.58 39964 211 (40.21) 1.42 -0.03212
w=O (6668) (0) (94.86) (0) (-0.08552)

E1=0.2704 0.1802 0.0010 (0.2090) 0.0074
a,, = 00 (0.0296) (0) (0.4892) (0)
7r,=1.67 43963 -193 45.32 0.92 -0.01944

w=0 (8341) (0) (104.12) (0) (-0.09051)
E1=0.2704 0.1717 -0.0008 0.2132 0.0043

a,, = 00 (0.0321) (0) (0.4864) (0)
rs=1.88 56124 295 52.90 3.19 -0.04233

w=O (12507) (0) (124.59) (0) (-0.10221)
E1=0.2704 0.1668 0.0009 0.2046 0.0123

a, = 00 (0.0366) (0) (0.4787) (0)
7r,=1.21 3921 8730 50.38 5.32 -0.01843

w=0 (3907) (4791) (42.63) (8.02) (-0.03492)
E,=0.2704 0.0488 0.1088 0.4973 0.0524)
av = 14.60 (0.0480) (0.0589) (0.4180) (0.0786)

7r,=1.38 9936 13846 70.01 4.73 -0.06342
w=O (7878) (8433) (61.14) (12.89) (-0.04939)

EI=0.2704 0.0684 0.0953 0.4811 0.0325
a, = 14.60 (0.0535) (0.0573) (0.4172) (0.0740)

7r,=1.55 15836 18753 85.64 6.86 -0.05326
w=O (12345) (11725) (76.90) (17.19) (-0.05279)

E•=0.2704 0.0753 0.0892 0.4616 0.0370
a, = 14.60 (0.0579) (0.0550) (0.4116) (0.0920)
7r,=1.67 19046 20876 99.46 7.84 -0.07652

w=0 (15684) (13895) (87.16) (20.05) (-0.05842)
E1=0.2704  0.0743 0.0815 0.4679 0.03609
a, = 14.60 (0.0625) (0.0535) (0.4072) (0.0936)

7r,=1.83 24385 23298 118.37 6.36 -0.09383
w=0 (20277) (16636) (100.12) (23.72) (-0.06565)

fE=0.2704 0.0769 0.0734 0.4780 0.0257
a,, = 14.60 (0.0630) (0.0517) (0.4015) (0.0112)

Table 1.11: Rotordynamic coefficients for both theory and
nondimensional form. The operating conditions are shown

experiment in dimensional and
in the left hand column.
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LSTF - BUILD #3

78 K,,(E) KT(E) C,(L CM(Nin

w( 'adS Experiment Experiment Experiment Experiment Experiment
E1 (Theory) (Theory) (Theory) (Theory) (Theory)
a, K** K** C** C*

7,=1.23 11982 -423 27.84 2.18 -0.03263
w=O (1463) (0) (52.96) (0) (-0.05507)

E=0.3963 0.1362 0.0048 0.2604 0.0204
0a = 00 (0.0164) (0) (0.4921) (0)

7r,=1.39 27635 -625 35.42 0.82 -0.04132
w=0 (3509) (0) (73.74) (0) (-0.06901)

e1 =0.3963 0.1853 0.0042 0.2394 0.0055
a,, = 00 (0.0232) (0) (0.4949) (0)
r,=1.52 36598 849 37.84 3.29 -0.03846

w=0 (5608) (0) (88.46) (0) (-0.07921)
E1=0.3963 0.1841 0.0042 0.2118 0.0184
at, = 00 (0.0278) (0) (0.4917) (0)
7r,=1.65 45322 926 42.93 0.82 -0.03763

w=0 (7961) (0) (102.09) (0) (-0.08943)
E1=0.3963 0.1824 0.0037 0.2063 0.0039

a, = 00 (0.0316) (0) (0.4872) (0)
7r,=1.79 50294 84 52.93 1.92 -0.07363

w=0 (10684) (0) (115.98) (0) (-0.09971)
E1=0.3963 0.1665 0.0002 0.2215 0.0080

a, = 00 (0.0349) (0) (0.4802) (0)
7r,=1.25 5508 22037 50.43 15.93 -0.00627

w=O (8164) (16942) (35.41) (18.56) (-0.00632)
E1=0.3963 0.0576 0.2306 0.4490 0.1418
a, = 43.10 (0.0843) (0.1749) (0.3131) (0.1641)

7r,=1.40 10038 32847 73.92 19.47 -0.09382
w=0 (14809) (24628) (46.61) (23.83) (-0.01211)

El=0.3963 0.0656 0.2150 0.4916 0.1308
a, = 43.10 (0.0955) (0.1590) (0.3077) (0.1574)

'r,=1.53 16847 42039 91.33 18.29 -0.09479
w=0 (18812) (32779) (54.64) (32.41) (-0.01491)

E1=0.3963 0.0832 0.2075 0.5047 0.1011
a, = 43.10 (0.0916) (0.1597) (0.3000) (0.1778)

Table 1.12: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.

262



LSTF - BUILD #3

7r, m C . (--) ((0
w(?ad") Experiment Experiment Experiment Experiment Experiment

E1  (Theory) (Theory) (Theory) (Theory) (Theory)
a-i K** K** C** C*M

7,=1.66 19387 46587 102.28 17.27 -0.04837
w=0 (25625) (37574) (62.91) (34.93) (-0.01787)

Ec=0.3963 0.0768 0.1847 0.4863 0.0821
a,, = 43.10 (0.1002) (0.1470) (0.2970) (0.1649)

7r,=1.85 26937 55432 125.24 19.28 -0.03873
w=0 (31769) (48275) (73.01) (46.45) (-0.01534)

f 1=0.3963 0.0829 0.1706 0.4971 0.0765
a,, = 43.10 (0.0965) (0.1466) (0.2877) (0.1791)
7,=1.27 13874 -937 28.29 2.10 -0.009847

w=0 (1903) (0) (58.56) (0) (-0.058355)
E1=0.4851 0.1344 -0.0090 0.2404 0.0178

a, = 00 (0.0182) (0) (0.4924) (0)
7,=1.38 25349 -627 31.04 -0.09 -0.00297

w=0 (3361) (0) (72.55) (0) (-0.06847)
E1=0.4851 0.1745 0.0043 0.2306 0.0000

a, = 00 (0.0228) (0) (0.4951) (0)
7,=1.55 36594 243 40.38 -2.19 -0.02938

w=0 (6132) (0) (91.68) (0) (-0.08182)
E1=0.4851 0.1741 0.0011 0.2177 0.0118

a, = 00 (0.0287) (0) (0.4908) (0)
7r,=1.65 42928 -214 46.59 -1.27 -0.0387
w=O (7962) (0) (102.09) (0) (-0.0893)

E1=0.4851 0.1727 -0.0008 0.2238 0.0061
ax, = 00 (0.0316) (0) (0.4872) (0)
r,=1.83 53497 20 54.32 -1.32 -0.03233

w=0 (11487) (0) (119.84) (0) (-0.10243)
Ef=0.4851 0.1685 0.0001 0.2193 0.0053
a, = 00 (0.0357) (0) (0.4806) (0)
7r,=1.25 4593 8437 51.23 3.29 -0.0234

w=0 (4115) (5833) (48.80) (10.21) (-0.0351)
E1=0.4851 0.0481 0.0883 0.4561 0.0293
a, = 14.60 (0.0425) (0.0602) (0.4315) (0.0903)

Table 1.13: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

KX K m C ) MM (v.
Wad c Experiment Experiment Experiment Experiment Experiment

el (Theory) (Theory) (Theory) (Theory) (Theory)
a, K** K* C** Co*

r,-=1.39 13274 13245 71.46 2.75 -0.02566
w=0 (7153) (8884) (63.99) (14.53) (-0.04623)

E1=0.4851 0.0890 0.0888 0.4830 0.0185
a, = 14.60 (0.0474) (0.0588) (0.4295) (0.0975)

nr,=1.52 15985 16587 82.93 7.59 -0.03234
w=0 (10293) (11504) (76.47) (18.18) (-0.05213)

E1=0.4851 0.0804 0.0834 0.4642 0.0425
a, = 14.60 (0.0510) (0.0571) (0.4251) (0.1010)

7r,=1.65 19276 20387 95.39 8.39 -0.04762
w=0 (13635) (13966) (88.05) (21.61) (-0.05932)

E1=0.4851 0.0776 0.0820 0.4584 0.0298
a, = 14.60 (0.0541) (0.0555) (0.4202) (0.1031)

ir,=1.84 24837 24938 117.28 9.93 -0.03847
w=O (18749) (17349) (103.94) (26.40) (-0.06880)

E1=0.4851 0.0773 0.0777 0.4695 0.0398
av, = 14.60 (0.0576) (0.0533) (0.4132) (0.1049)

7r,=1.27 5967 13423 49.02 8.69 -0.07386
w=0 (6714) (11947) (44.25) (16.72) (-0.02151)

E1=0.4851 0.0578 0.1301 0.4166 0.0734
a, = 28.40 (0.0642) (0.1142) (0.3735) (0.1411)

7r,=1.38 12476 18365 62.28 14.39 -0.02653
w=0 (9962) (16350) (54.07) (21.67) (-0.02459)

El=0.4851 0.0859 0.1264 0.4280 0.0989
a, = 28.40 (0.0676) (0.1110) (0.3690) (0.1479)

n,8=1.53 21837 23847 80.27 12.28 -0.00937
w=O (14685) (21900) (66.06) (27.09) (-0.02888)

E1=0.4851 0.1078 0.1177 0.4436 0.0678
a, = 28.40 (0.0715) (0.1066) (0.6410) (0.1531)

wr,=1.66 25193 28376 88.88 18.39 -0.03470
w=0 (18956) (26385) (75.64) (33.00) (-0.03250)

E1=0.4851 0.0999 0.1125 0.4226 0.0874
a, = 28.40 (0.0742) (0.1032) (0.3571) (0.1558)

Table 1.14: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #3

w( "ds) Experiment Experiment Experiment Experiment Experiment
e1 (Theory) (Theory) (Theory) (Theory) (Theory)
ac K** K** C* C*

7r,=1.82 29376 34746 108.47 23.38 -0.06252
w=0 (25367) (31343) (86.77) (39.04) (-0.03711)

1==0.4851 0.0937 0.1108 0.4419 0.0952
av = 28.40 (0.0843) (0.0995) (0.3510) (0.0233)

7r,=1.25 6991 21827 51.32 18.27 -0.0833
w=0 (8164) (16942) (35.41) (18.56) (-0.0680)

E1=0.4851 0.0732 0.2283 0.4569 0.1627
a, = 43.10 (0.0843) (0.1750) (0.3131) (0.1641)

r,=1.40 12837 33239 74.39 15.44 -0.08262
w=0 (13739) (25782) (46.28) (26.23) (-0.00891)

E1=0.4851 0.0840 0.2174 0.4947 0.1027
a, = 43.10 (0.0887) (0.1664) (0.0356) (0.1732)

7r,=1.56 17345 41286 88.48 20.28 -0.03244
w=0 (20005) (34325) (56.47) (33.01) (-0.01182)

E1=0.4851 0.0810 0.1928 0.4711 0.1080
a, = 43.10 (0.0922) (0.1583) (0.2986) (0.1692)

7r,=1.66 23847 47388 103.11 25.49 -0.09387
w=0 (24032) (39320) (62.39) (38.34) (-0.01261)

I1=0.4851 0.0945 0.1878 0.4903 0.1212
a, = 43.10 (0.0939) (0.1538) (0.2946) (0.0324)

r,=1.85 25849 53947 123.39 25.59 -0.03761
w=0 (31769) (48275) (83.01) (46.45) (-0.01534)

E1=0. 4851 0.0793 0.1660 0.4897 0.1016
a,, = 43.10 (0.0965) (0.1466) (0.3063) (0.1891)

Table 1.15: Rotordynamic coefficients for both theory and
nondimensional form. The operating conditions are shown

experiment in dimensional and
in the left hand column.
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LSTF - BUILD #4

7r, K•(•) N--) C((-N M, "N-

w(,.ad ) Experiment Experiment Experiment Experiment Experiment
E1 (Theory) (Theory) (Theory) (Theory) (Theory)
t, K** K*, C** C**

7,=1.08 -2157 151 12.23 -0.29 -0.00469
w=O (844) (0) (28.20) (0) (-0.03465)

E1=0.1407 -0.0705 0.0049 0.2070 -0.0049
a, = 00 (0.0272) (0) (0.4741) (0)
7r,=1.19 -4684 376 19.86 1.40 -0.00456
w=O (2034) (0) (49.40) (0) (-0.05221)

e1=0.1407 -0.0645 0.0052 0.2078 0.0147
a, = 00 (0.0273) (0) (0.5134) (0)
7r,=1.28 -5040 586 25.82 0.50 -0.00256

w=0 (3344) (0) (63.03) (0) (-0.06153)
Ef=0.1407 -0.0471 0.0055 0.2146 0.0042

a, = 00 (0.0308) (0) (0.65203) (0)
7r,=1.43 -4197 716 37.03 0.42 -0.00054

w=0 (5967) (0) (82.51) (0) (-0.07538)
E1=0.1407 -0.0255 0.0044 0.2350 0.0027
a, = 00 (0.0358) (0) (0.5200) (0)
7r,=1.58 -2625 685 44.73 1.31 -0.00094

w=0 (8940) (0) (99.82) (0) (-0.08761)
Ec=0.1407 -0.0118 0.0031 0.2325 0.0068

a, = 00 (0.0398) (0) (0.5153) (0)
7r,=1.68 -2456 907 53.46 0.11 -0.01564

w=0 (11042) (0) (110.64) (0) (-0.09541)
E1=0.1407 -0.0094 0.0035 0.2489 0.0005

a, = 00 (0.0412) (0) (0.5115) (0)
r, =1.83 872 383 65.66 -1.39 -0.00725

w=0 (11487) (0) (119.84) (0) (-0.10225)
E1=0.1407 0.0027 0.0012 0.2651 0.0056

a, = 00 (0.0357) (0) (0.4806) (0)
rn,=1.58 -2581 8960 53.02 -11.71 -0.00849
w=-418 (11198) (4312) (96.88) (1.38) (-0.08458)

E1=0.1407 -0.0116 0.0404 0.2756 -0.0609
a, = 00 (0.0499) (0.01919) (0.5001) (0.0071)

Table 1.16: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #4

7r, KN(I CN ( No M._v_)

K=VWm CLS) CZ,(b) M(NLL7)

w( )', Experiment Experiment Experiment Experiment Experiment
E1 (Theory) (Theory) (Theory) (Theory) (Theory)
at, K** K** C** C*

7r,=1.58 -2219 7269 49.60 6.69 -0.00141
w=-282 (10646) (2252) (97.64) (0.72) (-0.08543)

el=0.1407 -0.0100 0.0328 0.2578 0.0347
a, = 00 (0.0473) (0.0100) (0.5040) (0.0037)
7r,=1.58 -1212 -3286 50.36 -10.30 -0.01269
w=282 (10646) (-2252) (97.64) (-0.72) (-0.05699)

E1=0.1407 -0.0055 -0.0148 0.2618 -0.0535
a, = 00 (0.0473) (-0.0100) (0.5040) (-0.0037)
7r,=1.58 -1251 -6041 52.51 -12.59 -0.03007
w=418 (11198) (-4312) (96.88) (-1.38) (-0.08458)

E1=0.1407 -0.0056 -0.0272 0.2730 -0.0654
a, = 00 (0.0498) (-0.0191) (0.5001) (-0.0071)
'r,=1.25 -5577 5707 28.69 0.24 -0.00824
w=0 (5990) (5752) (50.34) (9.13) (-0.03697)

e1=0.1407 -0.0583 0.0598 0.2554 0.0021
a, = 14.60 (0.0619) (0.0594) (0.4450) (0.0574)

r, 8=1.40 -5081 8438 40.98 0.02 -0.01355
w=0 (9113) (9987) (68.95) (14.73) (-0.04921)

E,=0.1407 -0.0332 0.0552 0.2725 0.0005
a, = 14.60 (0.0588) (0.0593) (0.4553) (0.0973)

7r,=1.55 -3521 11387 51.01 1.09 -0.01525
w=O (14571) (13881) (81.64) (11.48) (-0.05198)

E1=0.1407 0.1674 0.0542 0.2750 0.0059
a, = 14.60 (0.0684) (0.0558) (0.6313) (0.0615)

7r,=1.73 -1874 13065 64.33 -1.50 -0.03959
w=0 (20056) (15152) (97.76) (21.44) (-0.06098)

E,=0.1407 -0.0067 0.0468 0.2849 0.0066
a, = 14.60 (0.0709) (0.0536) (0.4299) (0.0629)

7r,=1.83 -857 14723 68.60 4.10 -0.02095
w=0 (23144) (16881) (106.27) (23.73) (-0.06962)

E1=0.1407 -0.0027 0.0464 0.2770 0.0166
a, = 14.60 (0.0719) (0.0525) (0.4261) (0.0952)

Table 1.17: Rotordynamic coefficients for both
nondimensional form. The operating conditions

theory and experiment in dimensional and
are shown in the left hand column.
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LSTF -BUILD #4

K8N KzY( Cvz (b L C'Mo W(N• 3
w(tad.) Experiment Experiment Experiment Experiment Experiment

e1 (Theory) (Theory) (Theory) (Theory) (Theory)
a, K * K** C*: C**

ir,=1.55 -2402 17781 56.42 16.69 -0.0293
w=-418 (15446) (17849) (80.99) (19.33) (-0.0553)

E1=0.1407 -0.0114 0.0846 0.3041 0.0899
a, = 14.60 (0.0725) (0.0838) (0.4335) (0.1030)

7r,=1.55 -2955 15161 57.28 11.19 -0.0320
w=-282 (15332) (15382) (81.01) (18.40) (-0.0551)

E1=0.1407 -0.0141 0.0721 0.3087 0.0603
a, = 14.60 (0.0719) (0.0722) (0.4336) (0.0984)

7r,=1.55 -963 9549 51.48 -10.83 +0.00516
w=282 (14497) (10592) (81.62) (16.64) (-0.05418)

E1=0.1407 -0.0045 0.0454 0.2775 -0.0584
a, = 14.60 (0.0681) (0.0497) (0.4369) (0.0891)

7r,=1.55 -649 6929 47.15 -19.48 -0.00048
w=418 (14964) (9168) (80.98) (15.81) (-0.05480)

E==0.1407 0.0031 0.0330 0.2541 -0.1050
a, = 14.60 (0.9168) (0.0430) (0.6285) (0.0878)

7r,=1.25 -5872 9334 28.07 7.68 -0.00738
w=0 (7220) (11279) (45.45) (15.69) (-0.02259)

E1-=0.1407 -0.0614 0.0976 0.2499 0.0684
a, = 28.40 (0.0745) (0.1165) (0.4018) (0.1388)

ir,=1.42 -5987 15049 43.53 11.11 -0.0166
w=O (14063) (17472) (60.35) (20.89) (-0.0299)

E1=0.1407 -0.0372 0.0937 0.2805 0.0716
a, = 28.40 (0.0864) (0.1074) (0.3862) (0.1336)

7r,=1.58 -5708 18549 53.17 15.67 -0.0394
w=O (19966) (23936) (73.42) (26.83) (-0.0349)

Eg=0.1407 -0.0257 0.0837 0.2764 0.0815
a, = 28.40 (0.0888) (0.1123) (0.3791) (0.1384)

'r,=1.68 -4173 21999 63.93 18.81 -0.0317
w=0 (24393) (26055) (80.38) (29.46) (-0.0378)

E1=0.1407 -0.0161 0.0846 0.2976 0.0875
a, = 28.40 (0.0926) (0.0989) (0.3716) (0.1375)

Table 1.18: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #4

w(*d) Experiment Experiment Experiment Experiment Experiment

el (Theory) (Theory) (Theory) (Theory) (Theory)
a_ K** K** C** C**

ir,=1.81 -2950 25813 72.21 21.47 -0.0478
w=0 (28796) (30478) (90.39) (34.42) (-0.0417)

E1=0.1407 -0.0095 0.0833 0.2968 0.0882
a, = 28.40 (0.0914) (0.0971) (0.3689) (0.1407)

wr,=1.58 -1950 27123 63.36 47.88 -0.0184
w=-534 (20719) (32974) (73.48) (30.92) (-0.0359)

E1=0.1407 -0.0089 0.1223 0.3294 0.2489
a, = 28.40 (0.0922) (0.1467) (0.3793) (0.1596)

ir,=1.58 -4031 23927 61.94 34.60 -0.0414
w=-418 (20793) (30294) (73.22) (29.78) (-0.0352)

el=0.1407 -0.0182 0.1079 0.3220 0.1799
c, = 28.40 (0.0925) (0.1348) (0.3780) (0.1146)

r,.=1.58 -5758 22330 60.68 27.48 -0.0448
w=-282 (20682) (27502) (73.12) (28.60) (-0.0394)

E1=0.1407 -0.0260 0.1007 0.3154 0.1428
a = 28.40 (0.0921) (0.1224) (0.3775) (0.1473)

wr,=1.58 -4590 19483 55.55 21.48 -0.0197
w=-131 (20365) (24898) (73.20) (2752) (-0.0344)

E1=0.1407 -0.0207 0.0879 0.2887 0.1117
av = 28.40 (0.0907) (0.1108) (0.3779) (0.1421)

7r,=1.58 -5924 18759 54.55 17.58 -0.0108
w=131 (19477) (21866) (73.77) (26.40) (-0.0349)

E1=0.1407 -0.0267 0.0846 0.2835 0.0914
a, = 28.40 (0.0867) (0.0974) (0.3809) (0.1363)

7r,=1.58 -5193 16544 53.19 12.23 -0.0421
w=282 (18703) (21392) (74.47) (26.42) (-0.0345)

E,1=0.1407 -0.0234 0.0746 0.2765 0.0636
a, = 28.40 (0.0832) (0.0952) (0.3845) (0.1364)

r, 8=1.58 -866 13813 52.02 8.01 -0.0338
w=418 (19335) (20600) (73.78) (25.82) (-0.0339)

E1 =0.1407 -0.0039 0.0623 0.2704 0.0416
a, = 28.40 (0.0861) (0.0917) (0.3809) (0.1333)

Table 1.19: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF - BUILD #4

MNMM M, [ N

w(?) Experiment Experiment Experiment Experiment Experiment
eC (Theory) (Theory) (Theory) (Theory) (Theory)
a,, K** K_* C* _*

7r,=1.58 1147 8705 52.13 -10.18 -0.0407
w=534 (19642) (19381) (73.37) (25.23) (-0.0338)

•1 -=0.1407 0.0052 0.0392 0.2710 -0.0529
a, = 28.40 (0.0874) (0.0863) (0.3788) (0.0259)

7r,=1.24 -778 12560 34.52 18.26 -0.0212
w==0 (9451) (15894) (37.81) (16.36) (-0.0107)

E1=0.1407 -0.0085 0.1369 0.3149 0.1666
a, = 28.40 (0.1017) (0.1709) (0.3425) (0.1482)

rx,=1.41 -128 17724 40.62 23.31 -0.0114
w=O (16671) (25686) (51.35) (24.49) (-0.0143)

E==0.1407 -0.0008 0.1131 0.2659 0.1526
a , = 43.10 (0.1050) (0.1617) (0.3338) (0.1591)

7r,=1.55 1253 22479 45.25 20.88 -0.0132
w=0 (22788) (33039) (61.10) (30.69) (-0.0171)

E1=0.1407 0.0060 0.1069 0.2439 0.1125
a , = 43.10 (0.1069) (0.1551) (0.3271) (0.0506)

r,=1.67 1913 26064 53.24 27.45 -0.0329
w=0O (38040) (38404) (63.49) (35.34) (-0.0175)

E•=0.1407 0.0075 0.1018 0.2505 0.1291
a, = 43.10 (0.1466) (0.1465) (0.6340) (0.1651)

7r,=1.55 4360 30340 39.34 31.26 -0.00043
w=-418 (23587) (40985) (61.10) (34.50) (-0.01829)

E1=0.1407 0.0207 0.1443 0.2120 0.1684
a , = 43.10 (0.1107) (0.1923) (0.3270) (0.1847)

-r,=1.55 2436 25992 44.32 28.62 -0.0242
w=-282 (19539) (36368) (60.76) (27.36) (-0.0442)

Ec=0.1407 0.0116 0.1236 0.2389 0.1542
a , = 43.10 (0.0917) (0.1637) (0.3287) (0.1411)

7r,=1.55 746 18327 43.65 8.24 -0.00082
w=282 (21736) (30099) (61.71) (29.46) (-0.01645)

E1=0.1 407 0.0035 0.0872 0.2353 0.0444
a, = 43.10 (0.1020) (0.1413) (0.3303) (0.1576)

7r,=1.55 976 13106 43.23 3.78 +0.0114
w=418 (21097) (29756) (62.20) (29.51) (-0.0174)

E1=0.1407 0.0046 0.0623 0.2330 0.0204
a, = 43.10 (0.0990) (0.1396) (0.3330) (0.1320)

Table 1.20: Rotordynamic coefficients for both theory and
nondimensional form. The operating conditions are shown

experiment in dimensional and
in the left hand column.
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LSTF - BUILD #5
7r, Ks-A ..x(.hs) czmr( Mzx )

w(d ds) Experiment Experiment Experiment Experiment Experiment
E1 (Theory) (Theory) (Theory) (Theory) (Theory)
a, K* K** C** C**

w,=1.21 8110 -36 14.53 0.17 -0.0142
w=O (11005) (0) (19.03) (0) (-0.0217)

El=0.1407 0.1719 -0.0009 0.2802 0.0033
a, = 00 (0.2641) (0) (0.3643) (0)
r,=1.32 10976 211 15.69 -0.99 +0.0099

w=O (17194) (0) (24.57) (0) (-0.0257)
e1=0.1407 0.1752 0.0034 0.2598 0.0148

a, = 00 (0.2708) (0) (0.3649) (0)
7r,=1.44 15144 268 18.99 2.97 +0.0032

w=O (24163) (0) (29.84) (0) (-0.0297)
E1=0.1407 0.1758 0.0031 0.2319 0.0362

a, = 00 (0.2767) (0) (0.3619) (0)
7r,=1.32 9681 2217 16.82 -0.58 -0.0129
w=-418 (17741) (742) (23.71) (0.14) (-0.0196)

E~=0.1407 0.1545 0.0354 0.2516 -0.0087
a,, = 00 (0.2794) (0.0117) (0.3521) (0.0057)
7r,=1.32 10030 1245 14.42 -3.28 -0.0138
w=-282 (17604) (384) (23.93) (0.07) (-0.0197)

ei=0.1407 0.1601 0.0199 0.2157 0.0491
a, = 00 (0.2772) (0.0061) (0.3554) (0.0030)

7r,=1.32 9368 -659 14.13 0.17 -0.0159
w=282 (17604) (-384) (23.93) (-0.07) (-0.0197)

E1=0.1407 0.1495 -0.0105 0.2114 0.0025
a, = 00 (0.2772) (-0.0061) (0.3554) (-0.0010)

7r,=1.32 10131 -1493 17.74 1.00 -0.0179
w=418 (17741) (-742) (23.71) (-0.14) (-0.0196)

E1=0.1407 0.1617 -0.0238 0.2654 0.0150
a, = 00 (0.2794) (-0.0117) (0.3521) (-0.0021)
7r,=1.21 9150 3855 12.72 3.99 -0.00876

w=O (12006) (2722) (15.80) (4.74) (-0.01062)
E1=0.1407 0.2226 0.0938 0.2453 0.0770
a, = 14.60 (0.2881) (0.0545) (0.3025) (0.0907)

7r,=1.32 11823 5691 16.93 5.28 -0.00752
w=0 (18675) (4387) (20.21) (6.52) (-0.01258)

E1=0.1407 0.1887 0.0908 0.2532 0.0790
a, = 14.60 (0.2944) (0.0533) (0.3002) (0.0724)

Table 1.21: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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LSTF -BUILD #5
78 N" Kxy( Ev N, CzhN, M z N,2

w(a) Experiment Experiment Experiment Experiment Experiment
E1 (Theory) (Theory) (Theory) (Theory) (Theory)
av K** K** C** C**

7r,=1.44 16041 8263 24.28 7.73 -0.0171
w=0 (26208) (4759) (21.41) (8.68) (-0.0178)

E1=0.1407 0.1862 0.0959 0.2966 0.0944
a, = 14.60 (0.3002) (0.0545) (0.2354) (0.1057)

ir,=1.32 11484 5640 17.46 8.84 -0.0155
w=-418 (18977) (4457) (19.90) (6.72) (-0.0153)

E1=0.1407 0.1833 0.0900 0.2612 0.1322
av = 14.60 (0.2988) (0.0702) (0.2956) (0.0998)

r,=1.32 11118 5264 18.14 8.14 -0.00871
w=-282 (18896) (4016) (19.99) (6.63) (-0.01842)

E1=0.1407 0.1775 0.0840 0.2714 0.1218
a, = 14.60 (0.2975) (0.0632) (0.2966) (0.0169)

7r,=1.32 13721 3956 17.96 3.47 -0.00131
w=282 (18547) (3168) (20.39) (6.51) (-0.01623)

E1=0.1407 0.2190 0.0631 0.2686 0.0519
a, = 14.60 (0.2921) (0.1122) (0.5265) (0.0967)

7r,=1.32 10942 2860 17.15 3.40 -0.00425
w=418 (18693) (2926) (20.17) (6.37) (-0.01352)

EI=0.1407 0.1746 0.0456 0.2566 0.0509
a, = 14.60 (0.2943) (0.0468) (0.2996) (0.0928)

Table 1.22: Rotordynamic coefficients for both theory and experiment in dimensional and
nondimensional form. The operating conditions are shown in the left hand column.
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Appendix J

Graphical Representation of

Experimental Data

The raw experimental data for all the runs used in this document are contained in this

appendix. The direct and cross forces are plotted vs. the whirling frequency in dimensional

form. The rotordynamic coefficients for these data are presented along with the values

calculated from theory in Appendix I.
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Figure J-1: Experimentally obtained direct force, FN, vs. the whirl frequency, f, for three
different inlet pressures, 7r, =1.21, 1.34 and 1.44. These data are from the second build
with 00 inlet swirl and w = 0.
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Figure J-2: Experimentally obtained cross force, FT, vs. the whirl frequency, S, for three
different inlet pressures, r, =1.21, 1.34 and 1.44. These data are from the second build
with 00 inlet swirl and w = 0.
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Figure J-3: Experimentally obtained direct force, FN, vs. the whirl frequency, Q, for three
different inlet pressures, 7r, =1.21, 1.34 and 1.44. These data are from the second build
with 12.30 inlet swirl and w = 0.
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Figure J-4: Experimentally obtained cross force, FT, vs. the whirl frequency, Q, for three
different inlet pressures, 7r, =1.21, 1.34 and 1.44. These data are from the second build
with 12.30 inlet swirl and w = 0.
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Figure J-5: Experimentally obtained direct force, FN, vs.
different inlet pressures, r8, =1.21, 1.34 and 1.44. These
with 17.30 swirl and w = 0.
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Figure J-6: Experimentally obtained cross force, FT, vs. the whirl frequency, Q, for three
different inlet pressures, 7r, =1.21, 1.34 and 1.44. These data are from the second build
with 17.30 swirl and w = 0.
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Figure J-7: Experimentally obtained direct force,
different inlet pressures, 7r, =1.21, 1.34 and 1.44.
with 28.10 swirl and w = 0.
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Figure J-8: Experimentally obtained cross force, FT, vs. the whirl frequency, for three
different inlet pressures, 7r, =1.21, 1.34 and 1.44. These data are from the second build
with 28.10 swirl and w = 0.
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Figure J-9: Experimentally obtained direct force, FN, vs. the whirl frequency, for five
different inlet pressures, 7r, =1.27, 1.38, 1.47 1.69 and 1.79. These data are from build #3
with 00 inlet swirl and w = 0.
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Figure J-10: Experimentally obtained cross force, FT, vs. the whirl frequency, for five
different inlet pressures, 7r, =1.27, 1.38, 1.47, 1.69 and 1.79. These data are from build #3
with 00 swirl and w = 0.
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Figure J-11: Experimentally obtained direct force, FN, vs. the whirl frequency for five
different spin rates, r, = 1.47. These data are from build #3 with 00 inlet swirl.
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Figure J-12: Experimentally obtained cross force, FT, vs.
different spin rates, r, = 1.47. These data are from build #3

the whirl frequency, for five
with 00 inlet swirl.
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Figure J-13: Experimentally obtained direct force, FN, vs. the whirl frequency for five
different pressure ratios. These data are from build #3 with 8.60 inlet swirl and w = 0.

5.00-

4.00-

3.00-

2.00-

1.00-

0.00-

-375.

Pressure ratio

-300. -225. -150. -75. 0. 75. 150. 225. 300.

S(adssec

I
375.

Figure J-14: Experimentally obtained cross force, FT, vs. the
different pressure ratios. These data are from build #3 with 8.60

whirl frequency, for five
inlet swirl and w = 0.
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Figure J-15: Experimentally obtained direct force, FN,
different spin rates, 7r, = 1.53. These data are from build

vs. the whirl frequency for five
#3 with 8.60 inlet swirl.
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Figure J-16: Experimentally obtained cross force, FT, vs.
different spin rates, 7r, = 1.47. These data are from build #3

the whirl frequency, for five
with 8.60 inlet swirl.
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Figure J-17: Experimentally obtained direct force, FN, vs.
different pressure ratios. These data are from build #3 with

the whirl frequency for five
15.80 inlet swirl and w = 0.
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Figure J-18: Experimentally obtained cross force, FT, vs. the whirl
different pressure ratios. These data are from build #3 with 15.80 inlet

frequency, for five
swirl and w = 0.
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Figure J-19: Experimentally obtained direct force, FN,
different spin rates, 7r, = 1.55. These data are from build
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Figure J-20: Experimentally obtained cross force, FT, vs.
different spin rates, r, = 1.55. These data are from build #3

the whirl frequency, for five
with 15.80 inlet swirl.
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Figure J-21: Experimentally obtained direct force, FN, vs.
different pressure ratios. These data are from build #3 with
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Figure J-22: Experimentally obtained cross force, FT, vs.
different pressure ratios. These data are from build #3 with
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21.40 inlet swirl and w = 0.
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Figure J-23: Experimentally obtained direct force, FN,
different spin rates, 7r, = 1.55. These data are from build
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Figure J-24: Experimentally obtained cross force, FT, vs.
different spin rates, 7r, = 1.55. These data are from build #3

the whirl frequency, for five
with 21.40 inlet swirl.
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Figure J-25: Experimentally obtained direct force, FN, vs.
different pressure ratios. These data are from build #4 with
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Figure J-26: Experimentally obtained cross force, FT, vs. the whirl frequency, for five
different pressure ratios. These data are from build #4 with 00 inlet swirl and w = 0.
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Figure J-28: Experimentally obtained cross force, FT,
different pressure ratios. These data are from build #4

vs. the whirl frequency, for three
with 00 inlet swirl and w = 0.
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Figure J-29: Experimentally obtained direct force, FN, vs.
different spin rates, 7r, = 1.61. These data are from build #4

the whirl frequency for five
with 0O inlet swirl.
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Figure J-30: Experimentally obtained cross force, FT, vs. the whirl frequency, for five
different spin rates, 7r, = 1.61. These data are from build #4 with 00 inlet swirl.
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Figure J-31: Experimentally obtained direct force, FN, vs. the whirl frequency for five
different pressure ratios. These data are from build #4 with 8.60 inlet swirl and w = 0.
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Figure J-32: Experimentally obtained cross force, FT, vs. the
different pressure ratios. These data are from build #4 with 8.60

whirl frequency, for five
inlet swirl and w = 0.
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Figure J-33: Experimentally obtained direct force, FN,
different spin rates, 7, = 1.57. These data are from build

vs. the whirl frequency for five
#4 with 8.60 inlet swirl.
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Figure J-34: Experimentally obtained cross force, FT, vs.
different spin rates, 7, = 1.57. These data are from build #4

the whirl frequency, for five
with 8.60 inlet swirl.
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Figure J-35: Experimentally obtained direct force, FN, vs.
different pressure ratios. These data are from build #4 with
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Figure J-36: Experimentally obtained cross force, FT, vs. the whirl frequency, for five
different pressure ratios. These data are from build #4 with 15.80 inlet swirl and w.
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Figure J-37: Experimentally obtained direct force, FN, vs.
different spin rates, 7rF = 1.57. These data are from build #4
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Figure J-38: Experimentally obtained cross force, FT, vs. the whirl frequency, for five
different spin rates, 7r, = 1.57. These data are from build #4 with 15.80 inlet swirl.
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Figure J-39: Experimentally obtained direct force, FN, vs. the whirl frequency for five
different spin rates, 7r, = 1.57. These data are from build #4 with 15.80 inlet swirl.
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Figure J-42: Experimentally obtained cross force, FT, vs. the whirl frequency, for four
different pressure ratios. These data are from build #4 with 21.40 inlet swirl and w = 0.
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Figure J-43: Experimentally obtained direct force, FN,
different spin rates, 7r, = 1.56. These data are from build
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Figure J-44: Experimentally obtained cross force, FT, vs. the whirl frequency, for five
different spin rates, 7r, =1.56. These data are from build #4 with 21.40 inlet swirl.
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Figure J-45: Experimentally obtained direct force,
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Figure J-46: Experimentally obtained cross force, FT,
different pressure ratios. These data are from build #5

vs. the whirl frequency, for three
with 00 inlet swirl and w = 0.
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Figure J-47: Experimentally obtained direct force, FN,
different spin rates, ir, = 1.32. These data are from build
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Figure J-48: Experimentally obtained cross force, FT, vs. the whirl frequency, for five
different spin rates, rx, =1.32. These data are from build #5 with 00 inlet swirl.
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Figure J-49: Experimentally obtained direct force, FN, vs.
different pressure ratios. These data are from build #5 with
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Figure J-50: Experimentally obtained cross force, FT, vs. the whirl frequency, for three
different pressure ratios. These data are from build #5 with 12.30 inlet swirl and w = 0.
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Appendix K

Design Guidelines

This appendix gives design guidelines for predicting the rotordynamic forces that a labyrinth

seal will generate under conditions found in a machine and to provide ways to help minimize

the destabilizing effects that labyrinth seals may have.

One method for calculating a seal's rotordynamic coefficients is to use a lumped parameter

model, like the one presented, along with the appropriate upstream boundary conditions.

Imposing the proper boundary conditions may not always be straight forward in a real ma-

chine, especially if the seal is located in close proximity to the trailing edge of a blade row.

However, the forces can be bounded between an uncoupled calculation, for the lower limit,

and a fully coupled calculation, for the upper bound. In wide open geometries treating the

upstream flow with a lumped parameter model is not appropriate. Probably a potential

code should be used to capture the axial and radial variations in the flow field perturbations

upstream of the seal.

Static correlations can also be used to obtain the static and dynamic coefficients as outlined

in Chapter 5. A cross stiffness correlation can be used for a whirling rotor if the relative

inlet swirl as seen by the an observer rotating at the first lateral natural frequency of the

shaft is used and the frictional contribution is subtracted.

Here are some practical ways to minimize labyrinth seal induced rotordynamic excitation.
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1. Reduce or eliminate inlet swirl to the seal. This can be done with swirl brakes. It was

shown that in the absence of frictional effects that inlet swirl velocities above w"R,

are destabilizing.

2. Use honeycomb lands. While the results from this study are not conclusive with

regards to honeycomb lands for single gland seals, they may act as an effective swirl

brake in multi-cavity seals.

3. Use divergent seals. This was shown analytically to decrease the cross force.

4. Avoid straight through geometries. Use stepped or interlocking seals. This will act to

negate the carry-over effect that were shown to augment the cross forces.

Finally, the labyrinth seal can be used as a stabilizing element. When the swirl velocity

is lower than gap variation speed, one may wish to increase the forces, since they are

stabilizing. For these applications the reverse of what was suggested above should be done.

Also one may infer from the theory that there is a value of R that will maximize the

cross forces.
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Appendix L

Flow Coefficients

The two flow coefficients, t* and i*, were calculated from the experiments by using the flow

rate measured by the Venturi flow meter and pressures measured ahead of, in the middle

of, and behind the seal Pi, P* and Po respectively. These are calculated from the following

formulas which are derived from 2.6 and 2.7.

Sq* RaT
l = aT (P - p*2)

* q- RaT
2 = p!2 (p2_ 2) (L.1)

A comparison of the measured and theoretical flow coefficients is given in Table L.1. The

theoretical values are from equation 2.8.
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Experiment
(Theory)

rs (approx.)

Bld# Vane 1.21 1.32 1.44 1.58 1.80
Angle #4 # #4 #• t #* 21 #2 #1_

#2 0o  7 7 7 7 7 7 7 7 7
(0.65)

150 6 ? ? ? ? ? ? ? 7
(0.65)

300 7? ? ? ? ? ?
(0.65)

600 7 ? ? ? 7 7 7 7

(0.65)

#3 00 0.65 0.85 0.66 0.85 0.67 0.85 0.70 0.85 0.70 0.83
(0.65) (0.76)

150 0.70 0.88 ? ? 0.69 0.94 0.68 0.91 0.67 0.78
(0.65)

300 0.65 0.86 ? ? 0.66 0.85 0.67 0.82 0.67 0.81
(0.65)

600 0.65 0.85 ? ? 0.66 0.85 0.67 0.85 0.67 0.84
(0.65)

#4 00 0.64 0.80 0.66 0.81 0.66 0.78 0.67 0.77 0.70 0.75
(0.65)

150 0.64 0.78 ? ? 0.65 0.78 0.66 0.78 0.67 0.75
(0.65)

300 ? ? 0.65 0.77 0.67 0.77 0.68 0.76 0.68 0.75
(0.65)

600 0.67 0.75 ? ? 0.68 0.75 0.69 0.75 0.69 0.75
(0.65)

#5 00 0.75 1.03 0.75 1.02 0.75 1.05 ? ? ? ?
(0.65)

150 0.76 1.07 0.77 1.02 0.76 1.05 ? ? ? ?
(0.65)

Table L.1: Flow coefficients for both first and second knife from both theory and experi-
mental data. Note that the predicted coefficients are independent of the pressure ratio, 7r,.
P* was not measured for build #2, hence no coefficients can be calculated.
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Appendix M

Extension of the Model to a

Multi-Cavity Seal

For the i th gland of an N cavity seal there are both upstream and downstream perturbations

in pressure and tangential velocity. The nondimensional, linearized, perturbation continuity

equation for the i th gland is

f -p*2
1  f+ [p*2 P '+ +li_ hzi V2h 7 hI2-1 -P-• 1 P ,+ - P-•.2  • q- [R. - ,

ilq* p* , +I-i i++ =I- + + i -I i r (M.1)
R iq - - · 2 1  1i+ 1  

6 + 1  Q R JJ

The front knife is the i th one and the back one is the (i + 1)th . The conditions in the

upstream gland carry the sub-script ();-_ and the downstream gland conditions are labeled

()i+1. The linearized perturbation momentum relation for the it h gland is

{ (vi) P.2 ,- P:2 }' {' + {p--2. 2- +(u.) -.. p 
+

+ + P,+,2 Py21 -p;* Y ++

(( .v (l .,"* - A,(l, + 2h,,)(wR. - V'*w) + pt--j f -R. + pflhiRaT
8yq*V R5 ,J R.J R. R.

1+ p • (Ai -A,(li + 2hi)(Vi -WRo))+ piih, - i + pf -2
4q- 9 2i + _ P \ /+

= .. + ( + -} i i (M.2)

For an N chamber seal this results in a tridiagonal matrix with 2N equations in 2N un-

knowns.
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