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ABSTRACT

The National Aeronautics and Space Administration is conducting an
evaluation of candidate Brayton-cycle turbomachinery configurations.
As part of this program, Pratt & Whitney Aircraft has designed a
turboalternator incorporating a two-stage axial-flow turbine driving
an inductor alternator supported on gas bearings. The gas bearings
were designed and successfully tested in a gas bearing dynamic simu-
lator by Mechanical Technology Incorporated. Testing of the simula-
tor under full electrical load and under certain electrical fault
conditions indicated satisfactory operation of the rotor system.
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FOREWORD

The research described herein was conducted by Mechanical Technology
Incorporated under subcontract to Pratt & Whitney Aircraft, Division of United
Aircraft Corporation (NASA Contract NAS 3-6013). The project was managed
by Mr. Henry B. Tryon, Space Power Systems Division, NASA-Lewis
Research Center. The report was originally issued as Pratt & Whitney
PWA-3070, volume 2 (Mechanical Technology Incorporated MTI-67TR29).
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SUMMARY

A gas-bearing rotor support system has been designed, fabricated, and tested by
Mechanical Technology Incorporated for the NASA Brayton-cycle axial-flow turbo-
alternator developed by Pratt & Whitney Aircraft under prime contract from

the NASA-Lewis Research Center. (A cross-section view of the turboalternator is
shown in Figure 1.) The gas-bearing system was experimentally evaluated in a

full-scale rotor-bearing system test rig which

1. exactly simulated the design of the turboalternator bearings,

2. very closely simulated the mechanical configuration and physical
parameters of the turboalternator rotor (the actual turboalternator

turbine was not, however, used), and

3. permitted testing of the rotor-bearing system under operating
conditions, including generation of rated electrical power, similar
to those which would exist in the turboalternator (turbine inlet

temperature, however, was not simulated).

In addition to the experimental evaluation, analyses were performed and computer
programs written which permit quantitative determination of rotor-bearing system
response and stability under conditions of electrical power generation wherein
the rotor is subjected to dynamic electromagnetic forces. These forces exist

when the rotor is mechanically eccentric in the alternator air gap.

The bearing system performed satisfactorily throughout the test program and
successfully passed the required P & WA acceptance tests. Operation of the
bearings was not impaired (i.e., there was no rupture of the gas film) by an
extensive turbine labyrinth rub which occurred when testing under extreme
conditions of rotor eccentricity. At these extreme eccentricities, approxi-
mately 4 mils at the alternator pole planes, the bearings could safely carry
the combined loads due to alternator electromagnetic forces and rotor weight.
Finally, satisfactory operation was demonstrated over a very wide range of
journal bearing clearances (up to essentially zero preload) without any

evidence of rotor whirl.




Instability of one pad was observed at the zero preload condition, but even in
this case there was no rupture of the bearing gas film. In actual operation, the
bearing preloads will range between 0.3 and 0.6 and the pad instability mode will

never be encountered.

Development of a reliable turboalternator gas-bearing system has been achieved for
the conditions imposed by the design specifications, as well as for additional
conditions imposed during simulator testing. The system has been proven to be
sufficiently rugged and tolerant of variations from design point to give confidence
that turboalternator performance will be fully satisfactory under static environ-
mental conditions. It remains, however, to demonstrate the overall reliability

of this system under actual thermal conditions of turboalternator operation, as

well as under the short and long term environmental conditions which will exist

during a space-system mission.
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I. INTRODUCTION

Mechanical Technology Incorporated (MTI), under subcontract to Pratt & Whitney
Aircraft (P&WA), has cooperated in the design and development of an axial-flow
turboalternator employing gas-lubricated bearings for the Lewis Research Center
of the National Space and Aeronautics Administration (NASA-Lewis). More
specifically, MTI's participation in this program has been in the following

areas:

1. design of a gas-bearing system for the turboalternator;

2. test evaluation of the complete gas-bearing system under non-power
generating conditions, in a rotor-bearing test machine which closely
simulated most of the turboalternator mechanical parameters and
operating conditions;

3. analysis of the rotor-bearing system stability and response to the

alternator electromagnetic forces;

4, test evaluation of the complete gas-bearing system under power generating
conditions, in a rotor-bearing test machine which closely simulated
most of the turboalternator mechanical and electrical parameters and

operating conditions;

5. manufacture of the bearing parts for the delivery turboalternators.

The development of a gas-bearing-supported turboalternator is a further significant

advance in the technology required for closed-system Brayton-cycle power plants.
The advance removes the previously expressed uncertainty concerning the response
and stability of the rotor-bearing system to alternator electromagnetic forces.
The program has also resulted in the development of analytical procedures,
computer programs and design tools which contribute to the understanding of the

problems and which will facilitate the engineering and design of future systems.

The most noteworthy attribute of gas lubrication for the present turboalternator
application is simplicity. In a conventional gas turbine, the rotating system is

supported on oil-lubricated bearings (fluid film or rolling element). However,




for closed-system operation where the same gas is continuously circulated, means
must be provided to ensure that the oil cannot contaminate the gas stream. Leakage
of oil into this stream would ultimately degrade power plant performance to an
unacceptable level due to fouling of critical heat exchanger parts and build-

up of decomposition products.

To prevent contamination rotating seal systems must be used to isolate the oil from
the cycle gas. Auxiliary equipment in the form of oil pumps, scavenging pumps,
oil-gas separators, reservoirs, and possibly coolers and adsorbers, is also
required. To obtain long-term non-degrading performance from an oil-lubricated,
closed-cycle power plant may be a problem, particularly if the plant must be

capable of repeated start-ups and shutdowns.

In a gas-bearing machine, the rotating system is supported on a film of gas.
Recent developments of motor-driven gas-bearing compressors and circulators,
which have jointly accumulated over 67,000 hours of field operation, have created
an understandable impetus to apply gas-bearings to closed-system gas turbine
machinery [1}*. By utilizing cycle gas for the bearing system lubricant, the
contamination problem and auxiliary equipment requirements for the closed Brayton
cycle, as mentioned above, can be eliminated. The potential ability of a well-
designed gas-lubricated turbomachine to operate reliably for long periods of time

with repeated start-ups and shutdowns should therefore be quite high.

As in all new technologies, problem areas do exist in the design and application
of gas bearings. The complete lack of boundary lubrication in the event of an
accidental high-speed bearing rub is probably the most critical problem area in

the practical application of gas-bearing turbomachinery. Such rubs may occur

due to passage of dirt through the bearings, vibration and shock loads, or improper
operation of the machine. The solution to this boundary lubrication problem is

to obtain bearing surfacing materials which are capable of surviving many dry rubs
with negligible wear or performance degradation. A second inherent problem area

which is common to self-acting bearings, the type of bearings used in the turbo-

* Numbers in brackets refer to similarly numbered references listed on page 345.

(@)




alternator, is that of low load capacity. The load capacity in a self-

acting bearing is, for all practical purposes, limited to several pounds per
square inch of projected bearing area. Finally, gas bearings have very low
damping capability, and hence are prone to rotor dynamic and rotor-bearing
stability problems. The limitations of low load capacity, absence of boundary
lubrication, and low damping, imposes several new and stringent requirements on
rotor dynamics design. Close attention to these requirements at all times, and
particularly during the early conceptual and design phases, is vital to the

successful development of gas-lubricated turbomachinery.

The requirements for the turboalternator bearing system (described in Section II

of this report) necessitated a number of advancements in the technology of gas-

bearing design and application. To obtain maximum assurance of a successful

development, the following engineering philosophy was used throughout the program.

i,

Make maximum use of existing gas-bearing design techmnology and operational
experience with respect to (a) selection of types of bearings to be

used and (b) selection of basic design criteria for these bearing types.

Conduct component and subsystem test programs in critical areas where
existing technology and/or operational experience was either non-existent
or inadequate to permit quantitative evaluation of design concepts. Two
such test programs were conducted. The first was the evaluation of a
complete rotor-bearing system under actual operating conditions but
without alternator electromagnetic forces. The second was evaluation of
the complete rotor-bearing system under actual operating conditions
including alternator electromagnetic forces. The latter program
utilized the prototype turboalternator rotor and stator developed by

the General Electric Company [2]. Full electrical power was generated

during the course of the tests.

Maintain very close liaison with P&WA during the design phase to ensure
that all aerodynamic, thermodynamic, and mechanical interactions and
interfaces were properly identified and evaluated. In particular, the
areas of aerodynamic thrust and radial loads, rotor design, heat transfer
design, casing design, instrumentation provisions, balancing techniques,
and assembly procedures, were integrated very closely with the P&WA

design effort.




One set of bearing components was used during the test phases of the two programs—
a total of approximately 100 hours of operation being accumulated. The basic
bearing system consists of pivoted-pad self-acting journal bearings (with provisions
for external pressurization of the bearings during start-up and shutdown), a
spiral-grooved self-acting unidirectional thrust bearing for normal operation, and

a bi-directional externally-pressurized thrust bearing for use during start-up

and shutdown. The design permitted the use of a single thrust runner for both the

self-acting and pressurized thrust bearings.

The design of the bearing system was based upon design criteria which, on the basis
of past experience, gave maximum assurance of successful development. This

design is described in Section II of the report. The system, which was tested

in a rotor-bearing simulator, successfully passed the P&WA acceptance test as

described in Section IV.

Having demonstrated the suitability of the rotor-bearing system in the simulator,
it was then required to ascertain the effect of alternator electromagnetic forces
on the rotor bearing system. This was accomplished in two phases. A theoretical
analysis was performed, as described in Section V of this report, to assess the
effects of alternator electromagnetic forces on rotor-bearing system response

and stability. The rotor-bearing system was then retested using a modified
simulator which incorporated the actual turboalternator rotor and stator. During
the course of these tests the alternator developed the full power requirement of
12 KW and was also subjected to all of the specified short circuit and unbalanced
electrical load conditions. Section VII presents the actual test and performance

data for the bearing system when subjected to alternator electromagnetic forces.

The analytical and test phases of this program also included the effect of
increasing the journal bearing clearance to achieve a reduction in the bearing

friction loss.

The test program was successfully completed for all of the operating conditions
specified. The dynamic performance of the rotor-bearing system, when subjected
to alternator electromagnetic forces, was as predicted by analysis. The static
electromagnetic forces, however, were found to be considerably less than those
originally calculated by the alternator manufacturer. A detailed listing of

conclusions and recommendations is given in Section VIII.




IT. DESIGN OF THE TURBOALTERNATOR BEARING SYSTEM

As mentioned in the preceeding section of this report, the bearing system designed
for the turboalternator was built and tested in a rotor-bearing simulator. The
tests were conducted in two separate phases, the first of which involved evalua-
tion of the rotor-bearing system in a simulator under all of the conditions of
turboalternator operation except the generation of electrical power and temperature
distribution. The second phase, which required considerable modifications to the
simulator, involved test evaluation of the rotor-bearing system while generating
electrical power and, also, while subject to various electrical unbalanced load

and short circuit conditions. This second phase, like the first, did not include

turboalternator temperature distributions.

The design of the bearing system was based, whenever possible, upon tried and
proven state-of-the-art design criteria, so as to give maximum assurance of
successful operation at the onset of the program. During the course of the
second test phase, which used the same bearing parts as the first phase, certain
of these design criteria were refined to more closely tailor the bearing design
to the needs of a dynamic space-power system. These extensions were in the
direction of minimizing the machinery parasitic losses while maintaining the

dynamic integrity of the rotor bearing system.
The following design information concerning the bearing system relates to the
original design which was shown by test to be suitable for operation in the

turboalternator under the conditions specified.

Operating Conditions and Design Specifications

At the commencement of the program the basic operating conditions and design

specifications were defined as follows:

"Hydrodynamic journal and thrust gas bearings are required for the turboalternator
package. These bearings shall have as design objectives a life of 10,000 hours

under the environmental conditions specified in NASA Specification P0055-1 and




multiple restart capability for ground test and prelaunch checkout. The gas

bearings shall be designed to use design point compressor discharge argon gas

at approximately SOOOR, and a pressure of 13.8 psia with some degree of perform-

ance margin. Also, in the event that no major performance penalty or mechanical

compromise is incurred, the gas journal and thrust bearings shall be designed to

permit their operation with argon supplied at 6.1 psia and 800°R. The design

shall provide for operation of the unit both in the horizontal and vertical

positions with the alternator facing either up or down.

The use of an auxiliary

high pressure argon source may be considered for multiple hydrostatic lift-off,

start, and shutdown."

During the first several months of the turboalternator development program,

numerous aerodynamic, rotor-dynamic, bearing sizing, and heat-transfer design

studies were made. During this period, frequent design review meetings, jointly

attended by P&WA and MTI, were held to evaluate the studies and to be certain

that all interactions between the various engineering disciplines were being

properly accounted for and properly weighed with respect to obtaining the best

overall integrated design of the turboalternator.

The selection of rotor speed,

and to a considerable extent rotor mass, was dictated by the design of the

alternator which, being a 4 pole machine, must be operated at a speed of 12,000

rpm to generate the 400 cycle power required by the turboalternator specifications.

As a result of this approach, the following set of more specific bearing system

operating conditions were quickly evolved as being reasonable from rotor-bearing,

aerodynamic and alternator system standpoints.

Design Speed =
Overspeed =
Rotor mass =

Bearing lubricant =
(system fluid)

Bearing ambient -
pressure (minimum)

Bearing ambient =
pressure (design point)

12,000 RPM
14,400 RPM
54.5 1b

Argon

6 PSIA

10.5 PSIA (Bearing No. 1)*
12.0 PSIA (Bearing No. 2)%




Maximum operating
thrust load

Range of maximum
thrust load at
start-up

= 85 1b. main (rearward)
thrust

- 100 1b. reverse thrust *%*
250 1b. rearward thrust **

* The journal bearing adjacent to the turbine wheel and the thrust runner are

described as the No. 1 and No. 2 bearings respectively.

*% The terminology used to describe each of the thrust bearings is derived from

consideration of the direction of the thrust force. Consequently, a rearward

thrust load is a force directed from the turbine towards the alternator.

This is the direction of the thrust force under normal conditions of operation

with the turboalternator horizontal or, alternatively, vertical with the turbine

end uppermost.

Similarly, a reverse thrust load would be a force directed

from the alternator towards the turbine.

The distribution of rotor mass results in a static force on the No. 1 bearing of

27.8 pounds and 26.7 pounds on the No. 2 bearing when the rotor is horizontal in a

1-g gravitational field.

However, all design calculations have been made on the

basis of a 35 pound static load on each journal bearing. This was done to

provide a margin for electromagnetic force reactions due to possible eccentricity

between the magnetic and geometric centers of the alternator rotor and stator.

Such eccentricity could result from manufacturing tolerances, bearing setup

tolerances, and/or magnetic field dissymmetry.

The difference between the design values of ambient pressure for bearings

No. 1 and No. 2 reflects the pressure distribution throughout the turboalternator

which is necessary to obtain the required thrust balance and also, the required

fl

ow of coolant gas.

The previously referenced NASA environmental specification P0055-1 is enclosed

as Appendix H of this report.

10




Selection of Bearing Types

During the early stages of the design phase, careful consideration was given to

the type of journal and thrust bearings that should be used in the turboalternator.

The bearing types selected for the initial bearing system design were:

Ik

flexibly-supported, pivoted-pad, self-acting journal bearings with

provisions for hydrostatic lift off during start-up and shutdown;

flexibly-supported, helical-grooved (Whipple plate) self-acting thrust

bearing; and

inherently-compensated, annular, externally-pressurized thrust bearings

to support the thrust loads at start-up and shutdown.

No change in bearing types were made during the course of the development of the

bearing system.

The basic reasons for selection of these bearing types were as follows:

1%

Pivoted-pad journal bearings could readily be designed to be stable over
the operating range of the machine. The freedom of angular motion of
the pivoted-pads also provides good alignment capability. In addition,
this freedom of motion, and the interruptions between pads, have proved
to be effective safeguards against damage from foreign particles in

the gas stream. Finally, and perhaps most importantly, this type of
journal bearing had been successfully used in several previous gas-
bearing turbomachinery developments. To ensure the attainment of the
required multiple restart capability, provisions for hydrostatic lift-
off during start-up and shutdown were incorporated into the design of

the hydrodynamic journal bearings.

The load capacity of properly designed helical-grooved thrust bearings

buuR?

B h2
s

is relatively insensitive to the compressibility number (A =

)

of the application. This is in sharp contrast to other types of self-

acting thrust bearings (e.g., pivoted-pad, tapered land, step type, and

il




others) whose load capacity rapidly approaches an asymptotic value as
the compressibility number is increased. The helical-grooved thrust
bearing is, however, quite sensitive to the degree of parallelism
between the thrust runner and the thrust stator. Accordingly, the
thrust stator should be flexibly mounted to permit it to "track"
misalignment and wobble of the thrust runner. Once again, this type
of bearing had been successfully applied in previous turbomachinery

developments.

3. The present application may be subject to high axial loads during start-
up and shutdown, making it mandatory to externally pressurize the thrust
bearing during these intervals. With proper design,the inherently-
compensated externally-pressurized thrust bearing has a much higher
threshold of onset of pneumatic hammer than other externally-pressurized

bearing types, such as orifice compensated and pocketed bearings.

In the following paragraphssthe individual components of the bearing system are
reviewed in more detail. Attention is focused on calculated performance data
and on practical considerations of the design. Sound theoretical analyses are
essential in gas-bearing development, and were used to establish the steady-
state and dynamic characteristics of the bearing system. These procedures,
however, have been covered extensively in prior research and in general purpose
design papers and reports, and hence will not be repeated here. (References 3
through 15 list some of the standard texts and recent publications in these

areas.)

Performance Characteristics of the Journal Bearings

As noted previously, the journal bearings selected for the turboalternator are
of the pivoted-pad type. Detailed analyses of this type of bearing are available
based on numerical integration of the compressible Reynolds equation. The
resulting normalized pad data is assembled as a function of pivot position, pad

6 R 2
eccentricity ratio, and compressibility number (N = ﬁgg-(—a— ) ). The static
and dynamic characteristics of the bearings are then obtained by vectorial

summation of the characteristics of the individual pads. By storing this

12




bearing data in computer memory, high-speed digital computer programs can be
utilized for making screening and final design calculations for any specified

combination of operating conditions and bearing geometry.

The turboalternator journal bearings, which are entitled Bearing No. 1 for the
bearing adjacent to the turbine, and Bearing No. 2 for the bearing adjacent to
the thrust runner, have been designed to operate satisfactorily under the

following conditions:

1. at any orientation of the turboalternator in a zero to 0.18-g

gravitational field;

2, at any angle between zero and 90 degrees shaft angle (where zero would
correspond to a vertically oriented shaft with the turbine end up and
90 degrees would be horizontal) in a 1.0-g gravitational field. (At
all angles other than zero the circumferential orientation must allow
the journal bearing load vector to pass between the pivots of the lower

journal bearing pads¥*);
3. at any ambient pressure above 6.0 psia; and

4, to withstand, while in any of the above orientations, an unbalance of

0.005 ounce-inches in the plane of the turbine wheel.

The pivots for each of the journal bearing pads are mounted on individual

support flexures. These flexures serve several purposes:

1. They inherently improve the ability of the bearings to accommodate
thermal expansion changes which would tend to change the bearing

clearance.

2. They reduce bearing preload changes due to centrifugal growth of

the journals.

3. They reduce the rigid-body critical speeds of the system.

* The terms "lower'" or ''loaded" pads in the context of this report refer to the
two pads in each journal bearing which contain provisions for hydrostatic

lift -off.
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Two of the pivot-support flexures in each journal bearing are relatively stiff
flexures so as to limit radial displacement of the rotor, relative to the
concentric position of the various shaft labyrinth seals, when the turboalternator
is operated in a horizontal position in a l-g gravitational field. These stiff
flexures are referred to as the lower (or loaded) flexures for each journal
bearing. The remaining two flexures in each bearing, referred to as the upper
(or unloaded) flexures, are considerably less stiff than the lower flexures.
These softer flexures provide most of the accommodation to changes in the thermal
expansion and centrifugal growth of the journals. A photograph of a journal
bearing showing the flexures is given in Figure II-1. This particular photograph
also shows the bearing support which was designed for use in the rotor-bearing

simulator.

A summary of the design parameters and calculated design-point performance
characteristics for the two journal bearings is given in Tables II-1 and II1-2.
Presentation of the calculated journal bearing performance over the turboalternator
operating speed range is given in Figures II-2 thru II-4. These figures show
plots of the performance characteristics listed below as a function of rotor speed
when the turboalternator is operating horizontally in a 1l-g gravitational

field.

1. bearing film thickness at the pivot location of the loaded pads,
2. bearing friction loss,
3. bearing radial stiffness,

4, ratio of pad resonant frequency to rotor synchronous frequency in
the roll direction for the upper and lower pads (or equivalently,

the unloaded and loaded pads), and

5. ratio of pad resonant frequency to rotor synchronous frequency in the

pitch direction for the upper (unloaded) and lower (loaded) pads.

The data in Figures II-2 thru II-5 includes the effects of pivot support deflection
and journal centrifugal growth. The temperatures of the bearings were held

constant at design-point conditions for all the calculations.
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During the period when the turboalternator design was being established, a

bearing clearance ratio (CB/R) of 0.5 x lO"3 was used, in conjunction with nominal
values of pad clearance ratio (CP/R) and preload (m) of 1.0 x 10™3 and 0.5 respec-
tively, to size the journal bearings. While fabricating the journal bearings
intended for use in both the rotor-bearing simulator and the turboalternator,

some difficulty was experienced in machining the pad radius within the originally
established tolerance of + 0.1 mils. Calculations were, therefore, made to
ascertain the effect on bearing performance of increased pad radius tolerance.

The basis of these calculations was the retention of the previously established
bearing clearance ratio (CB/R) of 0.5 x 1073. The values of preload corresponding
to the range of CP/R under consideration were determined from the following

geometrical relationship.

where m = Preload ratio
R = Journal radius at design speed
C,= Difference between the machined radii of the pads and the journal
at design speed
C,= Difference between the dimension from the bearing geometric
center to the pad surface (at the pivot point) and the journal

radius at design speed.

The results of these calculations, which are shown in Figure II-5, show that for
constant bearing clearance (CB/R) the bearing performance is virtually unaffected
by the machined clearance ratio CP/R' It was, therefore, concluded that an
increase in pad radius tolerance to + 1.0 mils could be introduced. The values
of tolerance selected result in a nominal CP/R of 1528 % 10_3, with a minimum

CP/R of 1.0' x lO_3 when the pad radius is at the lower limit of the tolerance,
and a maximum CP/R of 1.6 x 1073 when the pad radius is at the upper limit of

the tolerance. The design calculations presented are, therefore, based on the

nominal C_ R of 1.28 x 10 > and the associated value of preload (m) of 0.612.

P/
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TABLE II-1

TURBOALTERNATOR JOURNAL BEARING DESIGN PARAMETERS

Configuration

Journal Diameters, Inches
Bearing Length-to-Diameter Ratio (L/D)
Number of Pads per Bearing

Pad Orientation (Referenced to
horizontal orientation of the rotor)

Arc Length (B) of Pad, Degrees

Pivot Location (86/8) from
Leading Edge

Pad Clearance Ratio (CP /R)
Bearing Preload Ratio (m)

Individual Pad Mass, Ounces

Pivot Ball Diameter, Inches
Pivot Socket Diameter, Inches

Measured Pivot Support
Radial Stiffness, Lb/In

Shaft Material

Shaft Material
Coefficient of Expansion,
Inch/Inch/OF

Pad Material
Pivot Material

Pivot Material
Coefficieng of Expansion,
Inch/Inch/ F

Journal and Pad Surfacing Material
Bearing Support Housing Material

Bearing Support Housing Material
Coefficieng of Expansion,
Inch/Inch/ F

16

Pivoted-pad (with
hydrostatic lift-off)

3.500
1.0
4

Rotor weight between pivots

80.0

0.65
1.28 x 10~
0.612

3

9.7 (with capacitance
probe)

0625

0.812

34,800 (upper Pads)

84,000 (lower pads)

AMS 6294 (AISI 4620)
-6 o

6.65 x 10 ~ at 300 F

M-1 Tool steel
M-1 Tool steel

6.65 x 10°° at 300°F

Chrome Oxide

AMS 5646

9.3 x 10°° at 212°F




TABLE II-2

TURBOALTERNATOR JOURNAL BEARING CALCULATED PERFORMANCE CHARACTERISTICS

All data given below is based upon the following operating conditions.

Rotor Speed 12,000 RPM
Lubricant gas Argon
Bearing Temperature 300°F

a. Horizontal operation in a 1.0 g gravitational field.

Bearing Load, Pounds 35
Bearing Ambient Pressure, PSIA 6.0
Operating Clearance at Pivot, Mils

(loaded pads) 0.51
Friction Loss Per Journal, Watts 9156

Radial Gas Film Stiffness, Lb./In. 1514 x 10

b. Space operation in a zero-g gravitational field.

5

1055

0.60
89.5

1.4 x 10

ounce-inch unbalance in the plane of the turbine wheel.

Bearing Ambient Pressure, PSIA

Operating Clearance at Pivot,
Mils (All pads)

Friction Loss per Journal, Watts

Radial Gas Film Stiffness,Lb/In.

10.5

0.87

83.9
1500 = 1o

5

Bearing load due

1250

0.62
9052
AL e D)

12.0

0.87

84.5
152adix 107

to 0.005
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Provisions for External Pressurization of Journal Bearings

The average loading on the journal bearings at start-up is approximately 2.35 PSI
in a l-g gravitational field when the shaft is horizontally oriented. Although
recent tests have shown that chrome oxide bearing coatings can survive many
hydrodynamic starts and stops at bearing loads up to 4 PSI, hydrostatic bearings
have nonetheless been built into the hydrodynamic journal bearings. This feature
greatly reduces the start-up friction torque and,consequently, allows the rotor

to rapidly accelerate to design speed.

Hydrostatic lift-off is accomplished by feeding pressurized gas through a 0.013
inch diameter orifice in each of the two lower pads of the journal bearings. A
recess in the surface of the pads, 0.0002 inches deep with an area of 0.75

square inches, distributes the hydrostatic gas within the bearing. Gas is fed

to the pad orifice through drillings in the body of the pivot rod. These drillings
are positioned in such a manner that the pivot contact area is not interrupted.
This ensures that pivot fretting problems will not be introduced by the lift-off
system. In order to preclude the possibility of leakage of the gas film through
the orifice causing deterioration of the hydrodynamic bearing performance under
normal conditions of operation, the orifices have been equipped with check valves.
These valves consist of an "O" ring seal which is lifted off the valve seat by

the hydrostatic pressure when the lift-off system is in operation. The elasticity
of the "O" ring maintains the required seal during hydrodynamic operation of the
bearings. Design of the supply-gas feed line and check valve is shown in Figure
II-6. Figure II-7 is a photograph of an instrumented bearing pad, pivot-rod

and check valve parts. Figure II-8 shows the recess and orifice in the surface

of a bearing pad.

The hydrostatic lift-off bearings have been designed to provide approximately

0.4 Mils film thickness at the pivot point for a supply pressure of 100 PSIA.

The total flow rate of argon through two hydrostatic journals will be about

2:6''% lO_4 pounds per second. To prevent the rotor from contacting the unloaded
pads, which are not provided with hydrostatic lift-off capabilities, jacking gas
should not be supplied to the journal bearings when the rotor is operating in a

vertical position or a zero-g gravitational field.
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Performance Characteristics of the Hydrodynamic Thrust Bearing

The design of the turboalternator is such that the thrust load, at design condi-

tions, is in the rearwarddirection, i.e., directed from the turbine towards

the alternator.

The thrust bearing has been designed to operate satisfactorily under the following

conditions:

1. 4in any orientation of the turboalternator,
2. at any ambient pressure above 6 psia, and

3. with small misalignments which may occur during operation.

As previously noted, a helical-grooved (Whipple plate) hydrodynamic bearing with

a flexibly-mounted stator was selected. This bearing was designed using analytical
and computational procedures that were previously developed and programmed by

MTI. These take full account of gas compressibility effects, as well as of the
important geometrical factors (radius ratio, seal-to-groove ratio, groove width

and depth ratios, and helix angle).

To achieve compact, low power—loss design, this bearing is built around the
hydrostatic bearing which is used for start-up and shut down. In this design
the radius of the row of hydrostatic orifices has been conservatively assumed

to be the inner radius of the hydrodynamic bearing.

The 12,000 rpm design load for the hydrodynamic bearing is 85 pounds which is
achieved at a film thickness of 1.1 Mils. Changes in orientation, however, can
reduce this load to 30 pounds, at which time the film thickness will approach

I168 BT,

The flexible mount for the thrust stator has been designed such that the stator

will accurately track dynamic misalignment of the thrust runner in the critical,
high-load regions of operation. Such misalignment may result from manufacturing

tolerances and from conical shaft motions during operation with mechanical

2




unbalance. The flexure mount also allows some degree of self-alignment of the

stator to the average plane of the thrust runner.

The thrust bearing is maintained at near isothermal temperature, using liquid as

the coolant. The calculated performance of the hydrodynamic thrust bearing at
6,000, 12,000 and 14,000 rpm is shown on Figures II-9, II-10 and II-11 respectively.
Summaries of the design parameters and calculated design-point performance charac-

teristics are given in Tables II-3 and II-4.

Figure II-12 shows the main and reverse thrust faces of the thrust runner and
Figures II-13 and II-14 show the grooved surface of the hydrodynamic thrust

bearing and the bearing support flexure respectively.
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TABLE II-3

MAIN HYDRODYNAMIC THRUST BEARING DESIGN PARAMETERS

Configuration

Thrust Runner Diameter, Inches
Helical-Grooved Bearing 0.D., Inches
Helical-Grooved Bearing I.D., Inches
Groove Depth, Inches

Number of Grooves

Stator Support Stiffness in Axial
Direction, Lb./In.

Stator Support Stiffness in Tilt
Direction, In.-Lb./rad.

Stator Temperature, °p
Runner Temperature,oF
Runner Material
Stator Material

Stator and Runner Surfacing
Material

Helical grooved, inward
pumping

7.00

7.00

2.80

0.0022

12

38,600

99,000
216
220
AMS 6415 (AIST 4340)
AMS 4027 (aluminum 6061-T6)

Chrome Oxide
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All data given below is based upon the following bearing operating conditions:

TABLE II-4

TURBOALTERNATOR MAIN HYDRODYNAMIC THRUST BEARING CALCULATED

PERFORMANCE CHARACTERISTICS

Rotor Speed 12,000 RPM
Lubricant Gas Argon

Bearing Temperature 200°F

Ambient Pressure 12.0 PSIA

a) Vertical Operation in a l-g gravitational field (turbine end up)

b)

Bearing Load, Pounds 8510

Friction Loss, Watts
(Combined hydrodynamic and
hydrostatic main thrust

bearing) 104 .0
Operating Bearing Clearance, Mils 1L 1122
Axial Gas Film Stiffness, Lb/In. 89558 105
Space Operation in a zero-g gravitational field

Bearing Load, Pounds 30
Friction Loss, Watts

(Combined hydrodynamic and

hydrostatic main thrust bearing) 59.0
Operating Bearing Clearance, Mils 1.8

Axial Gas Film Stiffness, Lb/In. 0.35 x 105
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Performance Characteristics of the Hydrostatic Thrust Bearings

The method by which the turboalternator is started and stopped may impose large
thrust loads at low rotor speeds. Since a hydrodynamic thrust bearing cannot
carry large thrust loads at low speeds, two hydrostatic thrust bearings have

been provided, one on each side of the thrust runner.

The conditions under which these bearings have been designed to operate are as

follows:
Reverse Thrust Main Thrust
Load (1b.) 100 250
Supply pressure (psia) 100 100
Ambient pressure (psia) 6 6

Both bearings are of the inherently compensated type in order to minimize the
possibility of pneumatic hammer at ambient pressures below 6 psia (this being

a possible condition at start-up).

The bearings were designed using existing computer programs which are basically

a development of the "line feed'" method, but which take account of the discreteness
of the individual feeder holes and the circumferential flow between holes. In
computing the orifice pressure drops, both the losses in the feeder holes and in
the annular "curtain'" areas around the rims of the holes are taken into account.
Since in this case an inherently compensated design was selected for improved
stability, the feeder hole diameters are large enough that the dominant restric-

tion occurs in the annular '"curtain' areas instead of inside the feeder holes.

The calculated performance of the main and reverse thrust hydrostatic bearings
is shown on Figures II-15 and II-16 respectively. A summary of the design
parameters and calculated design-point performance characteristics are given

in Table II-5. Figure II-17 is a photograph of the reverse hydrostatic thrust
bearing. The orifices in the main hydrostatic thrust bearing can be seen

in Figure II-13.
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TABLE II-5

HYDROSTATIC THRUST BEARING DESIGN PARAMETERS AND CALCULATED

PERFORMANCE CHARACTERISTICS

Main Hydrostatic Bearing

Bearing 0D, Inches
Bearing ID, Inches
Number of Orifices
Diameter of Orifices, Inches

Hydrostatic Gas Supply Pressure
at Start-Up, PSIA

Hydrostatic Gas Supply Temperature
at Start-Up ° F

Ambient Pressure, PSIA
Bearing Load at Start-Up, Pounds

Bearing Film Thickness at
Start-Up, Mils

Argon Gas Flow at Start-Up
Pounds/Sec.

Stator Material

Stator Surfacing Material

Reverse Hydrostatic Bearing

Bearing 0D, Inches
Bearing ID, Inches
Number of Orifices
Diameter of Orifices, Inches

Hydrostatic Gas Supply Pressure
at Start-Up, PSIA

Hydrostatic Gas Supply Temperature
at Start-Up °F

Ambient Pressure, PSIA

Bearing Load at Start-Up, Pounds
Bearing Film Thickness at Start-Up,Mils
Argon Gas Flow at Start-Up, Pounds/Sec.
Stator Material

Stator Surfacing Material

3.92
1.00
16
0.028

100.0

100
6.0
250

1.4

0.0058

AMS-4027 (aluminum 6061-T6)

Chrome Oxide

4.92
3.58
16
0.028

100.0

100

6.0

100

1.5

0.0063

AMS-5646E (AISI 347)

Chrome Oxide
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Rotor—-Bearing System Dynamics

It is particularly important in the design of gas-bearing machinery to be sure
that the rotor-bearing system will not develop excessive amplitudes of either
stable or unstable vibration over the desired range of operating speeds. The
simplest and most common form of vibration is synchronous rotor whirl resulting
from excitation of transverse resonant frequencies of the rotor in its rigid or
flexible beam modes. The excitation most commonly derives from mechanical
unbalance of the rotor, although other forms of excitation are possible. The
speeds at which transverse resonant beam modes of rotor whirl can occur are

called the transverse critical speeds of the rotor.

Because of the limited amount of damping in a gas bearing, it is difficult to
design a gas-bearing machine for safe operation through a "bent shaft'" critical
speed unless some auxiliary means of damping is provided. The design philosophy
used on all previous gas-lubricated machinery developments required that the

"bent shaft" critical should be well above the maximum operating speed.

The alternator was expected, however, to exert electromagnetic forces of a
significant magnitude on the rotor at a fundamental frequency of two-per-rev.

To ensure that the two-per-rev did not excite the rotor in the "bent shaft' mode
of vibration, the design philosophy was extended. The resulting criterion of
turboalternator design was that the "bent shaft" critical should be in excess

of twice the overspeed condition.

A critical speed analysis for the turboalternator was carried out using a Holzer-
type calculation programmed for digital computer solution. The calculation
provides both the critical speeds and the associated rotor displacement mode
shapes, and includes the effects of rotor mass, rotor stiffness, bearing

mass, bearing stiffness, bearing support stiffness, and rotor gyroscopic effects.

The critical speeds for the final design of the rotor-bearing system are plotted

in Figure II-18 as a function of journal bearing stiffness. Superimposed on

this plot are the calculated journal bearing stiffnesses at 12.0 psia and 6.0 psia




ambient pressure as a function of speed (obtained from Figures II-2 and II-4).
The intersections of the critical speed curves and the journal bearing stiffness
curves identify the speeds at which rotor resonances could be expected to occur
in the presence of sufficient rotor unbalance. The two lowest critical speeds
are essentially rigid-body resonances of the rotor due to the stiffnesses of the
gas film and the pivot-support flexures. It is seen from Figure II-18 that the
two rigid-body resonances should occur in the 7,000 to 9,000 RPM range, which

is sufficiently low to be of little concern to turboalternator operation. The
third critical speed, which is slightly above 32,000 RPM, is the first free-free
"bent shaft" critical of the rotor and is virtually unaffected by bearing stiff-
ness. No influence of this critical speed would be expected at the 12,000 and
14,400 RPM design and overspeed conditions. Balancing of the rotor should prove,

therefore, to be well within the state-of-the-art of present balancing techniques.

The value of pedestal stiffness used in the calculation of rotor critical speeds
presented in Figure II-18 was determined from the measured values of upper and
lower pivot support stiffness and calculated values of pivot/seat contact zone

stiffness.

The rigid-body critical speed mode shapes for the rotor are plotted in Figure
IT-19. It is seen that for pure modal excitation, the No. 1 journal would
experience the largest resonant amplitudes at the lowest rigid-body critical,
while the No.2 journal would experience the largest resonant amplitudes at the
second rigid-body critical. The nodal point for the lowest rigid-body critical
is located in the plane of the alternator, while the nodal point for the second

critical speed is located outboard of the turbine wheel.

The calculated steady-state plus dynamic bearing loads for a horizontal rotor
orientation in a l-g field and 0.005 ounce-inches of unbalance in the turbine
plane (the rotor being otherwise perfectly balanced and not subjected to
electromagnetic forces) are plotted in Figure II-20 as a function of speed. The
value of 0.005 ounce-inches of unbalance was assumed to occur over a period of
10,000 hours due to unsymmetrical mass shift (creep) in the turbine. It is

seen from Figure II-20 that the unbalance causes both journals to resonate
simultaneously between 9,000 and 10,000 RPM. There is no distinction between
the first and second rigid-body criticals because of the closeness of these two

crdtdcals'
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It should be pointed out that the bearing damping values used in the calculation
of the dynamic bearing loads of Figure II-20 are, rigorously speaking, valid

only at 12,000 rpm. Also,the values of flexure stiffness used in the calculations
were design values and did not include pivot zone contact stiffnesses. Hence,

the absolute values of bearing force are approximate and the speeds at which

the critical speeds are seen to occur in Figure II-20 are somewhat higher than
those shown in Figure II-18. At the speed of 12,000 rpm it is seen that the

0.005 ounce-inches of unbalance adds approximately 2.80 pounds of rotating load

to the steady-state loading of the No. 1 journal bearing, and approximately

0.85 pounds of rotating load to the No. 2 journal bearing.

In lieu of using the rigorous analytical approach described in Section V of
this report, it has been common practice to analyze, for design purposes, each
of the pivoted pads as a completely uncoupled linear vibration system. The
resonant frequency of each possible mode of pad vibration is calculated based
on a simple one-degree-of-freedom model. A more-or-less intuitive design
criterion has been to design the pads such that the resonant frequency of

each vibration mode is at least 30 percent higher than the maximum operating
speed of the machine. This implies that the pads should be able to track
motions of the rotor with little phase lag. Hence, the dynamics of the pads

should have little effect on rotor dynamics.

The pad frequencies which were computed are the roll and pitch resonant
frequencies of the pad against the gas-film stiffness, and the radial resonant
frequency of the pad, pivot-screw, and flexure assembly against the gas-film
and flexure stiffnesses. Figures II-2 through II-4 show calculated ratios of
roll and pitch resonant frequencies to rotor speed for both the loaded and
unloaded pads (assuming horizontal rotor orientation in a 1l-g gravitational
field). It is seen that the pitch resonant frequencies of the No. 1 and No. 2
bearing pads are always greater than 6 times rotor speed for ambient pressures
down to 6.0 psia. Similarly, the roll resonant frequencies of the No. 1 and
No. 2 pads are always greater than twice rotor speed at ambient pressures down

to 6.0 psia.

The calculated radial resonant frequencies of the No. 1 and No. 2 bearing pads
were found to be well above rotor speed throughout the 14,400 rpm speed range.
The response of the rotor-bearing system including the effect of electromagnetic

forces is described in Section V of this report.
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Bearing Cooling Design

The design of a satisfactory cooling mechanism for the turboalternator bearing
system was a task which, in particular, illustrates the importance of careful
consideration of all the various interrelated aspects of turbomachinery design.
The problem was defined as one of maintaining safe gas-bearing clearances while
removing bearing friction with (1) an acceptable temperature rise in the bearing
regions, (2) a minimum of thermal distortion of the bearing parts, and (3) a
minimum of system power loss for auxiliary bearing coolant flows (in the form

of either bleed gas taken from a low temperature part of the thermodynamic cycle

or externally circulated liquid flow.)

Maximum allowable bearing region temperature was fixed at 400 F by the insulation
of the lead wire for the bearing system capacitance probes. The bearing materials
themselves had been successfully tested for short periods of time at temperatures

up to 500 F as described in Reference [22].

During the initial stages of designing the turboalternator,it was quickly
appreciated that the performance of the bearing cooling system would be signifi-
cantly affected by the alternator losses. The magnitude and origin of these
losses were evaluated in detail by the alternator manufacturer as described in
Reference [23]. The thermal model which was used to evaluate the various concepts
considered for bearing cooling purposes included the following heat sources and

heat sinks:

1) turbine wheel and turbine casings,

2) journal bearing friction loss (two bearings),

3) thrust bearing friction loss (two bearings),

4) alternator stator electrical losses,

5) alternator rotor electrical and windage losses ,and

6) alternator coolant system




After evaluation of the various concepts under consideration, a basically
conductive mechanism was chosen for transferring the journal bearing losses to

a liquid-cooled heat sink. This method was selected because it incurred a minimum
loss, from overall system standpoint, and because a supply of coolant fluid was
readily available from the alternator cooling system. For this same reason,a

conductive mechanism was also selected for cooling the thrust bearing.

The design of the cooling mechanism, which is the same for each of the two
journal bearings, consists of an electrodeposition of copper (1/8 inch radial
thickness) in the bore of each journal. This plating extends approximately

1-1/2 inches beyond each end of the actual journal bearing region. Heat generated
in the bearing film is conducted radially through the steel journal and into the

copper plating. The heat is then conducted axially along the copper away from

the bearing and then conducted radially back through the steel journal and across

a close clearance gap to stationary, liquid-cooled, heat sinks which are located
at each end of both bearings. These heat sinks are maintained at approximately
200 F by a flow of the same type of coolant fluid that is used for cooling the
alternator. In addition to removing the friction loss heat from the journal
bearings,the two heat sinks which are located adjacent to the alternator remove,
by conduction across a small axial clearance, a significant proportion of the

pole face electrical and windage losses.

Preliminary calculations performed by MTI indicated that peak bearing pad
temperatures would be about 270 F and peak journal temperatures, occurring at
the mid-plane of the bearing, about 268 F. The temperature gradient from the
mid-plane to the ends of the bearings would be about 4 F. More refined calcula-

tions made by P&WA, using a computer code, confirmed these calculations to be as

follows:
Peak Pad o Peak Journgl Journal gemp.
Temperature F Temperature F Gradient F
No. 1 Bearing 292 288 6
No. 2 Bearing 299 296 6

The thermally-induced distortion of the bearings which results from the axial

temperature gradients appears in the form of crowning and amounts to approximately

75 microinches. This should not cause any appreciable loss in bearing load-

carrying capacity.
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While the heat sinks are equipped with separate coolant inlets and outlets these
sinks are constructed as an integral part of the member which is used to support
each bearing assembly. It follows that the temperature of this support member

is largely determined by the temperature of the coolant which, at design point,
is 200 F. The selection of the material from which the bearing support was
fabricated was based on a number of considerations. Primarily, the material
should be nonmmagnetic to prevent the establishment of a magnetic flux path
through the bearing system to the rotor rather than through the pole faces.

An alternate flux path of this type would be expected to detract from the
alternator performance. Secondly, the material should exhibit good corrosion
resistance to the coolant with which the material would be in contact. Finally,
the coefficient of expansion of the selected material should permit the retention
of essentially constant bearing clearance for all conditions of operation. To
meet this latter requirement,it was necessary to use a material with an expansion
coefficient sufficiently in excess of that possessed by the journal to offset

the design-point temperature difference of approximately 80 F that existed
between the journal and the support. The material selected to meet all of

these requirements was an austentic stainless steel,AMS 5646 (type 347).

An essential requirement of the bearing system design is the retention, within
acceptable limits, of journal bearing clearance during the thermal transients
involved in start-up and shut-down of the turboalternator. These limits are
intended to preclude contact between the journal and pads— in the case of
minimum bearing clearance, and pad flutter- in the case of increased bearing
clearance. To ensure that the clearance limits were not exceeded ,several
calculations were made of the thermal response of the system to a step change of
zero to 12,000 RPM. The first calculation assumed that the bearing heat exchangers
were not supplied with coolant. The results showed that the response of the
bearing support lagged that of the journal by a considerable amount ,and
neglecting the effect of the flexible pivot supports, the minimum clearance
criteria may well be exceeded. The second calculation allowed for the
introduction of liquid coolant at design-point temperature,and flow rate to

the bearing heat exchangers at the time the turboalternator was started. The
results of this calculation showed that the transient bearing clearances would

be within acceptable limits. The response of the bearing support was still,
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however, rather slow. To improve this response, and thereby improve both the
flexibility of operation and allow for bearing clearance adjustments to be made
during operation, the design of the bearing support was modified. This modifica-
tion introduced passages (on either side of the pivot and within the body of the
bearing support) through which liquid coolant could be passed independent of the
coolant flow to the bearing heat exchangers. Calculations based on this, the
final design, showed that the response of the bearing support would be improved

by a factor of between 2 and 3 when coolant at design point-temperature was passed
through these passages at the time the turboalternator was started. The position

and extent of the bearing heat exchangers may be seen in Figure 1.

The steady-state and transient thermal analyses and the detail design of the
journal bearing cooling system was performed by Pratt and Whitney Aircraft.
Initial verification of the techniques required to electroplate the bore of the
journals with an extremely heavy deposition of copper was likewise performed by

Pratt and Whitney Aircraft.

When designing the main thrust-bearing, calculations indicated that gas cooling
would result in unacceptable temperature gradients and, hence, thermal distor-
tion of the thrust-plate. The use of liquid cooling alleviated these problems
and the decision was made, therefore, to use a liquid-cooled hydrodynamic
thrust-bearing for the turboalternato.:. The design of the thrust plate utilizes
a welded aluminum construction containing internal annular passages through

which thé coolant can be passed.

Figure II-21 shows the effect of coolant flow rate on pressure drop, coolant
temperature rise, and average temperature difference between the coolant and the
aluminum thrust plate. The curves are based on a friction loss of 0.13 HP
which is the combined hydrostatic-hydrodynamic bearing loss at 12,000 rpm for an
85 pound thrust load (i.e., for a film thickness of 1.1 mils). Under zero-g
operating conditions when the thrust load will reduce to about 30 pounds and the
combined bearing loss to 0.075 HP, the temperature differences shown on Figure

II-21 would be reduced in direct proportion to the reduction in friction loss.
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For the purposes of design, the coolant fluid was assumed to be G.E. Versilube
F-50. With a nominal flow of 150 pounds per hour, it is seen from Figure II-21
that the aluminum thrust plate will run about 13.5 F above the average coolant
temperature. The coolant temperature rise and pressure drop will be about 6.0 F
and 1.0 psi respectively. As a result of the aluminum construction material and
the small temperature rise of the coolant fluid, thermal distortion of the bear-
ing surface due to radial and circumferential temperature gradients should be
negligible. Dishing of the bearing surface due to the axial heat transfer
temperature gradient should be less than 90 micro-inches. This is a quite

acceptable condition.
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Journal Bearing Adjustment and Assembly Details

During assembly of the turboalternator, it will be necessary to adjust the
bearings at zero speed and room temperature to dimensions which will give the
correct clearance at design operating conditions. The specific value of clear-
ance to be used on assembly is dependent on the intended operating values of
bearing ambient pressure, temperature, gas lubricant and journal bearing load.
The values of set-up clearance presented in Table II-6 and Figure 1I-22 are,
therefore, intended to permit optimum performance under the conditions speci-
fied. However, using the average value of bearing assembly diametral clear-
ance will result in satisfactory turboalternator bearing clearance under

both 1-g and zero-g conditions of operation.

In addition to the adjustments necessary to achieve the required bearing
clearance at design-point conditions, the bearings must also be adjusted to
maintain the rotor concentric within the turbine labyrinths, heat-exchanger
bores and the alternator stator. The concentricity adjustments necessary

for intended operation in a zero-g gravitational field are, like the bearing
clearance adjustments, different from those required for horizontal operation

in a l-g gravitational field. The reasons for this difference are twofold.

Primarily, the upper and lower pivot support stiffness are unequal and, secondly,

the horizontal operation in a l-g gravitational field involves a larger bearing
load which results in an increase in bearing eccentricity. However, wusing
the average value of the dimension between the geometric center of the bearing
clearance profile and the geometric center of the turboalternator will re-
sult in satisfactory turboalternator rotor concentricity under both l-g and

zero-g conditions of operation.

When making the bearing adjustments for concentric operation in both a zero-g
gravitational field and horizontal operation in a l-g gravitational field at
the design point conditions given in Table II-6, the following steps should

be taken:




1) The turboalternator should be in the vertical position (preferably
turbine end down) with the thrust runner and the turbine wheel
accessible.

2) The reverse thrust bearing jacking gas should be turned on, and the
ground-to-shaft and pad to shaft protes connected. The probe signals
should be displayed on CRO's at a sensitivity of 50 MV/CM.

3) The bearing clearance profile displayed on the CRO's (a square for a
4 pad bearing) as observed by the ground-to-shaft probes, should be
established. This can be accomplished by moving the rotor shaft with-
in the limits allowed by the bearing clearance.

4) The position of all 4 pads should be adjusted until the geometric
center of the clearance profile is positioned relative to the geo-
metric center of the turboalternator by the distance given in Table
II-6.

5) Ensure that the amount of bearing clearance is in accordance with
the values given in Table II-6. A check of these values is advis-

able after the pivot locknuts have been tightened.

The dimensions given in Table 11I-6 and Figure 1I1-22 for bearing diametral clear-
ance and rotor positioning assume that NO LOAD is imposed on the bearing pads
during bearing adjustment, hence the recommended vertical orientation of the
rotor during this operation. In the event that an assembly technique is required
which will permit adjustment of the pads when the turboalternator is in a hori-
zontal position with the rotor weight being supported by the pads, the given
bearing and concentricity adjustment dimensions must be revised. This revision
must account for the initial deflection of the loaded-pad pivot supports due to

the load imposed by the rotor.

The journal bearing assembly dimensions given in Table II-6 and Figure II-22

for operation in a zero-g gravitational field will allow satisfactory, but not
optimum, operation in the horizontal position in a l-g gravitational field.

The rotor during horizontal operation will be approximately 0.5 mils eccentric

to the alternator geometric center and the diametral bearing clearance will be
approximately 0.2 mils less than optimum. Conversely, adjustments made for hori-

zontal operation in a l-g gravitational field will allow satisfactory, but not
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optimum, bearing performance in a zero-g gravitational field.

It should be noted that the turboalternator bearing system may be operated satis-
factorily under conditions which result in increased diametral bearing clearances
and considerable eccentricity between rotor and stator. The extent of these
deviations as experienced during the rotor-bearing-alternator simulator test

program are discussed in Section VII of this report.

From the foregoing comments, it will be apparent that the clearance profile,

as described by the ground-to-shaft probes with the turboalternator at 70°F and
zero speed, will change as the turboalternator attains design-point operating
conditions, or alternatively, is subjected to off design-point conditions. For
this reason, it is advisable to monitor bearing performance using the film thick-
ness dimensions obtained from the pad-to-shaft capacitance probes rather than

the performance as indicated by the ground-to-shaft capacitance probes.




TABLE II-6

JOURNAL BEARING SET UP DIMENSIONS FOR CONCENTRIC

OPERATION UNDER DESIGN POINT CONDITIONS

Design-point conditions for horizontal or vertical operation in either l-g or

zero-g gravitational fields are as follows:

Speed (RPM) 12,000 RPM

Gas Argon

Temperatures #1 Bearing #2 Bearing
Bearing Journals (°F) 288 296
Bearing Pads (°F) 292 299
Bearing Supports (°F) 200 200
Ambient Pressures (PSIA) 105 11250

For horizontal operation in a l-g gravitational field, the assembly dimensions at

70 F are as follows (see also Figure II-22):

#1 Bearing #2 Bearing

Bearing Assembly Diametral Clearance
(Mils) 1.8 1057

Geometric Center of the Bearing Clearance
Profile Relative to the Geometric
Center of the Turboalternator (Mils) 0.09 (High)* 0.08 (High)*

For operation in a zero-g gravitational field, the assembly dimensions at 70 F are

as follows (see also Figure II-22):

#1 Bearing #2 Bearing

Bearing Assembly Diametral Clearance
(Mils) 1565 1454

Geometric Center of the Bearing Clearance
Profile Relative to the Geometric
Center of the Turboalternator (Mils) 0.50 (Low)* 0.54 (Low)*

Design performance values associated with the above setup clearances are given

in Table II-2.

*The terms high and low denote the direction toward the upper and lower pads
respectively.
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C;, Turboalternator

Bearing Diametral
Clearance

#1 Brg. 0.0018
#2 Brg. 0.0017

Geometric Center of
Clearance Profile
As Displayed on

C.R.O.

Rotor Position AT

#1 Brg. 0.00009
\ #2 Brg, 0.00008

CL Turboalternator

Geometric Center of Turboalternator
as Determined by Ground to Shaft Probes

Loaded Pads *

a) Set Up Dimensions for Horizontal
Operation in a 1-g Acceleration Field

CL Turboalternator

Bearing Diametral
Clearance

#1 Brg. 0.00165
#2 Brg. 0.00154

Rotor Position

#1 Brg. 0.00050
#2 Brg. 0.00054

\\ )/ CL, Turboalternator

Geometric Center of Turboalternator
As Determined by Ground to Shaft

Geometric Center of
Probes

Clearance Profile as
Displayed on C.R.O.

Loaded Pads ‘

b) Set Up Dimensions for Operation
in a 0-g Acceleration Field

Fig. 1I-22 Turboalternator Journal Bearing Set-Up Data
for Optimum Performance at Design Point
Operating Conditions
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Bearing System Fabrication Materials

The materials selected for the basic bearing parts are listed below.

Rotor Journals AMS 6294 C (AISI 4620)
Pivoted Pads M-1 Tool Steel

Pivots M-1 Tool Steel

Pivot Supports AMS 6370D (AISI 4130)
Thrust Bearing Housing AMS 5646E (AISI 347)
Thrust Plate AMS 4027C (6061 Aluminum)
Thrust—Runner AMS 6415F (AISI 4340)

The basis for selection of the above materials is as follows:

Il

Rotor Journals
The journals are an integral part of the alternator rotor. Hence,alternator
considerations, such as magnetic properties and fabrication techniques,

dictated the choice of AMS 6294C journal material.

Pivoted-Pads
The use of M-1 tool steel hardened to RC 58 has proved successful in previous

designs employing pivoted-pad journal bearings.

Pivots

Previous experience has demonstrated the suitability of using M-1 tool steel
against M-1 tool steel for pivot configuration operating at temperatures

up to 500 F and with stress levels in the contact-zone of approximately
100,000 1b/in.2. The use of an electrofilm coating on one or both of the
components has proved helpful in inhibiting corrosion of the pivot contact

zone.

Pivot Support Flexures
AMS 6370D (AISI 4130) steel hardened to R, 32-36 and shot peened in the
region of maximum stress was selected for the flexure material because of

its high fatigue strength and good stability. Silver plating is used for

protection against corrosion.
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5. Thrust Bearing Housing
AMS 5646E (AISTI 347) stainless steel was selected so that corrosion of the

internal gas passages to the hydrostatic bearing would not be a problem. The

thermal expansion coefficient of this material also matches that of the journal

bearing support to which it is attached.

6. Thrust Plate

The material properties required for this item are those of low density for

dynamic tracking reasons, high thermal conductivity for heat-transfer reasons,

and high dimensional stability for bearing performance reasons. These re-

quirements were satisfied by the use of AMS 4027C (6061 Aluminum) .

7. Thrust Runner
For rotor dynamic reasons, it was necessary to use a reasonably heavy thrust
runner. AMS 6415F (AISI 4340) alloy steel is a good stable material which
satisfies all bearing requirements and which can be readily interfaced with
the rotor design. The magnetic properties of this material facilitate the
use of electromagnetic pick-ups for the measurement of rotor speed. Corrosion

protection is effected by means of nickel plating.

A number of O-rings are used in the bearing system assembly. The first of

these, as shown in Fig. II-6, is used as a check valve in the gas supply for the
journal bearing hydrostatic lift-off system. This valve prevents back-flow,

and hence loss of load capacity, when the bearings are running hydrodynamically.
The second O-ring seals the pad pivot cavity to prevent by-pass leakage of the
supply gas during hydrostatic lift-off operation. During hydrodynamic operation,
there is no pressure differential across this seal. The third O-ring effects a
seal between the bearing support and each pivot-support. This seal ensures

that the small gas cooling flow, which circulates through the turboalternator,

passes between the journals and the heat-exchangers.

Each of these O-rings is manufactured from a fluoro-elostomer (Viton) which
is suitable for long-term operation at temperatures up to 450 F and hence
should be satisfactory for the pad temperatures of approximately 300 F expected

in this application.

60




Bearing Surfacing Materials

Gas-lubricated bearings have no boundary lubrication safeguards.f LEtyiss
therefore, extremely important that the bearing surfaces be of highly compatible
materials, so that incidental high-speed contacts due to shock, vibration, passage
of dirt through the bearing, or improper use of the machine will not result in
serious damage to the rotor-bearing system. Also, where it is intended to omit
the use of hydrostatic jacking of the journal bearings (which is necessary with
the present design for operation in a zero-g gravitational field), the bearing
surfaces must be capable of surviving sliding contact over an appreciable

number of starts and stops without damage or significant wear.

It was known that the compatibility of the bearing substrate materials, as
defined in the preceding subsection, would not be acceptable for the sliding

and high-speed contact conditions of operation. The mating surfaces in each

of the journal and thrust bearings wére therefore coated with a flame-sprayed de-
position of chrome oxide, a material which in previous tests (see Reference[?ﬁ])

was found to be suitable for the service conditions involved.

Bearing System Instrumentation

Successful and rapid development of advanced high-speed gas-bearing turbomachinery
requires that the static and dynamic behavior of the rotor-bearing system be
monitored with precision during the test and evaluation phases. In particular,

the rotor-bearing system instrumentation must

1. provide data for quantitative evaluation of overall performance,

2. provide data for detailed evaluation of component performance and

for refinement of component design, and

3. indicate whether or not the equipment is in a safe mode of operation.

To measure static and dynamic bearing film thicknesses in the prototype turbo-

alternator, displacement measuring instrumentation was selected based on
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measuring electrical capacitance between the tip of a capacitance probe and the
moving surface of the journal and thrust bearings. Specifically, a capacitance
system based on the Wayne-Kerr Model DM 100 Distance Meter was selected for the

following reasons:

1. calibration of the combined transducer and readout system is extremely

stable with time and temperature;

2. the calibration factor is essentially constant over a wide range of
probe clearance gap (i.e., output is linear over a wide displacement
range) and hence, recalibration is not required each time the transducer

probes are reset;

3. the calibration factor is essentially constant over a wide range of
temperature (i.e., from 75 to 700 F) —— only slight changes in

calibration occur up to 1200 F;

4. high sensitivities are possible, ranging from 0.2 volts per mil to
0.1 volts per mil for the capacitance probes selected for the turbo-

alternator;

5. frequency response, though not outstanding, was adequate for the

application —— being flat to approximately 6,000 hertz;
6. the capacitance probe is unaffected by magnetic fields; and

7. the capacitance probes could be made very small, light and rugged.

In order to adequately measure bearing system performance, a total of 2t
capacitance probes were incorporated into the bearing system design to measure
(1) thrust bearing film thickness, (2) orbital motion of the two journals, and
(3) actual film thickness between the eight pivoted-pads and the journals at a
point close to the pivot location. In addition, several probes were incorporated
to measure dynamic motions of several of the pads and of the main thrust

stator relative to the '"fixed'" bearing housings.
Locations of the various capacitance probes are listed in Table II-7. Figures

II-23 and II-24 show location of the probes in the No. 1 and No. 2 journal

bearings in more detail. Figure II-25 is a photograph showing a typical
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7 range of capacitance probes used in a turbomachinery application. Views of
the probe locations in the thrust bearings and the installed probes in the
pivoted-pads can be seen in the photographs of Figures II-7, II-8, II-13 and
II-17.

In addition to the capacitance probe instrumentation, a total of 33 chromel-
alumel thermocouples were incorporated to measure temperatures of the bearing

j housings, thrust plates, and pivoted-pads. Figure II-26 shows typical thermo-

‘ couple location positions on the pivoted-pads and Figure II-7 shows a bearing pad

with the thermocouples installed.
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LOCATION OF BEARING SYSTEM CAPACITANCE PROBES

TABLE II-7

Location

Pivoted-pads
(Pad-to-shaft)

Pad Flutter
(Pad-to-shaft)

Pad Flutter (Ground-
to—back of pad)

No. 1 Bearing Support
(Ground-to-shaft)

No. 1 Journal Bearing

Measurement

Film thickness between
each pad and No. 1
journal

Dynamic movement between

pad and journal in the

roll direction (unloaded

pad)

Pad flutter in the
pitch direction
(Unloaded pad)

Dynamic Motion of No. 1

journal

No. of

2

Thrust Bearing and No. 2 Journal

Probes

at 90°

at 90°

Bearing

Main Thrust

Bearing Housing
(Ground-to-main
thrust stator)*

Main Thrust
Bearing Stator
(Main stator-
to-runner)

Reverse Thrust
Bearing Stator
(Ground- to-runner)

No. 2 Bearing Support
(Ground-to-shaft)

Pivoted-pads
(Pad-to-shaft)

Pad Flutter (Ground-
to-back of pad)

Pad Flutter (Ground-
to—back of pad)

Dynamic movement

of main thrust
stator

Main thrust
bearing film
thickness

Reverse thrust
bearing film
thickness

Dynamic Motion of
No. 2 journal

Film thickness between
each pad and No. 2
journal

Pad flutter in pitch
direction (unloaded
pad)

Pad flutter in roll
direction (unloaded

pad)

at 90°

at 90°

Probe
Designation

PF 1, PF 2,
PF 3, PF 4
PR 6

PP 5

PS 7, PS 8
PT 33

PT 30, PT 31
PT 32

PT 29

PS 27, PS 28
PF 21, PF 22
PF 23, PF 24
PP 25

PR 26

* the work "Ground" refers to any static structure to which a probe

rigidly attached.
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Fig. II-23 Position and Identity of Capacitance
Probes in Number 1 Journal Bearing
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PF22 AND PR 26
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Fig. II-24 Position and Identity of Capacitance
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Fig. II-25 View Showing a Typical Range of Capacitance
Probe Configurations for Bearing System
Performance Measurement
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ITI. DESIGN OF ROTOR-BEARING SYSTEM SIMULATOR

In any major development program where relatively new techniques are being

extended to the limits of known experience, and where the cost and complexity

of the prototype machinery demands the utmost assurance of sound design, it

becomes exceedingly important to be able to isolate, evaluate and remedy possible
problem areas by means of component or subsystem test programs. With respect to

the NASA axial flow turboalternator, it was "required" (by contract) that the

design of the gas-lubricated rotor-bearing system, as described in Section II of

this report, be experimentally evaluated and optimized in a specially-constructed
rotor-bearing system simulator. This would permit development and acceptance testing
of the rotor-bearing system independent of, and yet parallel to, the turbo-

alternator aerodynamic and electrical components.

After a preliminary design of the rotor-bearing system simulator was approved by
NASA, the final design was begun in December 1964. The design was carried out

such that the simulator could readily be used to:

1. define rotor balancing requirements and procedures;

2. evaluate bearing system performance under both balanced and unbalanced

rotor conditions;

3. evaluate bearing system performance at design-point and off design
conditions (such as at maximum overspeed, at reduced ambient pressure,

and at higher-than-expected thrust loads); and

4, didentify unknown problem areas.

The initial simulator design, however, did not include the alternator stator of
rotor. The machine, therefore, could not be used in the initial configuration
to generate electrical power. A cross-section view of the rotor-bearing

system simulator is shown in Figure III-1. Significant features of the sim-

ulator are described in the following subsections.
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Simulator Rotor

A photograph of the simulator rotor less turbine wheel and thrust runner is
shown in Figure III-2. The rotor possesses the same principal dimensions,

total mass, mass distribution, and stiffness characteristics as is inherent in
the turboalternator rotor. The total calculated weight and polar and transverse
(about the c.g.) mass moments of inertia of the complete rotor assembly, in-
cluding turbine wheel and thrust runner, were 56.5 pounds, 0.627 in.—lb.—sec.z,
and 9.656 in.-lb.-sec.2 respectively. The calculated location of the c.g. for

the complete assembly was 11.72 inches from the reverse thrust face of the

thrust runner.

Copper plating, 1/8 inches thick, was deposited on the I.D. of each of the
rotor journals. These thermal shunts which transfer bearing friction losses
to the bearing-mounted heat exchangers, are identical in design to those which
are used in the turboalternator. They were included in the simulator rotor to
enable a demonstration of the mechanical integrity of the copper plating under
strains resulting from centrifugal growth. Additionally, any effects of such

growth on rotor balance needed to be evaluated.

The material from which the turboalternator rotor was manufactured is AMS 6294C.
The simulator rotor was manufactured from the same material, but did not include
the pole face laminations, amortisseur bars, or the pole face windage baffles.
This allowed the manufacture of the simulator rotor without the engineering,
design and manufacturing associated with the turboalternator rotor. Selection

of the simulator rotor material was based on the following requirements:

1. good stability to meet dimensional and tolerance requirements, and

2. the duplication of the bond between the copper plate and the journal

material.

The journal bearing portions of the simulator rotor were, like the turboalternator
rotor, coated with flame-sprayed chrome oxide. The basis of selection for the

chrome oxide surfacing material is described in Section II of this report.
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Simulator Bearings

The simulator was designed to use precisely the same bearing system as designed
for the turboalternator. Photographs of the journal bearing assembly and
component parts are shown in Figures II-1, II-7 and II-8, and of the thrust
bearing parts in Figures II-12, II-13, and II-14. For both journal bearings,
the bearing components include the pivoted pads, pivots, pivot support flexures,
pivot "0" ring seals and the bearing system instrumentation transducers (capaci-
tance probes and thermocouples). These components formed two complete journal
bearing assemblies that have the same interfaces for both the simulator and the
turboalternator. In the thrust bearing region,the bearing components included
the thrust runner, the reverse thrust bearing housing, the main thrust bearing,
the main thrust bearing support, and the bearing system instrumentation trans-
ducers (capacitance probes and thermocouples). Again the interface for the
thrust bearing components was identical in both the simulator and the turboal-

ternator.

Control of Bearing Loads

Variation in journal bearing loads, from zero-to-full rotor weight reaction, was
made possible by rotation of the complete simulator on its mounting trunnions from
a vertical to a horizontal rotor orientation. Figures III-3 and III-4 are photo-
graphs of the partial simulator assembly in a horizontal and vertical orientation

respectively.

For control of thrust load, at any orientation of the rotor, the simulator
casings fore and aft of the turbine wheel were extended radially inward and
labyrinth seals provided between these extensions and the rotor (see Figure III-1).
This permitted the turbine wheel to be used as a double-acting piston. Variable
magnitude and direction of thrust load was obtained by control of the pressure

in the cavities on each side of the turbine wheel. These cavities were connected
by suitable pressure control valves to a gas supply manifold as shown in

Figure IV~3. Leakage across the labyrinths passed into the main simulator casing

from where it was vented to atmosphere (via a vacuum pump when the simulator

was being operated at sub-atmospheric ambient pressures).
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Fig. III-3

Partial Assembly of the Rotor-Bearing Simulator in a
Horizontal Position (Initial Configuration)




Fig. I1I-4

Partial Assembly of the Rotor-Bearing Simulator in a
Vertical Position (Initial Configuration)
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Simulator Casings

The primary functions of the simulator casings were to provide an enclosure and
support structure for the bearing system and turbine drive. Since the ambient

conditions for simulator operation involved sub-atmospheric pressures in the

bearing areas, considerably elevated pressures in the turbine supply system, and

intermediate pressures in the chambers used for the control of thrust bearing
loads, the casings were designed with suitable labyrinth seals to separate the

high and low pressure regions within the enclosure.

The casing which enclosed the thrust bearing region was provided with a connection

to a vacuum pump by means of suitable piping and control valves. This permitted

the control of ambient pressure in the simulator and exhausted the various
bearing system gas flows and thrust loading system labyrinth leakage flow to
atmosphere. The turbine discharge gas was vented to atmosphere through slots

cut into the turbine wheel casing.

With the exception of the casing which simulated the alternator stator casing,
the casings were designed to roughly approximate the mass and stiffness
characteristics of the turboalternator casings. Mounting of the simulator was
accomplished in approximately the same plane as the turboalternator mounting.
This was done so that any potential structural resonance problems could be

identified during the test program.

An item of considerable importance in the design of the simulator casings was
the accommodation and accessibility of leak-tight instrumentation and supply
connections to the bearings. The design as shown in Figure III-1 utilized
permanently-installed pass-throughs in the casing at No. 1 bearing and in
the end closure in the thrust bearing area. This permitted the easy coupling
of all connections on the inboard side prior to completing the enclosure.
Figure III-4 shows the No. 1 bearing region instrument connections for the

partially assembled simulator.




Simulator Turbine

In selecting the type of drive for the rotor-bearing dynamic simulator, a number

of requirements were taken into consideration. These are as follows:

1.

The speed range requirement was zero to 14,400 rpm with variable

speed control.

The maximum power requirement would be approximately 1.5 HP at 12,000
rpm. This power requirement was based on bearing friction and rotor
windage losses at the minimum anticipated bearing clearances and maximum

ambient pressures and temperatures.

The selected drive should not interact with rotor-bearing dynamic

performance or introduce characteristics which would prove difficult

to correctly interpret.

The selected drive should not introduce indeterminant axial forces

which would interfere with the thrust loading system.

Speed control should be sufficiently precise to permit in-place

balancing of the rotor.

To meet these requirements an impulse turbine was selected. The design of this

turbine, however, was strongly influenced by the primary requirement for correctly

simulating the size, inertia, and elastic characteristics of the turboalternator

rotor.

The resulting turbine wheel, although not possessing optimum specific

diameter or specific speed for the available shop air line pressures, was capable

of producing sufficient power for the range of speeds under consideration.

During operation of the turbine under the above conditions, the efficiency

was very low (approximately 25 percent). The duration of testing, however, was

relatively short and the low efficiency value was of no concern.

The nominal dimensions of the turbine are as follows:

wheel diameter - 7.30 inches
number of buckets - 40
number of nozzles - 3

diameter of nozzles

0.168 inches

radius of buckets - 0.375 inches
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The turbine buckets were formed on the outside diameter of the wheel by end
milling, using a 0.75 inch diameter cutter. The three convergent-divergent
nozzles were manufactured as separate components that were then inserted into
the simulator casing. The flow to the nozzles was supplied via drillings from

an annulus located within the simulator casing.

Exhaust from the turbine was conducted to atmosphere by three radial slots cut
into the simulator casing, each being 0.375 inches wide and extending over

a 48 degree circumferential arc.

Figure III-5 is a photograph of the initial simulator turbine wheel and the tie

boelt used to attach the turbine wheel and thrust runner to the rotor shaft.
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Simulator Temperature Control

The temperature levels and gradients within the simulator, when operating over
the range of conditions specified, are considerably different from those found

in the turboalternator. This is largely due to the use of a low temperature
impulse turbine and the omission of the alternator, with its attendant losses,

in the simulator design. The remaining sources of heat generation in the simulator
are, therefore, bearing friction and rotor windage losses. Based on previous
experience with machines of comparable size, performance and thermal boundary
conditions, it was judged that, unlike the turboalternator, heat exchangers would
not be required in the regions of the simulator journal bearings, the copper
shunts in the bore of each journal being considered capable of maintaining
acceptable temperature gradients in these bearings. The thrust bearing design
included a heat exchanger as an integral part of the bearing construction. The
temperature of the thrust bearing was controlled by the passage of a small flow
of coolant, the inlet temperature of which was controlled by an externally-
located electrical heater. The temperature of the gas supplied to both hydro-
static thrust bearings was also controlled by means of externally-located

electrical heaters.

Simulator Instrumentation

As mentioned in Section II of this report, successful and timely development of

a prototype gas-bearing machine requires extensive rotor-bearing system instrumen-
tation for quantitative measurement of performance and for minimum risk operation.
Accordingly, the simulator rotor-bearing system was equipped with exactly the

same capacitance probe and thermocouple transducers as recommended for the

prototype turboalternator design.

In addition to the bearing system instrumentation, numerous additional thermo-
couples were installed to monitor simulator casing temperatures, as well as
temperatures of the various coolant fluids. A Model 3040 Electro Products

Laboratories magnetic speed pickup was used to measure rotor speed. The
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pickup sensed six notches cut in the OD of the thrust runner. Finally, the
simulator was equipped with numerous pressure taps for measurement of turbine,
thrust loading, and bearing ambient pressures. A description of the simulator
instrumentation readout equipment, and the simulator control system is given

in Section IV of this report. A schematic of the control system is shown in

Figure IV-3.
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IV. TEST EVALUATION OF THE ROTOR-BEARING SYSTEM DESIGN

Assembly of the bearing system and the simulator described in Sections II and
III of this report commenced on October 21, 1965. Component calibration and
assembly (such as journal and thrust bearing support flexures) had progressed
sufficiently by November 24, 1965, to permit in-place balancing of the rotor
system. Following balancing, assembly of the machine and installation of
instrumentation was completed; and check runs were conducted prior to commencing
with the bearing system acceptance test in accordance with P&WA Specification
6359-A (this specification is enclosed in Appendix I of this report). The

acceptance test was successfully completed on January 2 and 3, 1966.
The following subsections describe the simulator test facility in which the
bearing system evaluation tests were performed and the specific test results

pertaining to performance of the bearing system.

Description of the Simulator Test Facility

The simulator test facility consisted of the following items:
1. the rotor-bearing system simulator (described in Section LD
2. the simulator control panel, and

3. instrumentation read-out equipment.

Figure IV-1 is a photograph of the rotor-bearing system simulator mounted on a

test bench behind the control panel. In this photograph the simulator is vertical

with the turbine-end up.

Figure IV-2 is a photograph of the simulator control panel and a partial set-up
of the instrumentation read-out equipment. A Hewlett Packard 521A electronic

counter, seen mounted above the left-hand end of the control panel, was used to
continuously monitor rotor speed. A 24-point temperature recorder, located on

the right-hand table, was used to monitor bearing system temperatures. Microdyne
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consoles (located at the immediate right and left of the control panel), together
with Wayne-Kerr DM-100 distance meters and Tektronic 502-A oscilloscopes, were

used to monitor bearing system capacitance probe signals.

Figure IV-3 is a schematic diagram of the simulator control system. All controls,
except for heater exit temperatures and air-manifold supply pressure, were manually
operated. It is seen from Figure IV-3 that individual control valves were supplied

for:

1. fine and coarse control of turbine nozzle pressure (V-4 and V-5),

2. control of main thrust loading pressure (V-6),

3. control of reverse thrust loading pressure (V-7),

4. control of main hydrostatic thrust bearing supply pressure (V-10),
5. control of reverse hydrostatic thrust bearing supply pressure (V-9),

6. control of water coolant supply pressure to the main thrust bearing

stator (V-12),
7. control of jacking gas to the journal bearings (V-8), and

8. control of simulator bearing region ambient pressure (V-14, V-15 and V-16).

All pertinent pressures and flows for the above listed control functions were
measured via Bourdon tube pressure gages and Rotometer flowmeters mounted on the

control panel, as seen in Figure IV-2.

Shop air at 120 psig supply pressure was used to drive the simulator turbine over

the required speed range.

Control of gas temperature as supplied to the hydrostatic thrust bearing was
achieved by regulating heaters H-2 and H-3. Control of thrust bearing temperature
was obtained by regulating flow and inlet temperature of the thrust bearing

coolant water.
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Fig. IV-1 View of Rotor-Bearing Simulator Mounted
Vertically on the Test Stand
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Fig. IV-2

View of Simulator Control Panel and Partial
Set-Up of Bearing System Instrumentation
Read-Out Equipment
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Calibration of Journal Bearing Flexures

Prior to assembly of the simulator journal bearing parts, load versus deflection
characteristics were experimentally obtained for each of the journal bearing
pivot-support flexures. Load versus deflection plots for the upper and lower

pivot-support flexures are shown in Figure IV-4.

It is seen from Figure IV-4 that the load-deflection characteristic for the four
lower pivot-support flexures is quite linear up to 70 pounds and that the

average stiffness over the linear range is 84,000 1b./in. The four upper flexures
are linear up to the maximum applied load of 103 pounds and have an average

stiffness of 34,800 1b./in.

The design stiffness values for the pivot-support flexures were 150,000 and 50,000
pounds per inch for the lower and upper flexures respectively. The measured
stiffness values noted above are appreciably less than the design values. The
discrepancy between design and measured values of flexure stiffness is believed

to be due to '"mon-ideal" boundary conditions which exist at the ends of the flexure
sections. For the purposes of design, a zero-slope boundary condition was

assumed at the ends of the two beam sections of which each flexure is comprised
(see Figure II-1). In actual fact, this assumption is probably somewhat in

error due to (1) some deflection of the thicker central portion of the flexure
(which carries the pivot screw), and (2) some deflection within the clamping

zone at the two ends of the flexure.

The effects of lower-than-anticipated stiffness values for the flexures are as

follows:

1. a small reduction in rigid-body critical speeds of the rotor-bearing
system,

2. an increase in the radial shift of journal position when rotor

orientation is changed from vertical to horizontal in a 1l-g acceleration

field,
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3. a reduction in maximum bending stress,

4, an improved ability of the bearings to accommodate differential thermal
expansions and journal centrifugal growth which would otherwise tend to

change bearing clearance; and

5. an increase in sensitivity of the bearing system to radial electromagnetic
alternator forces arising from eccentricity of the alternator rotor to

the alternator stator .

The calculated radial shift in journal position resulting from a change in rotor
orientation (item 2 above) is as follows:

Component of Journal

Flexure Stiffness Shift due to Flexure
1bs/dn% Stiffness- mils

50,000 ’

150,000 design values 0.14

34,800

84,000 measured values 0R24

By proper set-up of the bearing during assembly, the maximum eccentricity of the
journals (relative to the centerline of the bearings and labyrinth seals),
resulting from the component of journal shift due to flexure stiffness, can be
held to one-half of the shift value. Hence, the maximum eccentricity of the
journals, based on measured flexure stiffnesses, can be theoretically held to 0.12
mils. This amounts to 6 percent of the total allowable eccentricity (total allow-
able journal eccentricity being 2.0 mils as determined from alternator electro-
magnetic force considerations). Since total journal eccentricity under normal
turboalternator operating conditions should not exceed 0.6 mils, and an assembly
eccentricity tolerance of 1.0 mil is entirely reasonable, the lower-than-design
flexure stiffness values present no problem with respect to meeting the desired

total eccentricity criterion.

With respect to the increased sensitivity of the bearings to alternator electro-

magnetic forces (item 5 listed above), the question is one of overall change in
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total bearing stiffness. Calculated total bearing stiffne;s values, based on

turboalternator operation in argon at 6.0 psia and 12,000 rpm, are as follows:

Flexure Stiffness Total Bearing Stiffness
1bs./ins 1b, /in.
0
120’888 design values 72,600
3
22’888 measured values 57,800
>

The negative static force gradient (stiffness) per pole pair due to the alternator
electromagnetic forces was predicted to be about 5,600 pounds per inch (test

data presented in Section VII of this report show the measured gradient values

to be somewhat less). The net restorative (positive) static stiffness value

for one bearing and one alternator pole-pair would thus be as follows:

Net Static Stiffness

1b./in:

Based on design values 67,000
of flexure stiffness

Based on measured values 52,200

of flexure stiffness

Thus the lower-than-design flexure stiffnesses result in a 22 percent reduction
in net static stiffness per bearing and pole-pair combination. It was not

felt that this change would jeopardize safe operation of the rotor-bearing
system. This feeling was subsequently confirmed by the theoretical rotor-
bearing system dynamic study (Section V of this report) in which the lower

values of flexure stiffness were used. Further confirmation of very satisfactory
operation with the softer flexures was obtained from rotor-bearing system test
data taken under alternator power generating conditions (see Section VII of

this report).
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Calibration of Main Thrust Bearing Support Flexure

Prior to assembly of the simulator thrust bearing parts, an axial load versus
deflection characteristic was experimentally obtained for the main thrust
bearing support flexure. This is the flexure which supports the spiral-grooved

thrust plate. The load versus deflection plot is shown in Figure IV-5.

It is seen from Figure IV-5 that the load-deflection characteristic for the thrust—
plate support flexure is linear up to the maximum applied load of 200 pounds.

The measured axial stiffness of the flexure is 33,100 pounds per inch as compared
to the theoretical design stiffness of 38,600 pounds per inch. The probable
reasons for the lower measured stiffness value are the same as previously
mentioned for the journal bearing pivot-support flexures —— namely, non-
attainment in practice of the ideal boundary conditions which were assumed for

the ends of the four flexure spokes (these spokes are pictured in Figure II-14).

Although no attempt was made to calibrate the support flexure in the tilt

direction, the actual tilt stiffness should be lower than the design value of

99,000 in. lbs. per radian for the same reasons given for the axial stiffness
results.

The dynamic response characteristics of the main thrust bearing assembly were
reviewed based on the somewhat lower value of measured axial stiffness. It was
observed that the resonant frequencies of the assembly would change, at most
(i.e., neglecting gas-film stiffness effects), in proportion to the square root
of stiffness. Hence, the maximum possible reduction of the axial resonant
frequency would be 7.4 percent —— that is, from 16,400 cpm to 15,200 cpm when
gas—-film stiffness was neglected. Under a 30 pound thrust load, the axial

resonant frequency would be approximately 24,400 cpm.

Assuming the same percentage reduction in tilt stiffness as was measured for
axial stiffness, the tilt resonant frequency would be reduced from 18,250 cpm

to 16,900 cpm under no-load conditions. At a 30 pound thrust load condition, the

resonant frequency would be 28,300 cpm.
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In addition to the acceptable resonant frequency situation, the effect of lower
axial and tilt stiffnesses of the support flexure was checked with respect to
ability of the spiral-grooved thrust plate to track dynamic motions (in the axial
and tilt directions) of the rotating thrust runner. It was found that the

reduced stiffness values would not significantly alter the tracking capability.

Based on the results of the dynamic review summarized above, and recognizing that

the reduced stiffness values would have beneficial effects of
1. reducing maximum flexure stresses, and

2. improving ability of the thrust plate to align to the average plane

of the thrust runner,

the design of the flexure support, as calibrated, was judged satisfactory for
initiation of simulator testing. Subsequent test results fully confirmed that

the flexure design was satisfactory for the turboalternator application.
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Test Evaluation of the Hydrodynamic Journal Bearings

A comparison of measured and calculated performance for the No. 1 journal bearing
during self-acting operation in air is shown in Figure IV-6. Calculated and test
data were obtained at three levels of simulator ambient pressure —— 14.7, 8.8,

and 6.7 psia.

Since the two journal bearings are identical, and carry essentially the same loads,
test data for only the No. 1 bearing are presented here. These data were judged

to be the most consistent and reliable. The film thickness and bearing eccentricity
values plotted in Figure IV-6 were obtained via the four pivot-film capacitance
probes designated as PF-1, PF-2, PF-3, and PF-4 in Figure II-23. During the data
runs, the maximum difference in pivot-film thickness indicated by probes PF-3 and
Pr-4 in the lower (or loaded) pads was 0.07 mils, or 14 percent of the nominal film
thickness. Similarly, the maximum difference in pivot-film thickness indicated

by probes PF-1 and PF-2 in the upper (or unloaded) pads was 0.5 mils, or 30 percent
of the nominal film thickness. Average film-thickness values are shown on

Figure IV-6.

The calculated performance curves of Figure IV-6 are based, as well as could be
determined, on the actual conditions that existed during the data rumns. The

calculations include the effects of
1. measured pivot-support flexure stiffnesses,

2. actual temperature levels and thermal expansion coefficients for the

various bearing parts, and

3. measured zero-speed set-up clearance of the bearing.
It is seen from Figure IV-6 that there is quite good agreement (within 10 percent)

between the calculated and measured film thickness and eccentricity ratio

values at ambient pressures of 6.7 and 8.8 psia.
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At the 14.7 psia ambient pressure condition, the measured film thickness values
are considerably smaller than the calculated values. At design speed ,the measured
films range from 14 to 24 percent smaller than calculated; while at 4,000 rpm,

the discrepancy has increased to about 40 percent. Data taken in January of 1967
shows somewhat greater film thickness than the original data taken in December of
1965 under the same operating conditions and using the same bearing parts. While
the later data may be somewhat more accurate as a result of more careful calibra-
tion of the complete capacitance probe readout system, there is no question that

the measured film thicknesses are significantly lower than predicted.

There is no obvious explanation for the discrepancy between calculated and
measured bearing performance, particularly at the 14.7 psia ambient pressure
condition. The theoretical procedures are known to be reasonably accurate, as
is evidenced by the fairly good agreement obtained at 6.7 and 8.8 psia ambient
pressure. It can only be concluded that there was some experimental parameter

which was not accurately controlled, measured, or taken into account.

In spite of the discrepancy between the calculated and measured bearing performance,
the measured performance is entirely adequate for the turboalternator application.
For operation in argon, the film thicknesses will be greater than in air for any
given ambient pressure condition. For vertical orientation of the rotor, the

pivot—-film thickness for all pads will be greater than 0.8 mils.

Oscilloscope photographs of the journal bearing film thickness traces and journal
motions are presented and discussed in Section VII of this report, in connection
with test evaluation of the bearings under various conditions of alternator load.
These photographs, as well as additional plots of calculated and measured perfor-
mance, were obtained using the same bearing parts as were used for

the first series of simulator tests without alternator load. In particular,
Figures VII-9, 11, 17, 18 and 19 show film thickness traces, journal motions,

and comparison of measured and calculated performance under no-load alternator
conditions. Figures VII-16a and 1l6c document the state-of-balance (in terms of
unbalance orbit size) achievable with the rotor-bearing system. These data are
all typical of the journal bearing performance obtained during the first
simulator test program, and, in the interest of brevity, will not be further

presented or discussed in this section.
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In summary, performance of the journal bearings was excellent throughout the
first simulator test program (as well as throughout the subsequent test program
with alternator load). No sign of bearing or rotor-bearing instability was

detected at any time. Likewise, no bearing failures or rubs were experienced.
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Test Evaluation of Hydrostatic Journal Lift-Off Bearings

Figure IV-7 shows measured film thickness versus supply pressure for the two
loaded pads of the No. 1 and No. 2 journal bearings. These data were obtained
with the rotor horizontal, no rotation, at ambient pressures of 8.8 and 14.7 psia,

and using air as the bearing lubricant.

It is seen from Figure IV-7 that adequate lift-off clearances are obtained at
bearing supply pressures down to 30 psig. However, for maximum assurance of
safe lift-off film thickness, it is recommended that supply pressure be maintained

in the range of 40 to 70 psig when the rotor is horizontal in a l-g field.

Performance of the lift-off bearings was excellent throughout the simulator test

program. No design revisions were required.

The lift-off bearings should be used during start-up and shut-down of the turbo-
alternator whenever there is a radial component of rotor weight acting on the
lower pads. As seen from Figure IV-6, pressure to the bearings can be safely
shut off when rotor speed exceeds 8,000 rpm. When operating with the rotor

vertical, the lift-off bearings should not be pressurized.

When operating the simulator at an intermediate position between the horizontal
and vertical, the range of suitable supply pressures for the lift-off bearings
should be determined prior to start-up of the turboalternator. This can quickly
be done by making an in-place calibration of film thickness versus supply

pressure as illustrated by Figure IV-7.
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Test Evaluation of the Hydrodynamic Thrust Bearing

The same hydrodynamic thrust bearing was used throughout the simulator test pro-
gram — no modifications to its design were required. During all tests, film
thickness of the hydrodynamic thrust bearing was measured with three capacitance
probes circumferentially spaced 90 degrees apart on a 3.3 inch base circle. As
can be seen from the photograph of Figure II-13, the probes were located in the

"seal" region of the hydrodynamic bearing.

Figure IV-8 is a comparison of measured and calculated film thickness versus
thrust load for the hydrodynamic thrust bearing operating in air at 12,000 rpm
(design speed). The test data were obtained with (1) an ambient pressure of
14,7 psia and the rotor oriented vertically, and (2) an ambient pressure of 8.8

psia and the rotor oriented horizontally.

The thrust bearing film thickness values plotted on Figure IV-8 are average values
of the film as determined from the three capacitance probe readings. Because

of the circumferential spacing of the probes, the degree of misalignment between
the thrust bearing stator and runner could be measured. Knowing the relative
positions of the stator and runner surfaces permitted definition of the average
bearing film thickness. The maximum variation between the three probe readings
was 0.2 mils at the lowest thrust load condition and 0.1 mil at the highest load
condition. This decrease in film thickness variation with increasing load demon-
strates the self-aligning capability of the main thrust stator due to the flexure

mounting arrangement which was provided for this purpose.

Two techniques were used to determine thrust load. One technique consisted of
calculating the load based on measurements of pressure acting on the main and
reverse thrust-loading faces of the drive turbine (see Figure ITI-1), as well as
measurements of ambient pressures at other internal cavities of the simulator.
The second technique consisted of measuring the deflection of the thrust-stator
support flexure, and then determining thrust load from the flexure calibration
curve of Figure IV-5. The data for both techniques of load determination are
plotted on Figure IV-8. At loads greater than 80 pounds, the agreement between
the two load measuring techniques is very good. At the lowest load condition

(approximately 22 pounds) there was a 50 percent discrepancy between the two load

values. Since both measurement techniques involved various experimental un-
certainties, it was not possible to determine which technique was giving the more

accurate value.
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It is seen from Figure IV-8 that the measured load capacity of the hydrodynamic
thrust bearing is less than the calculated value at film thicknesses less than

0.83 mils. At film thicknesses greater than 0.83 mils, the load capacity exceeds the
calculated value. At the maximum design load of 85 pounds, a very satisfactory film
thickness of 1.0 mil was obtained, this being slightly in excess of the calculated
0.92 mil film thickness. These data indicate that the thrust bearing performance

in argon should be very close to, or may slightly exceed, the predicted design-—

point performance summarized in Table II-4.

It is also seen from Figure IV-8 that while the measured load capacity exceeds
calculated load capacity for films greater than 0.83 mils, there is considerable
discrepancy in the experimental data for the two ambient pressure conditions.

In theory, there should be very little difference in the load versus film thickness
curve for a variation of 8.8 to 14.7 psia. If anything, the load capacity should
be slightly less at 8.8 psia. The test data, however, shows considerable variation
in load capacity at film thicknesses greater than 1.1 mils, with a greater capacity

at the lower ambient pressure.

There is no logical explanation for the effect of ambient pressure as indicated by
the test data. However, at the same time that ambient pressure was changed, so
also was rotor orientation. It is believed that this change in orientation may
have effected the accuracy of the load data via some unrecognized mechanism. No
attempt was made to track down the source of error, since the error was significant
only at conditions of large film thickness, and at these conditions the measured

load capacity was always considerably greater than the predicted.

The fact that the measured load capacity of the thrust bearing is less than
predicted at small values of film thickness is typical of all spiral-grooved
bearings thus far tested. The predicted load curve assumes that the thrust plates

are perfectly flat and aligned. In actual fact, there is always some degree of

non-flatness and misalignment. At small film thicknesses, these practical effects
result in a significant deviation from the idealized flat and parallel condition,
and a significant loss in load capacity occurs. Nonetheless, operation of the
thrust bearing down to film thicknesses of 0.7 mils is considered to be reasonable

for a bearing of this size (assuming, of course, that the bearing has been
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properly installed and set-up). It is clear from Figure IV-8, that the bearing

is capable of carrying a significant amount of overload at 0.7 mils clearance.

Figure IV-9 shows the effect of speed on hydrodynamic load capacity for constant
ambient pressure of 8.8 psia. This data exhibits the expected trend for the
effect of speed change, and also indicates that the thrust bearing can safely

carry design thrust at speeds down to 9,000 rpm.

Oscilloscope photographs of the thrust bearing film thickness probe signals
during hydrodynamic operation in 14.7 psia ambient air are shown in Figure VII-20a.
These are typical of thrust bearing performance during the first simulator test.

It is seen that total indicated runout of the thrust runner was less than 0.1 mil.
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Test Evaluation of the Main Hydrostatic Thrust Bearing

Test data for the main hydrostatic thrust bearing is presented in Figure IV-10.
The plotted curve was obtained from an "in-place" test of the assembled simulator.
Thrust load was measured by the two techniques described for the hydrodynamic
thrust bearing. Average thrust bearing film thickness was again determined via
film thickness readings obtained from the three capacitance probes mounted in the
""seal" region of the hydrodynamic thrust bearing. Since the hydrodynamic and main
hydrostatic thrust bearings utilize common stator and runner surfaces, the three
capacitance probes permitted determination of the amount of misalignment in the
main hydrostatic thrust bearing. Based on the measured misalignment, an average

film thickness value was obtained.

Also plotted on Figure IV-10 is the predicted design-point condition for the
main hydrostatic bearing when operating with argon under the prescribed conditions

of pressure.

Figure IV-10 shows that the actual load capacity of the main hydrostatic slightly
exceeds the predicted capacity. The bearing could thus be operated at lower
values of supply pressure if this should be desirable. It is also seen from
Figure IV-10 that good agreement exists between the two techniques used for measur-
ing thrust load. The degree of agreement is consistent with the data of Figures

IV-8 and IV-9 at load conditions above 100 pounds.
At no time during testing of the simulator was pneumatic hammer of the main

hydrostatic thrust bearing observed. 1In all respects, operation of the bearing

was judged to be satisfactory for the turboalternator application.

105




90T

Sutaeag 3ISnay] °T3e3S0IpAH UTEW ¥yl 103
eleq SSaUYOTYL W[TJ SNSIa)\ PO Paiansea|

0T-AI "814

400

O THRUST LOAD CALCULATED
FROM DIFFERENTIAL
{._\ PRESSURE MEASUREMENTS
2 300 A |0 THRUST LOAD CALCULATED
= FROM DEFLECTION OF
S THRUST BEARING SUPPORT
| FLEXURE
< 200
% ARGON DESIGN L GAS - AIR
— | POINT | P =950PsiA
2 R, =100 PSIA P, =14.7 PSIA
E 100l Pa= 6PSIA g,
= \\C
0
0 I 2 3 4

FILM THICKNESS -MILS




Test Evaluation of the Reverse Hydrostatic Thrust Bearing

Figure IV-11 shows load versus film thickness test data for the reverse hydro-
static thrust bearing. The data was obtained from an "in-place' test of the
assembled simulator. In this case, thrust loads could only be determined by

the differential pressure measurement technique as described for the hydrodynamic
thrust bearing. Since the reverse thrust bearing is rigidly mounted, the flexure
load-deflection calibration technique was not applicable. Film thickness was

measured with the single capacitance probe which was located in the bearing.

Also plotted on Figure IV-11 is the predicted design-point condition for the
reverse hydrostatic bearing when operating with argon under the prescribed
pressure conditions. It is seen that the measured film thickness under the air

test conditions is 33 percent below the argon design-point film thickness at the

100 pound load condition.

Using the measured test data in air as a reference point, the performance of
the bearing was analytically extrapolated to the argon design-point condition.
The resulting calculated film thickness for a 100 pound load was 1.2 mils —
still 20 percent below the predicted design value. A concerted effort to track
down the reason for this discrepancy was not attempted since, from a practical
standpoint, 1.2 mils of clearance at the 100 pound design load condition was
more than adequate for safe operation of the bearing. In addition, the bearing
was safely operated at clearances down to 0.7 mils, which means that it

had considerable overload margin. It is suspected that part of the discrepancy

between measured and predicted load capacity may have been due to bearing

misalignment.

At no time during the simulator test program was pneumatic hammer of the reverse
hydrostatic bearing observed. Performance of the bearing was judged to be

adequate for the turboalternator application.
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V. ANALYTICAL INVESTIGATION OF ROTOR RESPONSE AND STABILITY TO ALTERNATOR
ELECTROMAGNETIC FORCES

The practical application of gas bearings to high-speed rotating machinery is a
sufficiently recent event that many important technical problem areas are far
from fully explored. Whereas gas bearings offer many advantages in particular
applications, and even must be considered essential to certain types of machinery,
their use requires special attention in areas which many times would not be
considered with conventially lubricated bearings. One such example is the appli-

cation of gas bearings to electrical machinery.

Conventional electrical machinery runs in ball bearings or oil-lubricated journal
bearings. These bearings are normally dimensioned and designed in the same way
as in any other piece of rotating machinery and without paying any special atten-
tion to the magnetic forces present in the machine. This is possible because
these bearings are not overly sensitive to changes in load or to dynamic ex-
citations. With gas bearings, however, it is not possible to ignore the magnetic
forces. The load-carrying capacity of gas bearings is considerably smaller than
that of oil bearings, and it is necessary to know the bearing reactions accurately
when designing the bearings. Furthermore, gas bearings have less stiffness

than oil bearings and, of even greater significance, they have less damping——
especially with high frequency excitation. It is, therefore, to be expected

that electrical machinery with gas bearings will exhibit higher amplitudes and

a more pronounced frequency response than similar conventional machinery. Actual
experience shows this to be the case,and in several machines the encountered
vibration amplitudes were sufficiently large to require modifications or
redesigns of the unit. Although this experience was limited to machines with
electric motors, it is natural to expect alternators to behave in a similar
fashion. For this reason an analytical investigation of the NASA turboalternator
was undertaken to check its vibrational response and stability, and on the

basis of the results, determine if the design was adequate or would require

modification.

To perform such an investigation, it is first necessary to know what the alter-
nator magnetic forces are. Although it is possible, as shown later, to estimate

the fundamental part of the magnetic forces from a rather simple analysis, an
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extensive study is required to obtain all the force components. Such a study has
been performed by the General Electric Company as a part of the same overall
investigation, and the calculations in the present report are based on the force
values supplied by G.E. The forces are calculated for six different operating
conditions of the alternator of which three cases are for balanced load conditions
and the other three cases are for short circuit conditions. Only in the latter

cases are there force components with frequencies higher than the fundamental

frequency.

The magnetic forces cause the rotor to vibrate and they also affect the stability
of the rotor. Since the forces may contain a number of frequencies, there always
exists the possibility of exciting one or more of the resonances of either the
rotor or the shoes in the pivoted-pad bearings. Depending on the magnitude

of the forces and the available damping in the system, the corresponding ampli-
tudes could become prohibitively large, especially at higher frequencies where

the bearings lose most of their damping capacity. Furthermore, since the magnetic
forces depend directly on the eccentricity between the axes of the alternator
stator and the rotor, any rotor vibration will produce forces, thereby making

it possible to transfer energy from the alternator field into vibrations of the

rotor which may create a situation of self-excited instability.

It is the purpose of this discussion to present the methods developed to calculate
the amplitude response and to check stability of the turboalternator, and to
give the results of computations performed for the machine operating at 12,000 rpm

in a vertical position for six alternator load conditions.

Based on the developed analyses, three computer programs were written to
perform the calculations. These programs are sufficiently general that a wide
range of operating conditions of the turboalternator could be investigated.
However, for the particular specified operating conditions, the results did not
show any response amplitudes of significance nor was any danger of instability
indicated. Thus, it was concluded that for the specified conditions, the

magnetic forces have no adverse effect on the performance of the machine.
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Discussion of the Technical Problem

The turboalternator consists of a four-pole homopolar~type generator whose poles
are integral with the shaft. The shaft is supported in two four-shoe pivoted-
pad gas journal bearings, and the wheel of the two-stage turbine is overhung at
one end of the shaft. At the other end of the shaft is the thrust bearing runner,
also overhung. The generator poles are arranged such that two of the poles (say
the two northpoles) are in one plane, 180 degrees apart, and the other two

poles, southpoles are in a different plane, displaced 90 degrees from the
northpoles. When the rotor is eccentric with respect to the magnetic axis of

the alternator stator, forces will be set up in each pole plane because of the
magnetic unbalance. Since the allowable eccentricity is small in comparison
with the generator air gap, the forces can be taken to be directly proportional
to the displacement of the rotor center. One force consists of a steady magnetic
pull, acting as a negative spring force in the direction of rotor displacement.
In addition there are a number of force components which also are directly
proportional to rotor eccentricity and vary harmonically with time. When

the alternator load is balanced and there are no short circuits, the predominant

force frequency by far is twice the angular speed of the rotor. Other frequencies

also present are caused by stator slotting, amortisseur slots, and harmonics in
the MMF; but,except for certain short circuit conditions,these force components are
so small they can be ignored. On this basis, it is possible to arrive at an
expression for the magnetic forces by means of a very simple analysis which,

though approximate, gives a good estimate of the forces [16].

Assume the MMF to be constant, i.e., ignore any harmonics in the MMF and ignore

the armature reactance, Then the flux density B in the alternator air gap is

uMMF

B = h

where u is the permeability of air and h is the air gap. Introduce a cartesian
coordinate system with origin in the center of the alternator stator, the x-axis

vertical downwards and the y-axis horizontal.

1 L1




74
/ 49

6 Line in Rotor Passing Through
Centers of North Poles

//////I‘+ G Angular Speed of Rotor
XY

The rotor is eccentric by the amount & and the angle between the x-axis and the

Center of Stator —

Center of Rotor

7

direction of eccentricity is B. The angular speed is w. If the mean airgap
is C, the airgap thickness can be written as

h=C - 8cos(8 - B)

where ® is the angle from the stator x axis to a radial line in the rotor passing

through the centers of the north poles.

Since 8«L, the flux density becomes

e MMF
ll E cos(® - B):]

= By [ﬁ + % cos (8 - B)j (1)

where

B, is the flux density when the rotor is concentric with the stator. To find
the magnetic forces caused by one pole, it is necessary to integrate B2 over the

pole area. The force has two components, F, and Fy.

f tiad
\

L\ g2
Fx,pole =75 A B~ cos® dA
1

1 2 .
Fy,pole = 72=SA B sin® dA

where the numerical factor is a conversion factor to get the force in pounds when
the area A is in square inches and B is in kilolines per square inch. The pole has

a radius R, a length L and extends over an angle o. Assume that at time equal zero
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the north poles are on the x-axis such that the center of one pole will be at
f=wt and the center of the other pole at f=wt+m. The total magnetic force

is the sum of the two pole forces and becomes
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The southpoles are lagging the northpoles by 90 degrees. Hence, the magnetic

forces in the plane of the southpoles become:

- A < 1 N
- \ N ¢ % \ ) Y
»"x- = [(“/u = (.._«'! (v} { 2!.;.. t; )'\ Y == (;/, ‘n /?u(," «/ (6)

Fy == Qs et x4 [ G+ 0s(2wt) |y @

Thus, if the rotor displacements are the same in the two pole planes, the net
force on the rotor is independent of time,but there will be a time varying

moment.
The poles have the following dimensions:

length: L = 1.96 inch
radius: R = 2.6 inch
arc: of = 63° = 1.1 radian

radial airgap: C = 0.040 inch

Assuming a flux density of 45 kilolines per sq. inch at rated power, the force

gradients become:

R T It
1 "’(.. - - s n - / ‘V !(/ N
2. C40 2 inch

~ _ $in(63)-2.6 L6 (45)
v= ==

! 3 G0
which is close to the more accurate values of Qo=5,630 and Q1=6,870 calculated
by the General Electric Co. from their more comprehensive analysis for the
condition of the alternator operating with balanced load, 0.8 PF, 15 KVA and

no saturation effects.
For other operating conditions of the alternator, especially under short circuit

conditions, the forces may be different such that there appear terms involving the

cosines and sines of not only 2wt, but also of 4wt, 6wt, and so on, in the
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force equations. As shown in Appendix E, the general expressions for the

forces are of the form:

N
LR «\l

. LB n \
fx. ==X nL; -(x’,(,,_f';.'f(t'r*w j ‘ixm"’ mwf)l"lj ..... L] (w9 2nwt +0 s.n(?nuf)] (8)
= -y / !;lm(us(fnwlﬁ(),"slm(?nw’f)] Y } [07,@:(?%0—(;.7"5,.7(2;-“)] (9)
ny n:g

It is seen that the equations derived above from the simple analysis conform to

this form by setting N=1, QXo Q o=—QO, Qxl=—le=Ql and x{xl=(1yl=0. Lt %S

found that for the three balanced load conditions analyzed by G.E., this simpler
form of the equations apply. Only for the three short circuit conditions is it

necessary to use the more general form.

Let the rotor center be eccentric with respect to the center of the alternator
stator and have the static coordinates (xo,go) where X, and Y, are specified
values. If the rotor amplitudes ¥ and y are measured from this steady-state

point, the magnetic forces can be written as

158 i 1=
I—VJ fotal i = 0 T (10)
Fta = R 1 R (11)

where F and Fy are given by Egs. (8) and (9) above, and
N

Z [an(va(?nw[ ‘z*hs'n(?hwt)l +‘1b ";‘1 (us(znlv()'f(i n»'”(lm’ur)]

'\ v
2 [ /‘\ (vs Z”‘U[) = R” 51‘7 (Zﬂ(mr)] (12)
ng
N &
F‘jl. o ‘”‘/'u [‘- l ‘frn('03‘{2”‘\’t)+()Y'1 b:l')(;f’?tclr ] '1" [ ‘7 (u.)(?n‘ut) l.z 5,:7(2!’)(0()]
S M
i Z [ anw(?l’)‘u() i /* <in(Cnet) ] (13)
where i
An = = Bk X g Yo (14)
Bie Gy, (15)
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Thus, the magnetic forces are composed of two parts: one part, namely Fxo
and Fyo, which is independent of the amplitudes; and one part, namely FX and
Fy’ which is directly proportional to the amplitudes x and R Fxo and Fyo
can be considered to be external to the rotor and taken as active forces;whereas,
FX and Fy are passive forces. The active forces will make the rotor whirl, while
the passive forces are an integral part of the rotor-bearing-alternator dynamic

system.

By adding the passive magnetic forces to the rotor-bearing system, the possibility
arises that the system may become unstable. To explain this phenomena, assume
that the rotor equilibrium is disturbed,and the rotor center is set in harmonic

motion described by:

X=X, ces(vt) - X sin(yt) (16)

Y=y, wslot) = igg sin(vt) (17

where ¥ is the frequency of the motion. The power E imparted to the rotor by

the magnetic forces is

s ) | ne
c- L \ [, R ]t Lot
(¥)

where T is the time of one cycle. Substituting for FX and Fy from Eqs. (8) and

(9), and for X and y from Eqs. (16) and (17), the integral becomes

V”

NN \ e § Y
- =3T ( {L(K =X, Jeim(Qvt) 2% % ot vt £ (0, cosnot) T s:n(Znwt) )
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;(( Y, =X %) n(?vt + (x 115+)’ Ye/ :(u)( )f)ﬂ( Y~ /411(] '((f‘ (us(?nwf)*Q,(,,Sm(znco[))

+( : ¢inl ‘,)t)“l (L] Y, <v~( vt/l/,_ (/.,,,!u.. t"n./() c{ 43,.1(,_11‘0[))} dt
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T 1% ({hu)~¢ht at s always zero, and the integral
v

The integral
% u&Zszvﬂdﬁs,in general ,zero except for (nwtv) = 0 in which case the

.G . T
integral is equal to one. Thus, setting ¥ =nw the power is found to be:

F = ;,L nw !(_ {sl—x(.’) Gn? 2e e, +( (7:"17:>(z7n"f" 2y, 4, (;/7,1

+(x,_17'<~—x5 Yy )(L(M "(«.7,,) i+ (Xc Y54, )(‘ftn"' cf-‘%) l (18)

Hence, for proper values of Xc ’ Xs )Vc and 95 the power input to the rotor

from the magnetic forces may become positive. Thereby,net energy will be trans-
ferred from the magnetic field to a whirling motion of the rotor, and if

the rotor damping is insufficient to dissipate this energy, the rotor will be
unstable. It should be noted that the frequency of the instability motion is
one half of the frequency of the magnetic forces. Hence, when the predominant
magnetic force frequency is twice the speed of the rotor, the whirl frequency
will equal the rotor speed. It is to be expected, therefore, that the rotor's
tendency to instability will be most pronounced in the neighborhood of the
critical speeds of the rotor. This is found to be the case. A more detailed

discussion and analysis is given in Appendix F.

Whereas the passive magnetic forces only disturb the static rotor equilibrium
when the rotor is unstable, any built-in eccentricity between the stator and
the fotor produces active forces which cause the rotor to whirl. To calculate
the corresponding amplitude response of the rotor, the frequency components of
the active forces are applied to the rotor one at a time,and the total ampli-
tude is then determined by superposition of the results from the individual
calculations. Since the magnetic force gradients are much smaller than the
rotor-bearing stiffness (the latter is of the order 105 whereas the magnetic
force gradients are maximum of the order 6x103), only those components of the
passive forces which have a frequency of twice the applied frequency enter

into the calculations. The details are given in Appendix G.

The principal reason for calculating the amplitude response is to determine
if the rotor amplitude becomes too large for an acceptable performance of

the machine. Since the applied magnetic forces are rather small, not
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exceeding 14 pounds for the specified built-in eccentricity of 0.002 inches, it
is to be expected that the rotor amplitudes will be small in general. However,
the forces may contain several frequency components. There is, therefore, always
a possibility that if one or more of these frequencies are sufficiently close to
a resonance of either the rotor or the shoes in the pivoted-pad journal bearings,
large amplitude vibrations may be excited. This is especially true at the high
frequencies where the bearings lose most of their damping capacity. Thus, it

is necessary as a part of this investigation to calculate the stiffness and the
damping of the gas film in the pivoted-pad journal bearings. The methods for

doing this are developed in Appendices A to D.

The basic analysis is given in Appendix A where the equation governing the
pressure distribution in the gas film of a single pad (Reynolds equation) is set

up in a form suitable for numerical evaluation. By performing a small perturba-

tion on the displacements and velocities of the journal center, additional equations

are derived from which the corresponding changes in the gas film pressure can be
found. The stiffness and damping coefficients for the pad can then be obtained by
integration of the differential pressures. The numerical procedures employed in
solving the equations are described in Appendix B and Appendix C. It is found
that the pad film coefficients are functions of the pad geometry (arc length,
length-to-diameter ratio and pivot position), the static eccentricity of the
journal center with respect to the center of the pad arc, the compressibility
number A (A = E%E (%) where u is the gas viscosity, B is the ambient pressure,
a
w is the angular speed of the rotor, R is the pad radius and C is the radial
clearance) ,and finally, the ratio %-between the frequency v of the rotor motion
and the angular speed w of the rotor. Hence, for a pad with specified geometry
and load, and where the gas has a known viscosity and ambient pressure, the gas
film stiffness and damping are functions of the rotor speed and the frequency of
the dynamic motion. For a fixed speed they depend only on the frequency as shown

in Figures V-3 to V-10.

Once the dynamic coefficients have been obtained for each of the individual pads,
they can be combined to determine the dynamic coefficients representing the
complete pivoted-pad bearing. In combining the pad coefficients,it is necessary

to include the dynamic motion of the shoes on their pivots and flexures.
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The method is described in detail in Appendix D. Here,it is also shown how the

motion of the pads can be found.

With the spring and damping coefficients for the complete pivoted-pad bearing
known, - the dynamic model of the rotor-bearing-alternator system can be set up
and it can be tested for stability as described in Appendix G. Similarly, the
amplitude response of the rotor, caused by the magnetic forces and the mechanical

unbalance present in the rotor, can be calculated as discussed in detail in

Appendix G.

The methods used for testing the stability of the rotor and for calculating the
response of the rotor are approximate, at least in theory. By adding the harmon-
ically-varying passive magnetic forces to the rotor-bearing system, it no longer
is a single frequency-response system,which means that the system will not vibrate
with just one frequency. Any vibration will contain a series of frequencies
(actually,infinite many). However, when the gradients of the magnetic forces are
considerably smaller than the rotor-bearing stiffness, the amplitude of the funda-
mental harmonic dominates the vibration completely and all other frequency
components can be ignored. With the ratio between the magnetic force gradients

and the bearing stiffness being of the order 0.1 as for the present machine, the

error involved is less than one percent.
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RESULTS

Calculations were performed for the rotor operating vertically at 12,000 rpm.
The rotor has a mechanical unbalance of 0,005 oz-inch in the turbine wheel,
and its response and stability were investigated for six operating conditions

of the alternator. The bearing data are

diameter: D = 3.5 inch

length: L = 3.5 inch

radial clearance of pad: C = 0.00175 inch
preload: m= 0.5

number of pads: &

pad arc: 80 degrees

pivot position: 65 per cent from leading edge

mass of one pad: mp = 0.568 1b.

pad mass moment of inertia for pitch axis: Ip
pad mass moment of inertia for roll axis:® I

pad mass moment of inertia for yaw axis: I, = 0.00252 1lbs-in-sec
30,000 1bs/in
90,000 1bs/in

upper pivot flexure stiffness: K

lower pivot flexure stiffness: K

0-9 lhs-sec

> (Argon at 300°F)

gas viscosity:/p =4.2-1
in
ambient pressure: Pa = 12.5 psia for thrust bearing end

Pa

10.5 psia for turbine end bearing

The bearing compressibility number A is defined as

No= M ;,
Pa \

o=
SN

where R is the journal radius and w is the angular speed of the rotor, i.e.,
@ = 1257 radians/sec. The remaining symbols are defined above. Introducing
the numerical values, {\ becomes

for bearing at thrust bearing end A= ol5

for bearing at turbine end AC=13110

0.00102 lbs-in-sec2
0.00150 lbs-in-sec2




With these values of /. and the given pad dimensions (length-to-diameter ratio:
L/D = 1, 80 degree arc length and 0.65 pivot position), the pad load W can be
calculated from the computer program based on the analysis in Appendicgs A and
B. The results are plotted in Fig. V-1 where the ordinate gives the pad load
in dimensionless form as Wp/Pa LD (wp is in 1lbs.) and the abscissa is Fﬁ(‘ugp
where ¢, is the eccentricity ratio for the pad and %, is the attitude angle.

The gas film thickness over the pivot is

{':‘:»;: = "-(i'kt,(u';(/,-,-) (19)

Thus, Fig. V-1 gives the load on the pad as a function of radial journal
displacement. Only the results for A = 3 are shown since the data for A = 2.5

are almost the same.

The pivoted-pad bearing has four shoes located 45 degrees from the vertical.
Knowing the load characteristics of each pad, the total bearing load can be
determined. Let the journal downward displacement from the bearing center be
eg and let the corresponding eccentricity between the journal center and a

pad center be ep. Then from geometrical considerations
- P '} : DU . -}
{‘-,D‘V‘Jg; C"( 1+ € (Cb(4'5 / (20)
(- for top pads, + for bottom pads)

where C' is the pivot film thickness when the journal is concentric in the
p J

bearing. Define

bearing eccentricity ratio: gB = eB/C' (21)
pad eccentricity ratio: {p = ep/C (22)
preload: m = l—~C'/C (23)

whereby Eq. (20) can be written as

o AT

Eptcolp=mj e (24)
& :

(- for top pads, + for bottom pads)
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With m = 0.5

£

- e () = ":-,-_.f'.ﬁ.__
e es§,= 0.5 F e (25)
the total bearing load WB, lbs. becomes
o Al g/)~ ‘_ﬁ AW
Wy = Ccvs (457 l (h')sm. . ( /gi,)!.yr‘ o (26)
On this basis Fig.V-2 can be plotted. Select a value of tB, find & cu5¢
P P

for the top and bottom pads from Eq. (25),enter Fig.V-1 to find wp/PaLD

for both pads, multiply by paLD from the data given above, and obtain the
corresponding total load from Eq. (26). Repeat this for several values of

€ B whereby the two load curves, one for the turbine end bearing and one for
the thrust bearing end bearing,are obtained as shown in Fig. V-2, Also shown
on Fig. V-2 is the gas film thickness at the pivot for the bottom pads as

obtained by combining Eqs. (19) and (25):

1

] =0.000875 | 1= .70 7 5 ]

L2

(. ) = 0.00175] 105~ 55

pRvot bott. pads

In addition,Fig.V-2 gives e,cosq; for the top and bottom pads as a function of
iB from Eq. (25).

Fig. V-2 is used to determine the operating point for the pads. With a known
bearing load,Fig.V-2 can be entered to read off the corresponding bearing
eccentricity ratio EB and the pivot film thickness can be checked to see

that it is not too small. TFor the determined value of FB’ (zntusi~ ) for the
bottom and top pads can be taken directly from Fig.V-2 after which Fig. V-1

can be entered to calculate the load on each of the pads. Knowing ( ¢ ((n(ﬂ‘ )

and wp for a pad, Figs.V-3 to V-10 can be entered to determine the 8 dynamic

film coefficients as a function of the vibratory frequency.

There are 8 dynamic coefficients for each pad: four spring coefficients,
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KF( 5 Kf7 5 K)i 5 va (lbs/inch); and four damping coefficients, Bep
B~ 5 B\; , and B, (1bs-sec/inch). For a given rotor speed and given dimen-
sions of the bearlng, they are only functions of the bearing load (or, equiva-
lently,N;(quP ) and the vibratory frequency ¥ . They are calculated as
explained in Appendices A and C, and are plotted in dimensionless form in
Fig.V-3 to V-10 where the ordinate gives either CK:.. /W_ (and similarly for the
other three spring coefficients) or CeeBy - /W “and thepthree analogous coefficients)
Here, C is the radialpad clearance (C=0.bbl75 inch), ¢ is the angular speed

(¢v = 1257 radians/sec) and wp is the pad load in lbs. The abscissa gives the
ratio Y/w between the vibratory frequency : , radians/sec, and the angular speed d.:,
For stability calculations and mechanical unbalance response calculations,

VAU =l. TFor magnetic force response calculations, however, °/u equals 2,4,6——,
depending on the number of frequencies contained in the magnetic forces for

the specific alternator operating condition under consideration.

Apart from the general stiffening of the gas film as the frequency is increased,
the most noteworthy feature of the curves is the rapid loss of damping at high
frequencies. Thus, at a frequency of 10 times the rotor speed, only approx-

imately 0.1 percent of the total damping is left in the pad film. This,

however, does not necessarily imply a similar loss of damping for the pivoted-

pad bearing as a whole, since the combined bearing damping also includes

the phase shift between pad motion and journal motion. On the other hand, it is
obvious that the loss of pad film damping is going to decrease the overall
damping to some degree and, in any case, the damping available to control the pad

inertia is small at high frequencies.

Once the 8 coefficients have been obtained for each of the individual pads,

they can be combined to obtain the spring and damping coefficients for the complete
pivoted-pad bearing as described in Appendix D. This is not done as a separate
calculation but internally within the computer programs for calculating stability
and response. In other words, these computer programs accept the data for the
individual pads as input and perform the combination internally. The programs also
accept as input the dynamic coefficients for roll and yaw of the pads (see
Appendices A and D) in order to obtain the complete pad motion. It is not part

of this investigation to calculate these coefficients from the exact theory
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given in Appendix A, Instead they have been obtained by employing scalefactors,

derived from data available for incompressible pad films.

G wD
7& = 0.047 —2—‘5—5* =  0.036
LK L wB

(33 &€
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f—? - 0.038 B
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£n €
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I K L @B

78 “ong
G wD

‘ "
fl £ .8i053 2—1 = 0.051
i L5008,

& ek

From these relationships,the 8 roll and yaw coefficients, G&&’ Dg%’ etc. can

be computed from the already obtained values of Kgg’ ng, etc.

The rotoris represented by stations at which the rotor mass is lumped. The
length between the stations, and the mass and stiffness distribution of the

rotor are given by the following table:

Station No. Mass,lbs. Length Between Stations, Cross-Sect. Mom.
Inch of Inerta, Inch
ik 6.839 15593 1.545
2 31,391 3.94 35062
3 307113 4.61 3.062
4 10.058 1L 25 32
5 0. 2.18 SI/2
6 791 1.99 3572
7 0. 1.34 372
8 LS/ 4.08 3.062
9 3559 4.23 3.062
10 9592 —— mmmms
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The turbine wheel is at Station 1, the thrust runner is at Station 10 and the
two journal bearings are located at Stations 3 and 9, respectively. The alter-

nator pole planes are at Stations 5 and 7.

The magnetic force data computed by the General Electric Company for six alter-
nator operating conditions have been reduced to a form more suited to response
and stability calculations than the form in which the data was reported by
General Electric. The procedure for reducing the data is described in Appendix
E, and the results are given in Table V-1. The reduction consists mainly in an
elimination of the power angle and the position angle $, giving the direction

of rotor displacement. The General Electric data was obtained from a number

of Fourier series and the results from each series have not been combined.
Thus, there are instances where quite large force components exist in General
Electric's equations,but which cancel out when they are combined such that the
final result is a remainder of a subtraction involving large numbers. This
obviously affects the accuracy. Case 4 in Table V-1 offers an example. Thus,
for ny =1, the force An is 0.03 1lbs which is obtained from: 277.60-277.57 =
0.03 1bs. This remainder is probably smaller than the error involved in cal-
culating the individual components. It is also seen that Bn for n=0 in Cases
1, 2, 3 and 6 is not quite zero which it obviously should be. While this

is of no physical importance, it does give an indication of the accuracy of

the numbers.

The results of the rotor response calculations are summarized in Table V-2. There
are six operating conditions of the alternator and a seventh condition, where
saturation effects in the alternator have been ignored, is also included (Case 1).
Furthermore, a mechanical unbalance of 0.005 oz.-in. in the turbine wheel can

be present. Several cases were investigated: First, the rotor may have a uniform
eccentricity of 0,002 inch (i.e.,the same eccentricity in each pole plane) in
which case the time varying magnetic forces in general exert a moment on the
rotor. This case is calculated both without and with mechanical unbalance for

all the operating conditions of the alternator. Secondly, the case where the
rotor is tilted and only eccentric in one pole plane was calculated. The

effect of the magnetic forces is then predominantly to exert a force on the rotor.
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Thirdly, the rotor is tilted such that it is eccentric in each pole plane but in
opposite directions. Again, the effect is predominantly to exert a force on the
rotor. Finally, the case of a mechanical unbalance alone has been studied. It

is found that the rotor and bearing shoes have very small vibration amplitudes
under all conditions. The rotor amplitudes never exceed 56 microinches and the
largest pad motion is a pitch amplitude of 98 microinches per inch. In almost

all instances the amplitudes are less than 50 microinches. These amplitudes are
so small that it will be extremely difficult to observe them in the actual machine
where just the run-out of the shaft is of the same magnitude. It can, therefore,
be concluded that for an operating speed of 12,000 rpm the magnetic forces have

no important influence on the rotor response.

Turning next to the effect of the magnetic forces on the stability of the rotor,

the results are shown in Fig.V-11. There, the abscissa gives the rotor speed in

rpm,and the ordinate gives the stiffness of the magnetic forces in lbs/inch. 1In

the case of balanced load and no short circuit conditions, (i.e. Cases 1, 2,

§ and 6 in Table V-1) this stiffness can be taken from Table V-1 as the value of
VQZ -+ qin for n = 1 (i.e.,corresponding to the 2wt-component of the

xn
magnetic forces). For the three short circuit cases (Cases 4, 5 and 7 in

Table V-1),the corresponding magnetic stiffness is determined as discussed in
Appendix F. In total, the magnetic stiffness for the 7 operating conditions of

the alternator are

Case Magnetic Stiffness for Stability
Investigation, lbs/in

6,864
4,414
3,970

17
2,310
3,080
2,050

U N, T U CC R SO R

It is seen, that the rotor operates far below the threshold of instability

in all cases. Thus, there is no danger of encountering rotor instability

due to the magnetic forces.
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TABLE V-1
THE ELECTROMAGNETIC ALTERNATOR FORCES

for 0.002Vinch eccentric

A

Case*) E ’;n’lbs Bnlﬁg‘ an,lbs/in qxn,lbs/in Qyn,lbs/in Ezn,lbs/in uQin+qin’1bS/in
1 0 F1.25. =0094 -5,605 -46 -5,625 -46 5,625
1 12.81 -4.94 -6,403 -2,471 6,403 2471 6,864
2 0L SLMIGA 80,09  -5,720 -44 -5,720 -44 5,721
7.96 -3.82 -3,980 -1,909 3,980 1F3909 4,414
3 0 10.01 =-0.05 -5,004 -26 -5,004 -26 5,004
1 038 =294 -3,689 -1,468 3,689 1,468 3,970
4 0 =18/ Ul 0.00 -6,555 0 -6,535 0 6,555
158003 0.00 -15 0 -5 0 15
28 §0.02 0.00 -10 0 0 0 10
3 -0.02 0.00 10 0 0 0 10
5 101504 0.00 -20 0 0 0 20
6 0.04 0.00 -20 0 0 0 20
9 -0.16 0.00 80 0 0 0 80
12 0.04 0.00 -20 0 0 0 20
8 S 00 0.00 -20 0 0 0 20
15 -0.02 0.00 10 0 0 0 10
24 0.16 0.00 -80 0 -80 0 80
25 -0.06 0.00 30 0 -30 0 30
49  0.04 0.00 -20 0 20 0 20
5 0 33.34 0.41 -16,670 203 -12,730 -1,700 16,670
e 305 1408 —il,523 540 167 64 15615
2 5.30 -6.87 -2,648 -3,436 -2,488 4,738 4,338
J 07572 5.55 -359 2505 -707 -2,137 2,798
6 0 7.64 -0.02 -3,819 -10 -3,819 -10 3,819
6.16 -0.10 -3,080 -50 3,080 50 3,080
7 O 17,586 0.03 -3,930 17 -3,930 17 3,930
I S 0.96 -1,733 479 1,925 -81 1,798
2 1=3.35 0.08 15672 39 653 -686 1556773
SRNG5S 7 =2 .69 787 -1,347 -560 958 1,560
4 =0.09 0.04 47 22 47 22 51
*) For case numbers, see note to Table V-2
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TABLE V-1 (continued)

The electromagnetic alternator forces are given by the following equations:

M =

-
Fx =8 Ancos(2nwt)+Bn51n(2nwt)-x [ancos(ant)-qxn31n(2mxtﬂ

+y [qyncos(zmut)+Qynsin<znwt)J }
N

Fy - néo { —Bncos(2nwt)+An31n(2th)—x [qxncos(2nwt)+an51n(2nwt) ]

-y [Qyncos(2mmt)-qynsin(2nmt)]}

where x and y are the amplitudes of the rotor in inches, ® is the angular

speed at the rotor in radians/sec and t is time in seconds.
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TABLE V-2

DYNAMIC RESPONSE OF TURBOALTERNATOR ROTOR-BEARING SYSTEM

TO ELECTROMAGNETIC ALTERNATOR FORCES

Min. Film Thickness Amplitude of Rotor in Pitch Amplitude of Journal Bearing Shoes
for Static Load Journal Bearings (Microinch/Inch)
(Microinch) (Microinch) Thrust Bearing End Turbine End
Condition Case Thrust Brg.End Turbine End | Top Shoe | Bottom Shoe Top Shoe | Bottom Shoe
Rotor eccentric il 7471 Sal 6.2 4,2 8.8 5.4 1151
by 0.002 inch in 2 770 3.3 3.9 2353 She 1 3.0 Zisl
both pole planes; 3 782 370 356 2.4 St 3.1 6.4
no mechanical 4 755 0.3 03 0%3 0.3 0.4 (6555
unbalance 5 595 2.5 2403 Sk 35 4.0 2517,
6 805 203 2.8 3.0 3.5 37 4.4
7 802 1.8 1.8 2.5 il 2.9 2.8
Rotor eccentric 1 75 7.6 38.3 7.4 12,0 44,7 53.4
by 0.002 inch in 2 770 5.8 36.3 5515 8.9 43.7 S
both pole planes; 3 782 553 35.8 53 831! 43.3 501
0,005 oz.in. 4 755 3552 34.2 3.9 4.4 43.7 52,0
mechanical unbalance 5 595 1136 42.7 16.3 15.0 5346 64,2
in turbine 6 805 4.2 Sadk 53 6ol 42.9 48.0
7 802 3.6 34,2 4.8 5.6 46.6 52,2
Rotor eccentric by 1 775 11.0 23.4 Clo® 18.7 20.5 42.1
0.002 inch in pole 2 770 7.0 14.9 4.9 1201 1153 2741
plane closest to 3 782 63 1355 Sl 10,9 11.6 24.4
turbine, no mechanical 4 755 0.6 ikl 0.7 0.8 1.6 1.8
unbalance 5 595 6.0 7D 8.6 14.3 9.4 113757
6 805 4.9 1055 6.3 3 14.2 16.7
7/ 802 4.0 67 6.1 542 10.9 8.9
0.005 o0z.in mech- 155 30.9 158 22 39.3 46.8
anical unbalance in
turbine; no magnetic
forces
Rotor eccentric by 2 770 1752 2549 1252 29.8 2951 47 1
+0.002 inch in one
pole plane, -0.002 inch
in other plane; no
mechanical unbalance
Same as preceeding 2 770 19.7 56.5 15.4 33.0 537 97.7
case but with 0.005 oz.-in
mechanical unbalance in turbine




Note:

Code:
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TABLE V-2 (Continued)

The results are for the rotor operating in a vertical position at 12,0(

rpm.

Response amplitude values in the above table are single amplitude

values measured from the static eccentricity position of the rotor
resulting from the d-c component, Ao’ of the electromagnetic forces.

Case
Case
Case
Case
Case

Case

Case

o LWy

15 KVA, 0.8 power factor lagging, balanced load, unsaturated
15 KVA, 0.8 power factor lagging, balanced load, saturated
11.25 KVA, 0.8 power factor lagging, balanced load

3-phase balanced, short circuit condition

Single-phase fault, rated power

No-load condition, operating at 120V L-N balanced 3¢, no
armature current

3.33 KVA, 1.0 power factor, with the load connected from one
phase to neutral.




0.8

0.7

0.6

0.5

H

T
HH
5as!

0.4

0.3

Uz

0.1

05

04

01°d

dm

M
o

:@V0T avd SSIINOISNIWIQ

O
o

0.

€p COS ¢y

Calculated Film~Thickness Parameter versus Dimensionless

Pad Load

Fig. V-1

131




e T T T
60 TR R T
H 1 H H f
&t 3 —t .- <
i EERSEEL N SEEs uLl tH +
s y fu: s 1
e 3= e
= T
T 1 ot w
HEHE R R f
i Toll
. RE iimE0
o i ST 1
1 i
50
-
T
H
;
-
:
B
!
;
- : ~;
= T
i
a 5 B
I uay /5t T
4t
:
y 30
() i
5
X
;

20}

a
: w

10 05 g

CITR b (& ]

-7 - w
:
¥ T
- : 4
; :

537 cdasiees :

4 - " T T 1

P R Rt Rast s eat EEsEseRt haes
0 HEETH T ; JERgeSH B s

5

0 ol 02 03 04 05 06 07
BEARING ECCENTRICITY RATIO : g

Fig. V-2 Calculated Bearing Load and Film Thickness Data
versus Bearing Eccentricity Ratio

132




i i :
hi 1 4
111 Eﬁi i t DIH]H : Il
{ 55 i -
i ; - - i 1]
B SmSSRA I el ‘ -+
i B A
i % i i
i : i b F it
BiSEiE e A

CKee [T ?; i

1l

s = e e e e e
et e

le)EEEESESESE=SE
o

JHTTTIRTT 1]

or 1.0 10
FREQUENCY RATIO: &

Fig. V-3 Calculated Dimensionless Pad Radial Stiffness
versus Frequency Ratio

100

133




o
b=
9]
%)
(V]
P = == = = = = = c.m
== EESSS £ e
Ul
e o
" S
i = Z
~
- «
= - uﬂ s
] )
EEEEEEL RO = g
ES-cSE= 0
— == = =]
S e\ o — = ]
= S====- ===== V_w =
- o e i bt B PR TG e e et e : i e st B e et e e i | d
= . @
o
= = —
== S=sEres = = @
== ==ss = i S
=3 7 = o 4+
= 7 =i O o o
s EEF T : = IR
- ES2=s SE [y} s
- =) (=
HE o U o
FH ! o 5§
-+ Eavoas = o o A 3
e = =
= e 2 o
S IREEss S =S T R e .
E i Hm.‘l;llmﬂ.ﬁ.. + SSES3ESS: w S : = u& =
3 e e = ESESESE=E=SE - ®
E SE moas===: = 5 = Gl
= i=S==== = == = (SN
= e =
= ES: SESussc-ssss == E=====S = g 9
SEsEsEssaac SESK = o
gEgEsesater =F 7 .
EE EEEEE =
=t o.c
o
=3 =
- = = = o
= . |_ i=ESS=SEEEE = : ======0d

0.8 mmm

134




1 /D] o
1.0 ol |
PIVOT'POSITION 20,65
=r=—1
08
06—
CKen [T
Wp =
0.4 — = s,
PIEIESES - R
00—
-0.2
05

Fig. V-5

FREQUENCY RATIO: o~

Calculated Dimensionless Pad Cross-Coupling

Stiffness versus Frequency Ratio

135




0.4

9¢T

‘ ‘ = e s :’:_. i':.’ et '7?.?‘ i: 5 [EE Ar= = Llﬂ :2[ = S
IS b T[] 80 DEGREERARC

FEe N1 = = - F= PIWOL BOSHHONI>065
= s . = e

02— |

|

=0l

iy
| ;%z i;:ij:‘fi:ﬁlii il
‘ggj ﬂiih'&”é‘f‘ﬂirzf§J“
e T LT
" i H LT
<
3
o
p
/
/
[

FREQUENCY RATIO: -

Fig. V-6 Calculated Dimensionless Pad Cross-Coupling
Stiffness versus Frequency Ratio




10p——

Fig. V-7

80 DEGREE A

- PIVOT PQS]T :

7T

0.65

A=3

1

FREQUENCY RATIO: k-

Calculated Dimensionless Pad Radial
Damping versus Frequency Ratio

1387




STEDES N

5:'“,’” o i D B il ittt
1070 10 10 100

FREQUENCY RATIO: &-

Fig. V-8 Calculated Dimensionless Pad Tangential
Damping versus Frequency Ratio

138




s e——

G S

LS
W

FREQUENCY RATIO:

Calculated Dimensionless Pad Cross-Coupling

Damping versus Frequency Ratio

Fig. V-9

139



VL+,IW

E:x!’ .E!!l,
|
1

T

140

Pwor Posm
: 065 | i
D __JE_!;;;_:“*

N

(o)) Sl SR

Fig. V-10

WA EERYI NI

o T =
FREQUENCY RATIO: %

Calculated Dimensionless Pad Cross-Coupling
Damping versus Frequency Ratio




MAGNITUDE OF MAGNETIC STIFFNESS (2wt COMPONENT)
THOUSANDS OF LB/IN.

160
150
140

120
10
100
90
80
70
60

40
30
20

Fig. V-11

ROTOR SPEED,RPM

\
A \ / /
1 /
E \\
\\\
s 1C\\\ // /
\ UNSTABLE !
\\ /
\ 7
d \\ /
\ ,'/
o \ \ / /
\ /
—— WITH GAS FILM DAMPING | /
—  |——NO GAS FILM DAMPING \ 5 KVA
\ 08 PF 3
‘\ y BALAN(E)\ LOAD
__4\, | | ] | [ | | ’ | (? |
0 V2000 5000 6000 7,000 8000 9,000 (0,000 1.000 12000

Calculated Stability Map for the Turboalternator
Rotor-Bearing System

13,000

141




VI. DESIGN OF ROTOR BEARING SIMULATOR INCLUDING ALTERNATOR

The turboalternator bearing system design, described in Section II, was successfully
tested under operating conditions which did not involve electromagnetically-induced
forces on the rotor resulting from operaticn of the alternator under various
conditions of electrical power generation. In continuance of the policy to
isolate, evaluate and remedy possible problem areas by means of appropriate test
programs, it was then recommended that the turboalternator bearing system should

be retested under conditions which included the electromagnetic forces attendant
upon the generation of electrical power. This would permit further development

and acceptance testing of the rotor-bearing system in a simulator under conditions
more closely representative of those which would be encountered in turboalternator
operation (excluding thermal simulation) independent of, and yet parallel to
development of the turboalternator aerodynamic components. Additionally, such a
program would permit experimental verification of the analysis of the rotor

response to electromagnetic forces as described in Section V of this report.

The recommendation to conduct this test program was approved by NASA and the
necessary design modifications to the existing simulator, described in Section IGIEIE
of this report, commenced in April 1966. The design was carried out such that

the simulator could readily be used to

1. operate over the full range of electrical power generation and

electrical fault conditions,

2. evaluate design-point bearing system performance under both balanced and
unbalanced rotor conditions with the rotor both horizontally and
vertically orientated while operating over the range of electrical

power generation and electrical fault conditions,

3., evaluate bearing performance as in (2) above under off design-point
conditions such as reduced ambient pressure, maximum overspeed, and

increased journal bearing clearance,
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4. evaluate the rotor response to the conditions of operation in (1),

(2) and (3) above

5. utilize the rotor shaft and stator designed for the turboalternator , and

6. identify unknown problem areas.

To conduct the extensive test program planned for the simulator at ambient
pressures below atmospheric pressure, necessitated the use of air for the bearing
environment rather than argon. The performance of the bearings, the rotor
critical speeds, and the temperature distributions and gradients relating to
operation in the air environment were calculated. The bearing calculations

were based on the values of bearing clearance at design speed which were
predicted for design turboalternator operation in argon. The results of these
calculations were reported in Reference [24] and are, therefore, not repeated

in this report.
A cross-section view of the redesigned rotor-bearing simulator including the
alternator is shown in Figure VI-1l. Significant features of the simulator are

described in the following subsections.

Simulator Rotor

A photograph of the turboalternator rotor as delivered by the alternator manufac-
turer and before final machining is shown in Figure VI-2. At this stage the

rotor consisted of the finally heat treated forging to which laminated pole

faces have been electron-beam welded, and copper alloy amortisseur bars and

stainless steel end rings welded into place. The rotor had been rough

balanced, and spin tested.

The photograph in Fig. VI-3 shows the same rotor after finish machining. The
finish machining consisted of the application of the electrodeposited copper
heat shunt in the bore of each journal, the machining of the involute spline,
the application of chrome oxide to the journal surfaces and the final machining

of the critical diameters, faces and lengths. The rotor for use in the
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simulator was manufactured from the turboalternator rotor detail drawings and
has, therefore, the same characteristics as will be exhibited by the rotor

used in the turboalternator.

The photographs shown in Figures VI-4 and VI-5 show the component parts of the
simulator rotor assembly and the assembled rotor respectively. The assembly
possessed the same principle dimensions, total mass, mass distribution and
stiffness characteristics as exhibited by the turboalternator rotor assembly.

Actual measured weight of the complete rotor assembly was 54.8 pounds.
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Fig. VI-2
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Simulator Bearings

The redesign of the simulator that was necessary to incorporate the alternator,
utilized precisely the same bearing system as designed for the turboalternator
and used in the original simulator. Photographs of the journal bearing parts
are shown in Figures II-7 and II-8, and the thrust bearing parts are shown in

Figures II-12, II-13 and II-14.

For both the journal bearings, the bearing components included the pivoted pads,
pivots, pivot support flexures, pivot "O" ring seals, and the bearing system
instrumentation transducers (capacitance probes and thermocouples). These
components formed two complete journal bearing assemblies which had the same
interfaces for both the simulator and the turboalternator. 1In the thrust
bearing region, the bearing components included the thrust runner, the reverse
thrust bearing housing, the main thrust bearing, the thrust bearing support

and the bearing system instrumentation transducers (capacitance probes and
thermocouples). Again, the interface for the thrust bearing components was

identical in both the simulator and the turboalternator.

Control of the Simulator Journal Bearing Clearance

One of the primary objectives of the rotor-bearing-alternator test program was
to evaluate the rotor response and bearing system performance under conditions
of operation designed to reduce the journal bearing friction loss. Calculations
of bearing performance under the conditions pertaining to simulator operation
showed that a 15% reduction in friction loss could be obtained by an increase

in diametral bearing clearance from 1.75 mils to 2.28 mils. The corresponding
preload values for these clearances are 0.612 and 0.491 respectively for a CP/R
ratiojof 128" x 10—3. To facilitate the frequent changing of clearance
required by the test plan, without stopping the test and making the pivot
adjustments required to achieve the required clearance value, a 600 watt
resistance heater was added to each bearing support. The temperature of the
support could, therefore, be changed by varying the power supplied to the heaters,

resulting in a clearance change due to differential thermal expansion between
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the support, bearing and journal. The initial set-up of bearing clearance
performed on assembly was for operation at the minimum clearance to be tested.
This condition did not, therefore, require a supply of power to the support

heaters.

It should be noted that this method of changing diametral bearing clearance also
results in a change of rotor eccentricity. The extent of this change, however,

was considered to be within acceptable limits.

Control of Bearing Loads

Variation in journal bearing loads, from zero to full rotor weight reaction, was
made possible by rotation of the complete simulator on its mounting trunnions
from a vertical to a horizontal rotor orientation. Figure VI-6 and VI-7 are
photographs of the complete simulator assembly in a horizontal and vertical

orientation respectively.

For control of thrust load, at any orientation of the rotor, the simulator casings
for and aft of the turbine wheel were extended radially inward, and labyrinth

seals provided between these extensions and the rotor (see Figure VI-1). This
permitted the turbine wheel to be used as a double-acting piston. Variable
magnitude and direction of thrust load was obtained by control of the pressure in
the cavities on each side of the turbine wheel. These cavities were connected by
suitable pressure control valves to a gas supply manifold (as shown in Figure VII-4).
Leakage across the labyrinths passed into the main simulator casing from where

it was vented to atmosphere (via a vacuum pump when the simulator was being

operated at sub-atmospheric ambient pressures).
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Fig. VI-6

View of Complete Simulator Installed
In a Horizontal Position on the Test Stand




Fig. VI-7

View of Complete Simulator Installed in
Vertical Position on the Test Stand
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Simulator Casings and Alternator Stator

The primary function of the simulator casings were to provide an enclosure and
support structure for the bearing system, alternator and turbine drive. More
detailed discussion on the design of these casings is contained in Section III

of this report in the subsection entitled 'Simulator Casings'.

Redesign of the original simulator casings was necessary to incorporate the
alternator and the increased power turbine required to drive the alternator
under full load conditions. Comparison of Figures III-1 and VI-1 indicates
the extent of these changes. In addition to the structural changes it was
necessary to introduce a section of nonmagnetic material at each end of the
alternator to prevent magnetic short circuiting of the altermator flux path
via the bearing support, pivot and bearing pads to the rotor journals. Such a
short ciraiit would reduce the flux density between the alternator stator and
the rotor pole faces with an attendent and unacceptable reduction in the
alternator performance. The casings immediately adjacent to each end of the
alternator were, therefore, manufactured from aluminum. Photographs of the

alternator stator are shown in Figure VI-8.
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Fig. VI-8a

Front View of Alternator Stator

Fig. VI-8b

Rear View of Alternator Stator




Simulator Turbine

To enable the alternator to generate full electrical power it was necessary to
redesign the original simulator turbine which, as described in Section III of
this report, was to produce approximately 1.5 HP to overcome bearing friction
and windage loss at design speed. The redesigned turbine was required to develop

a total power of 19.3 HP at design conditions.

In redesigning the turbine to give the increased power output, the same require-
ments as listed for the original simulator turbine design were taken into consid-
eration with, of course, the exception of the power level which was increased
to 19.3 HP. Again, an impulse turbine was selected to meet these requirements.
The two primary factors in the design of the turbine were the requirements to
correctly simulate the mass and inertia of the turbealternator turbine wheel,
while maintaining the near optimum turbine parametersnecessary to obtain the
required power output from the available air supply system. The air supply
system consisted of an existing reciprocating compressor capable of delivering
0.457 1b/sec of oil-free air at 100 PSIG and 70 F. The use of aluminum for

the turbine wheel, which was possible due to the low stress levels involved with
the low tip speed and also, low turbine temperature, resulted in the attainment

of the mass and inertia parameters.

The predicted turbine performance was based on the methods in Reference [25]
which correlates partial admission turbine performance in terms of specific
speed and specific diameter which, for this turbine, are 7.14 and 5.42 respec-
tively with an efficiency of 60%. The design is very close to optimum as
regards bucket height and degree of admission. Total penalties on efficiency due
to the effect of trailing edge thickness, bucket cutter diameter, bucket
relative Mach number and, finally,leakage,were estimated to amount to 6%.

The estimated turbine total-to-static efficiency was therefore 54%. The output
power from this turbine at design point conditions is 20 HP,which leaves small
margin above the 19.3 required. The calculated total temperature drop across
the turbine at design condition was 172 F. To avoid the thermal problems such
as unacceptable temperature gradients in the No. 1 bearing area and condensation

and freezing, associated with this temperature drop, the turbine inlet temperature
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was increased from 70 to 212 F by means of an air preheater. The turbine wheel
would therefore operate at temperatures between 40 F and 70 F with a turbine

exhaust temperature above freezing point.

The photographs in Figures VI-9 shows the turbine wheel and one of the two nozzles.

Figure VI-10 shows the turbine wheel inserted into the turbine casing.

The primary performance parameters of the turbine at design point conditions are

as follows.

Aerodynamic Design Point

Inlet Total Pressure (psia) 105
Exit Static Pressure (psia) 15
Inlet Total Temperature (OR) 672
Total Temperature Drop (°F) 172
Mass Flow (1lb/sec) 0.38
Speed (RPM) 12,000
Nozzles

Number 2
Throat Area (in.2) 0.090
Exit Area (in.z) 05563
Nozzle Height (in.) 0.45
Gas Angle 16°
Gas Exit Velocity (ft/sec) 1780
Mach No. 158
Efficiency (%) 92
Pitch Diameter (in.) 9505
Blade

Number 2
Cutter Diameter (in.) 05125
Inlet = Outlet Angle (degrees) 215165
Trailing Edge = L.E. Thickness (in.) 0.010 - 0.015
Blade Height (in.) 055
Inlet Rel. Mach No. 03
Inlet Rel. Velocity (ft/sec) 1330
Blade Speed (ft/sec) 474
Blade Tip Diameter (in.) 9.483
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Simulator-Alternator Temperature Control

The requirement to incorporate the alternator into the simulator design and to
operate under conditions involving the generation of full electrical power, results
in changes in the bearing region temperature levels and gradients previously
calculated for both the turboalternator and the original simulator. The
differences which exist between the design and operation of the simulator,

including the alternator, and the turboalternator are as follows:

1. The simulator is driven by a low temperature impulse turbine.

2. The simulator journal bearing supports are not extended, in the fore

and aft directions, to form heat exchangers.

3. The coolant inlet temperature to the thrust bearing and the alternator
stator is limited (by test equipment limitations) to approximately
80 F at the design flow rates of 200 1lb/hr. and 600 1lb/hr. for the

thrust bearing and alternator respectively.

To ensure that the temperature distribution in the region of the journal bearings
ws satisfactory for proper operation of the bearings,a thermal analysis of the
simulator was performed. The boundary conditions for this analysis were estab-

lished as follows:

1. Detailed values of the alternator losses were taken from the alternator
design data. An estimate was made, based on this data, that the
frame temperature would be 20 F above coolant inlet temperature.
Therefore, a boundary temperature of 100 F was established for the

alternator stator.

2. The sink temperature in the region of the turbine wheel was taken to
be 40 F. This corresponds to turbine exit temperature at the 12 KWe,
12,000 RPM operating condition. (The turbine inlet temperature at this
point would de 212 F.)

3. The temperature of the thrust runner was estimated to be 100 F, i.e.,

20 F above coolant inlet temperature.
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4. The friction loss for each journal bearing was taken to be 342 BTU/hr.
which was the maximum loss expected over the range of conditions under
which the simulator was to be tested (i.e., at 12,000° REM, 10.5 PSIA

and minimum bearing clearance).

In the No. 1 bearing region thermal distortion of the journal was seen to be basic-
ally conical, with a radial height of 0.4 mils at the alternator end of the bearing.
Superimposed on this cone is a crown with a radial height of 0.08 mils. The journal
in No. 2 bearing region also has a conical distortion of 0.3 mils at the alternator

end of the bearing. The crowning here will be 0.085 mils.

The pivots will allow the bearing pads to become aligned with the conical portion
of the journals; the crowning, however, must be accommodated by the gas film. The
extent of this crowning is slightly greater than the 0.075 mils crowning reported

in Section II of this report but it is not expected to impair bearing performance.

Simulator Electrical Load Control

To evaluate the response of the rotor bearing system to the electromagnetic forces
resulting from operation of the alternator at various levels of power generation
and during a number of different electrical fault conditions, it was necessary

to supply the alternator with the required excitation, absorb the power generated
and provide means to initiate the required short-circuit and unbalance load
conditions. The excitation requirements were met by the breadboard Voltaze-
Regulator-Excitor (VRE) which was built and used by the alternator manufacturer
during the development and test programs associated with the alternator and the
VRE. To absorb the electrical load and initiate fault conditions, a load bank

was designed and supplied by the alternator manufacturer. A photograph of this
load bank is shown in Figure.VI-11. The design of the load bank allowed for the
ad justment of load and power factor of each of the 3 phases, meters being provided
for the display of phase volts, amps and watts. Provisions were also available
for the ganging together of all three phases, in which case the alternator could
be loaded uniformly in 3 KW increments. Loading of a single phase was achieved

by the use of a switch. Short-circuit conditions, either single phase or three

phase, were accomplished with the short-circuit button. The VRE was completely
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automatic, excitation being supplied at speeds over 6,000-7,000 RPM. To allow
acquisition of data at design speed without the effects of electromagnetic power,
the VRE circuit was provided with a switch which disconnected the excitation

from the alternator.
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Fig. VI-11

View of the Load Bank Used to Dissipate the
Power Generated During Test of the Rotor-
Bearing-Alternator Simulator
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Simulator—-Alternator Instrumentation

As mentioned in preceding sections of this report, successful and timely
development of a prototype gas-bearing machine requires extensive rotor-bearing
system instrumentation for quantitative measurement of performance and for
minimum risk operation. Accordingly, the rotor-bearing system intended for use
in the simulator was equipped with exactly the same capacitance probe and
thermocouple transducers as recommended for the prototype turboalternator

design in Section I1 of this report.

In addition to the bearing system instrumentation, numerous additional thermo-
couples were installed to monitor the bearing support temperatures, turbine
temperatures and coolant inlet and outlet temperatures. In addition, the
thermocouples inserted into the alternator stator by the manufacturer were used

to continuously monitor the temperature distribution throughout the stator.

A model 3040 Electro Products Laboratories magnetic speed pick-up was used
to measure rotor speed. The pick-up sensed six notches cut in the OD of the
thrust runner. Finally, the simulator was equipped with numerous pressure taps

for measurement of turbine, thrust loading and bearing ambient pressures.

A description of the simulator instrumentation readout equipment, and the
simulator control system is given in the next section of this report. A

schematic of the control system is shown in Figure VII-4.




VII - TEST EVALUATION OF THE ROTOR BEARING SYSTEM UNDER VARIOUS CONDITIONS OF.

ALTERNATOR LOAD

Assembly of the bearing system and the simulator described in Section VI of

this report commenced on November 8, 1966. Preliminary testing with the alter-
nator excitation in operation was started on December 20, 1966. The planned

test program commenced on January 10, 1967, and was completed on January 30, 1967.
During the course of testing, approximately 90 hours of operation were accumulated

in obtaining data at the 216 planned test points and during the additional tests

which were performed.

The following subsections describe the simulator test facility, in which the rotor-
bearing system response to electromagnetic forces was evaluated, and the specific

test results pertaining to the performance of the rotor-bearing system.

Description of the Simulator Test Facility

The simulator test facility consisted of the following items:

1. the rotor-bearing-alternmator system simulator(described in Section Vi),
2. the voltage-regulator-excitor (VRE) and load bank,

3. the simulator control panel, and

4. the instrumentation readout and magnetic tape recording system.

Figures VI-6 and VI-7 in the preceding section of this report are photographs

of the rotor-bearing-alternator simulator mounted on the test stand behind the
test panel. In these photographs the simulator is mounted in the horizontal

and vertical positions respectively. For operation in the vertical position,
the turbine end is uppermost. In both of these photographs the simulator

is shown with the pivot access holes uncovered to permit bearing clearance

adjustment.
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Figure VII-1 is a photograph of the left hand side of the simulator control panel
and the instrument readout equipment. At far left is the CEC magnetic tape
recording system which was used for data acquisition throughout the test program.
This is followed by the two Microdynes used to display the motion of each

journal relative to the casings. The third Microdyne and the Wayne Kerr and

CRO mounted on top of the Microdynes, were used to display the thrust bearing
clearances. The Hewlett-Packard electronic counter placed on top of the third
Microdyne was used to continuously monitor rotor speed. The turbine inlet air
heater appears as the long cylindrical section below the control panel. The
temperature controls for the heater were mounted on the extension which protrudes

above the main panel.

Figure VII-2 is a photograph of the right side of the simulator control panel
and the instrument readout equipment. The rheostats used to adjust the journal
bearing support temperatures are seen mounted on the extreme left of the panel.
The two temperature recorders mounted at left center were used to continuously
record the system temperatures. Below these recorders can be seen the push-
button station which was used to connect or disconnect the alternator excitation
as required. The ammeters shown mounted above the load bank were used to
monitor the alternator excitation current during the course of testing. At the
right of the figure are shown the Wayne Kerrs and CRO's which were used to

display the film thickness between each bearing pad and the journal.

Figure VII-3 is a wide angle photograph taken during the course of the test

program showing the complete control panel and instrumentation system.

Figure VII-4 is a schematic diagram of the simulator control system. All
controls, except for heater temperatures and air-manifold supply pressure, were
manually operated. It is seen from Figure VII-4 that individual control

valves were supplied for

1. fine and coarse control of turbine nozzle pressure (V-4 and V-5),
2. control of main thrust loading pressure (V-6),

3. control of reverse thrust loading pressure (V-7),



4. control of main hydrostatic thrust bearing supply pressure (v-10),
5. control of reverse hydrostatic thrust bearing supply pressure (Vv=9),

6. control of water coolant supply pressure to the main thrust bearing

stator (V-12),
7. control of jacking gas to the journal bearings (V-8),
8. control of water coolant to the alternator (V-11), and

9. control of simulator bearing region ambient pressure (V-14, V-15

and V-16).

All pertinent pressures and flows for the above listed control functions were
measured via Bourdon tube pressure gages and Ro tometer flowmeters mounted on
the control panel, as seen in Figures VII-1, VII-2 and VII-3. Control of the
bearing support heaters was obtained via manually-controlled variacs (auto

transformers) also mounted on the control panel.

Shop air at 100 PSIG was used to drive the simulator turbine over the required
range of speeds and electrical loads. Control of turbine inlet temperature

was achieved by regulation of the heater H-1 with the set point controller.

The temperature of the gas supplied to the hydrostatic thrust bearings was
controlled by regulation of the heaters H-2 and H-3. Control of the temperature
of the thrust bearing and alternator coolant was achieved by regulation of

the heater H-4.
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Fig. VII-1 View Showing the Left Hand Side of the
Simulator Control Panel and Instrument
Read-out Equipment

Fig. VII-2 View Showing the Right-Hand Side of the Simulator
Control Panel and Instrument Read-Out Equipment
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Fig. VII-3

View Showing the Simulator Control Panel and
Instrument Read-out Equipment During Test
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Initial Adjustment of Simulator Rotor Concentricity and Journal Bearing Clearance

Under idealized conditions of manufacture and operation, the radial magnetic
forces in a four-pole inductor alternator would cancel (i.e., the resultant
radial force and transverse moment acting on the rotor would be zero). In
practice, however, unavoidable variations in material and geometory of the rotor
and stator, and deviations of the rotor from the exact magnetic centerline of
the stator, will result in unbalanced magnetic forces (and, to a lesser extent,
moments) acting on the rotor. These forces act to increase the eccentricity

of the rotor which, in turn, results in further increase in the forces.

To evaluate, experimentally, the response of the rotor-bearing system to
electromagnetic forces, it is necessary to conduct the appropriate tests under
conditions where the eccentricity between the magnetic centers of the alternator
rotor and stator is known. In practice these magnetic centers are individually
indeterminate and, therefore, assembly and adjustment of the simulator must be
performed by a method which does not involve determination of magnetic centers.
If it is initially assumed that due to careful design and manufacture, the
magnetic and geometric centers of the components are coincident, then the machine
may be assembled and the bearings adjusted to permit geometrically coincident
operation of the rotor and stator when operating at design conditions. The
validity of this assumption and,to some extent, any discrepancy between
geometric and magnetic centers may be determined if first the machine is
operated at design speed in a vertical, geometrically concentric position

without the alternator being excited, followed by operation with the alternator

excited. Any shift in the position of the journals, as evidenced by the casing -

to-journal capacitance probes, when running in these two modes of operation
will be due to magnetic forces resulting from magnetic eccentricity in either,

or both, the alternator rotor and stator.

Correction of any unacceptable amount of eccentricity determined by this method

may be accomplished by the appropriate readjustment of the journal bearings.

The method of assembly which was choosen to ensure that the geometric
eccentricity between the simulator rotor pole face diameters and the bore of

the alternator stator could be selected and adjusted with an acceptable degree
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of accuracy involved the use of a gage shaft and the casing to journal capac-
itance probes. The gage shaft consisted of a central section, which just fitted
into the stator bore, with two outboard extensions. These extensions were of the
same length and diameter as the rotor journals and were ground concentric with

the center section. During assembly, the gage shaft was inserted into the stator
bore and the casings, bearing supports and journal bearing pads assembled. The
casing-to-journal capacitance probes were then inserted and connected to the
instrumentation readout equipment. Moving each of the gage shaft extensions (in
turn) throughout the small clearance between the central section of the gage shaft
and the stator bore resulted in the establishment of approximately circular

orbits in the planes of the capacitance probes, each of which was displayed on a
CRO. The center of these orbits was considered to be the geometric center of the
stator. The gage shaft was then centered by adjustment of the bearing pads and
the distance meter reading noted. The value of these readings was used throughout
the test program to describe the geometric center of the alternator stator and to

determine the extent of rotor eccentricity.

Following the determination of the stator geometric center, the gage shaft was

removed after withdrawing the No. 2 bearing support complete with bearing.

The rotor was then installed and the simulator fully assembled and instrumented,
with the exception of the main (hydrodynamic) thrust bearing, prior to making
the necessary journal bearing adjustments to permit vertical operation at design
speed with the rotor concentric to the alternator stator. These adjustments were
made while the rotor was in a vertical position with the thrust runner uppermost.
Freedom of rotation was achieved by providing the reverse thrust bearing with a
supply of jacking gas at approximately 40 PSIG. The journal bearings were
adjusted to allow a diametral clearance of 0.002 inches with the geometric
center of the clearance profile, as described by the ground-to-shaft probes

and displayed on CRO's, positioned 0.0005 inches below the geometric center of

the alternator center.

Having completed these adjustments, the simulator was prepared for preliminary

testing.
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Preliminary Testing

The purpose of the preliminary tests was to establish quickly and safely, the
operating characteristics of the simulator, control system and instrumentation

as the assembly progressed. This method of testing permits the early identifica-
tion of problem areas before accessibility becomes restricted and hence, adjust-
ments more difficult. The earliest stage at which the simulator could be rotated
was attained after adjustment of the rotor concentricity, bearing clearances and
assembly of the reverst thrust bearing. The first test was performed with the
simulator vertical, the thrust bearing being uppermost. The main thrust bearing
was not installed and the VRE and load bank were not electrically connected

to the alternator. Testing commenced on December 17, 1966. A summary indicating
the test configuration, purpose and observations noted during these tests is

given in Table VII-1.

After the completion of Test 1, the axis of the simulator was inclined at 450,
the thrust runner remaining uppermost, and the test repeated with and without
journal bearing jacking gas. For tests numbered 3 through 9, a DC power supply
was used to provide excitation to the alternator field. The load bank was
connected up for Test Number 7. For tests numbered 10 through 14, the DC power
supply was replaced by the VRE, with an ON-OFF switch and an ammeter inserted
between the VRE and the alternator for the purpose of measuring the excitation
current. At the conclusion of Test Number 12, the main thrust bearing was as-
sembled, the various access holes sealed to permit operation at lower than
ambient pressures, and the instrumentation set-up completed. Tests 13 and

14 were, therefore, conducted with the complete test set-up required by the

test plan.
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TABLE VII-1
PRELIMINARY TEST PROGRAM

Configuration Tested

Purpose of Test

Test Observations

Test # | Date
ik 12/17/67
2 12/20/66
|
1 3 12/20/66
4 12/20/66
5 12/20/66

Vertical, with rotor
supported by reverse thrust

bearing. No alternator
excitation.

o, .
45 inclination. Rotor

supported by reverse thrust
bearing. No alternator
excitation

As Test 2 but alternator
excitation supplied from
DC power supply. No
rotation

As Test 3 but simulator
running at 10,000 RPM

As Test 4 but journal

bearings hydrodynamic

Check rotor operating
concentricity, bearing
clearance and standard
of balance

Check journal bearing
jacking gas system and
effect on bearing
performance when journal
jacking gas removed

Ascertain the effects of
excitation on rotor
concentricity

Ascertain the effect of
varying excitation current
on the partially loaded
rotor-bearing performance

As Test 4

A speed of 14,400 RPM was
achieved. Rotor concentric-
ity, bearing clearance and
standard of balance were
satisfactory.

At 10,000 RPM the bearing
system performed satisfac-
torily. No apparent
change in journal bearing
performance when jacking
gas turned off.

At 0 RPM with rotor 0.0005 in.
eccentric and supported by
jacking gas, switching on

the excitation increased

the eccentricity by
approximately 0,0005 in,

At 10,000 RPM the excitation
was increased from 0 to 5
amps. Rotor eccentricity
increased from 0.0003 in. to
0.00035 in. Journal bearing
film thickness was reduced
by 0.0001 in.

Results approximately as
observed in Test 4
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TABLE VII-1 (Continued)

PRELIMINARY TEST PROGRAM

Test #

Date

Configuration Tested

Purpose of Test

Test Observations

10

12/21/66

12/21/67

12/21/67

12/21/66

12/22/66

Ag Test- 5 but inclined at
5

As Test 6 but load bank
connected and bearings
operating hydrostatically

As Test 7

As Test 7 but with hydro-
dynamic journal bearings

As Test 7 with VRE
installed

Ascertain the effect of
varying excitation on the
fully loaded rotor-bearing
performance

Ascertain the effect of
balanced electrical load
on rotor-bearing performance

Ascertain the effect of
unbalanced electrical load
on rotor-bearing performance

As Test 7

Ascertain the proper
operation of the VRE

Results approximately as
observed in Tests 4 and 5

At 12,000 RPM the alternator
load was slowly increased

to 3KW with no noticeable
effect on rotor position

or bearing clearance

As Test 7

At 12,000 RPM the load was
increased in 3 KW increments
to 12.0 KW. Slight changes
in orbit and bearing
clearance noted.

VRE automatically becomes
operative at 7400 RPM.
Performance satisfactory.
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TABLE VII-1 (Concluded)

PRELTIMINARY TEST PROGRAM

Test # Date Configuration Tested Purpose of Test Test Observations
11 12/22/66 As Test 10 Ascertain the effect of single {The short circuits,
and three phase short applied for varying
circuits on rotor-bearing periods up to 5 seconds
performance resulted in orbit enlarge-
ments of less than 20 micro
inches.
12 12/23/66 Simulator vertical with Improve the standard of To amplitude of rotor
thrust bearing uppermost rotor balance to facilitate vibration at No. 2
identification of rotor bearing was reduced by
response to electromagnetic a factor of 2. The
forces amplitude at No. 1
bearing did not require
correction
13 1/4/67 Simulator vertical with Check out main hydrodynamic The main
turbine uppermost thrust bearing thrust bearing performed
satisfactorily when
operating hydrodynamically
and hydrostatically
14 1/4/67 As Test 13 Check out system with All performance
bearings operating at low satisfactory
ambient pressures (7.2 and
10.5 PSIA)




Conditions and Details of Simulator Test

To determine and evaluate the effects of electromagnetic forces on the turbo-

alternator rotor-bearing system,a number of simulator configurations were

assembled and tested. The variables involved in the definition of these

configurations are

115

8

3.

For each

rotor orientation,
mechanical unbalance, and

alternator rotor eccentricity.

of these variables, certain conditions were selected ag follows:

Simulator in the vertical position (turbine end up) ;
Simulator in the horizontal position (soft flexures up) ;
Rotor shaft with minimum residual unbalance ;

Rotor shaft with 0.005 ounce inches mechanical unbalance in the plane

of the turbine wheel ;
Rotor shaft magnetically concentric with the alternator stator ; and

Rotor shaft magnetically eccentric 0.002 4+ 0.0005 inches radially with

the alternator stator.

These variables were combined and the simulator assembled to form six (6) con-

figurations (or test set-ups) as follows in Table VII-2.

Each of these six simulator configurations were subjected to the tests shown in

ifabile s SVI=8E Vil -4 and VIT-5,
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TABLE VII-2

Simulator Configuration Variables

Simulator Simulator Simulator Mechanically Mechanically Magnetically Magnetically
Config. Horizontal Vertical Balanced Unbalanced Concentric Eccentric
a X X X
b X X X
(@ X X 5
d X X X
e X X X
f X 51% X
TABLE VII-3
3 ZERO ELECTRICAL LOAD TEST CONDLTIONS
Test Counditions Test Point Number
Preload Pressure_Psia  Stator* 10,800 RPM 12,000 RPM 14,400 RPM
=612 10IES DE = 2 -
4612 105 E 1 2 4
=612 12 DE = 11 c
612 o2 E 12 10 9
491 10.5 .DE = 15 =
i .491 11025 E 13 14 16
’ 491 U azs DE = 28 =
| 491 72 E 2, 22 21
*Stator energized - E
Stator de-energized - DE




TABLE VII-4

BALANCED ELECTRICAL LOAD TEST CONDITIONS AT 12,000 RPM AND 0.8 POWER FACTOR

Test Conditions Test Point Number
Preload Pressure 3.0 Kwe 6.0 KWe 9.0 KWe 12.0 Kwe
J6ili2 1{0)55 = = 5 6
2612 T2 8 7 = =
.491 LOISS = = 11172 18
491 7.2 20 19 = <

TABLE VII-5

UNBALANCED LOADS AND SHORT CIRCUIT TEST POINTS

Test Cocnditions Test Point Number
Preload Pressure Power Factor 3.33 KVA 14 shorted 34 shorted
0 182 105 1 25 = =
5612 10.5 0.8 - 33 29
+164.2 7 1 26 = =
$612 2 0.8 = 34 30
-491 105 1 27 = =
49 1025 0.8 = 35 31
-491 T 2 1 28 = =
.491 T 0.8 = 36 30
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Notes pertinent to Table VII-5:

1) 3.33 KVA, (alternator connected 1 ¢ to neutral - 24 open circuit)
2) 14 shorted, (alternator at 12 KWe then 1 § shorted for 5 secs maximum )

3) 3 4 shorted, (alternator 12 KWe then 3 ¢ shorted for 5 secs maximum)

It should be noted that the values of preload given in Tables VII-3, VII-4 and
VII-5 relate to a bearing clearance ratio (Cp/R) of 1.28 x 10_j at design-point
operating conditions. The related diametral clearances to these preload values

are as follows:

Preload Journal Bearing Diametral Clearance
0612 1.75 MILS
0.491 2.28 MILS

During the course of the test program, the change in diametral clearance was

accomplished by increasing the bearing support temperature as described in section

VI of this report.

The planned sequence in which the tests were to be performed was in the order of
ascending test point number. This sequence was intended to allow the accumulation
of test data from all of the no load' and 'balanced load' conditions before pro-
ceding with the 'unbalanced load' and 'short-circuit' conditions. These latter
conditions being considered the most hazardous to uninterrupted operation due to

the transients involved.

At the termination of the preliminary test program described in the preceding
section, however, it was concluded that conditions involving severe transients
which might prove hazardous to uninterrupted operation would not be encountered.
This conclusion, permitted the revision of the test plan to allow testing under

zero and balanced electrical load conditions to be immediately followed by un-
balanced and short circuit testing, thereby reducing significantly the time required

for simulator adjustment.
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Data Acquired During Test

Testing of the rotor-bearing-alternator simulator commenced on January 10, 1967,
and was completed on January 30, 1967. Test data was taken at each of the 216
prescribed test points in a total running time of 91 hours. An approximate
breakdown of the running time results in 16 hours for set up and preliminary
tests, 47 hours to establish reasonably stable temperature conditions for test
data points, and 28 hours to obtain test data. The duration of the longest test

conducted without shutdown was approximately 4 hours.

Testing of the various configurations was conducted in the sequence shown in
Table VII-6. This table also shows the major variables in each configuration
tested, the sequence in which journal bearing adjustments were made, and the
average diametral journal bearing clearances throughout the test of each con-

figuration.

The rotor-bearing-alternator simulator was equipped with the instrumentation
described in Sections II and VI of this report. During the course of the test
program, data was obtained at each test point from the instrumentation previously
described, with the exception of the pad flutter probes and the main thrust
stator probe. In addition to this data, magnetic tape recordings were made

of the primary instrumentation signals at each data point. Polaroid photographs
were also taken of the CRO displays during the configuration A and F tests

involving increased journal bearing clearance.

Details concerning the data acquired and tabulated are given in Table VII-7. In
this table, under the column entitled Form of ' Data Acquisition', the term
tabulation refers to the data entered on the test data sheets. The position of
the sensors identified in the column entitled '"Sensor Designation' can be found

both in this report and the referenced documentation as follows:
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Sensor Description

Pad to Shaft Probes and
Pad Thermocouples

Ground to Shaft and
Pitch Probes

Bearing Support
Temperatures

Jacking gas supply
pressures and flows
and bearing ambient
pressures

Thrust bearing
film thickness
probes and temperatures

Thrust bearing coolant
flows, temperatures
and loading pressures

Alternator Temperatures

Alternator Power

Turbine Operation

Report Reference
Figure Nos.

IT-23, LI-24, I1-25

11-23, II-24

VII-4

VII-4

VI=11

VII-4

Other References

Avtron Manufacturing
Operating & Installation
Instructions for

Model T80 Load Bank

Prior to evaluating the performance of the rotor-bearing-alternator simulator, the

data concerning bearing film thicknesses, rotor position and dynamic motion

was corrected by the appropriate calibration factor for each

of instrumentation.

individual channel
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TABLE VII-6

SEQUENCE OF TESTING SHOWING VALUES OF PRIMARY VARIABLES OBTAINED DURING TESTS

Simulator Journal Design Bearing Average Journal Sequence
Test Date Rotor Rotor Magnetic Bearing Diametral Bearing Clearance in Which
Configuration Tested Orientation Balance Concentricity [Adjustment Clearance During Test (Mils) Configurations

No (Mils) #1 #2 Were Tested
Bearing Bearing
A 1/10/67 c 1 31.75 2.17 2.36 1
A 1/26/67 v c 5 22.28 2.86 2.83 12
B 1/25/67 v UB C 5 31.75 1.85 1.68 10
B 1/26/67 v UB (& 5 29,28 2.90 2.84 11
c 1/24/67 H UB c 4 Z1.75 2.05 1.95 8
c 1/25/67 H UB @ 4 22.28 2571 2.68 9
D 1/16/67 v B EC 2 31,75 1.78 1.96 3
D 1/18/67 v B EC 2 22.28 2.67 2.80 6
E 1/13/67 v UB EC 2 31,75 1.89 1.89 2
E 1/18/67 v UB EC 2 22.28 2.564 2.81 5
F 1/17/67 H UB EC 2 31.75 2.01 1.81 4
F 1/23/67 H UB EC 3 22.28 2.43 2.57 7

V - Rotor Vertical, H-Rotor Horizontal, B-Rotor with residual unbalance

UB - Rotor with added unbalance, C-rotor concentric,

EC-Rotor eccentric
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TABLE VII-7 DETAILS OF DATA ACQUIRED DURING ROTOR-BEARING

ALTERNATOR~SIMULATOR TEST PROGRAM

#1 Journal Bearing (Turbine End)

Sensor Location

Measurement

Sensor Designation

Form of Data Acquisition

——

Upper Pad-to-Shaft

"

Lower Pad- to-Shaft
"
Ground Shaft (H)
" " (V)

One Upper Pad (See
Fig. I1-26).

One Lower Pad (See
Fig. 11-26).

Bore of Bearing
Support In Plane of
Pivots

Test Panel

Simulator

Film Thickness

Dynamic Motion of Journal
"

Turbine end Temperature
Leading edge temperature
Trailing edge temperature
Alternator end temperature
Turbine end temperature
Trailing edge temperature
Leading edge temperature
Alternator end temperature

Bearing Support Temperature
n " n
" n "

Jacking Gas Supply Pressure

Bearing Ambient Pressure

PE-1
PE=2.
PF=3
PF-4
PS=i7
PS-8
TC-3
TC-4
TGC=5
TC-6
TC=7
TC-8
TE=9
TC-10
TC-40

TC-41
TC-42
P-6
beS

Tabulation
"
Tabulation & Magnetic Tape
Tabulation
Tabulation & Magnetic Tape
" " 1" "
Temp. recorder Channel 1B
H b " 3B
i i o 4B
i L " 7B
4 4 d 2B
L & it 5B
h b t 6B
A H . 8B
i il " 10B

" " n ].].B

Tabulation

Tabulation
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TABLE VII-7 DETAILS OF DATA ACQUIRED DURING ROTOR-BEARING

ALTERNATOR~-SIMULATOR TEST PROGRAM (Cont.)

#2 Journal Bearing (Thrust End)

Location

Measurement

Sensor Designation

Form of Data Acquisition

Upper Pad-To-Shaft

Lower Pad-to-Shaft
" 1T T
Ground -to-Shaft (H)
Ground -to-Shaft (V)

One Upper Pad
(See Figure II-26)

One Lower Pad

(See Figure II-26)

Bore of Bearing
Support in Plane of
Pivots

Test Panel

Simulator

Film Thickness

Dynamic motion of journal

" n n "

Alternator end temperature

Trailing edge L

Leading " i
Thrust end "
Alternator end temperature
Trailing edge "
Leading i "
Thrust end £

Bearing Support Temperature

Jacking Gas Supply Pressure

Bearing Ambient Pressure

EP=2.]
PE=22
PE=23
PF-24
PS-27
P§-28
TC~-20
Te-21
TC-22
IC=23
TC-24
LE€=25
TC-26
LC=27
TC-45
TC-46
TC-47
P=6

P=5

Tabulation
"
Tabulation & Magnetic Tape
Tabulation
Tabulation & Magnetic Tape
1" " "
Temp. Recorder Channel 12B
L & ! 14B
& i i 15B
it L t 18B
t i " 13B
u U u 16B
W Y e 178
4 " L 19B
i 2 U 20B
i g ek 21B
= % Y 22B

Tabulation
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TABLE VII-7 DETAILS OF DATA ACQUIRED DURING ROTOR-BEARING

ALTERNATOR-SIMULATOR TEST PROGRAM (Cont.)

Main and Reverse Thrust Bearings

Location

Measurement

Sensor Designation

Form of Data Acquisition

Reverse Thrust Stator-
to-Thrust Runner

Main Thrust Stator-|
to-Thrust Runner

Main Thrust Stator

Flexible Support

Main Thrust
Stator
Main Thrust

Coolant Inlet Pipe

Main Thrust
Coolant Qutlet Pipe

Test Panel

Test Panel

Simulator

Test Panel

Film Thickness

Film Thickness
Film Thickness
" n
Outer Ring Temperature
Inner Ring Temperature

Thrust Stator Temperature

Coolant Inlet Temperature

Coolant Outer Temperature

Coolant Flow Rate

Main  Thrust Bearing
Jacking gas supply pressure

Main thrust bearing
Loading Cavity Pressure

Main Thrust Bearing
Jacking gas flow rate

BI=2.9

PT-30
PT=3l:
PT=32
TC-28
TC-29
TC-30
TE=31
TC=32
=9

A0 =10

FM-3
P -8

17 e

FM-2

Tabulation

Tabulation & Magnetic Tape
Tabulation
"

Temp.recorder Channel 18H
L 4 i 19H
" " L 20H
1 " " 21H
U - u 22H
" " " 16H

" " " ]_7H

Tabulation
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TABLE VII-7 DETAILS OF DATA ACQUIRED DURING ROTOR-BEARING

ALTERNATOR-SIMULATOR TEST PROGRAM (Cont.)

Main and Reverse Thrust Bearings (Continued)

Location

Measurement

Sensor Designation

Form of Data Acquisition

Test Panel

Simulator

Test Panel

Simulator

Reverse
Jacking

Reverse
Loading

Reverse
Jacking

Main

Thrust Bearing
Gas Supply Pressure

Thrust Bearing
Cavity Pressure

Thrust Bearing
Gas Flow Rate

and Reverse

Thrust Bearing

Ambient

Pressure

1207

P-4

FM-1

Tabulation
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TABLE VII-7 DETAILS OF DATA ACQUIRED DURING ROTOR-BEARING
ALTERNATOR-SIMULATOR TEST PROGRAM (Cont.)

Alternator

Location Measurement Sensor Designation Form of Data Acquisition
Frame I.D. Drive End Temperature 1L Temp. Recorder Channel 1H
Stator Core " 4 L 9 1" " 1 2H
Stator Tooth " " 1 3 " " " 31
End Turn ! i A 4 1" " " 4LH

" " " n n 5 1 1" 1" SH
Frame I.D. Anti Drive 4 6 " " " 6H
end
BUS " n " 7 1" " " 7H

" " n " 8 " " " 8H
Stator Tooth Anti Drive " 9 " " " 91
End
End Turn . u " 10 " " " 10H
Coolant Inlet " 11 U u I 11H
Coolant Outlet A 12 " " " 121
Load Bank Output Volts (L-N) VM1 Tabulation

" " n n " VMZ 1"
ii ii i HH i VM3 L
" " Output Amps " AM1 i
n " " " " AM2 1"
" n " 1" 1" AM3 1"
H 1 Output Watts " WML i

" " 1




TABLE VII-7 DETAILS OF DATA ACQUIRED DURING ROTOR-BEARING
ALTERNATOR-SIMULATOR TEST PROGRAM (Cont.)

Alternator (Continued)

L8T

Location Measurement Sensor Designation Form of Data Acquisition
Load Bank Output Watts (L-N) WM3 Tabulation
" " DC Field Current - !
i L DE Short Gircuit - "
Field Current
" " Output Amps - L
Short Circuit Current
Test Panel Air Supply Manifold Pressure Bl Tabulation
Simulator Turbine Supply Pressure at P2 "
Nozzle Inlet
Simulator Turbine Inlet Temperature T2 Temp. Recorder Channel 13H
" Turbine Outlet Temperature T11 1! u" v 23B
! Rotor Speed = Digital Counter & Magnetic
Tape




Test Evaluation of Rotor Response and Stability

The primary purpose of the experimental program was to demonstrate the suitability

of the rotor-bearing system under operating conditions involving the electro-
magnetic forces attendent on the generation of electrical power. An extensive
program of testing was completed involving a wide range of operating conditions.
Detailed information concerning the test conditions are contained in Tables

VII-2, VIT-3, VIi-4 and VIL-S,

The performance of the rotor-bearing system was entirely satisfactory throughout
the test program. Dynamic response of the rotor and the bearing pads was in all

cases but one, synchronous and of small amplitude.

The second purpose of the test program was to obtain experimental verification
of the accuracy of the analytical procedures (developed in Section V of this

report) for predicting rotor response and stability. Unfortunately, the accuracy

of these procedures could not be established from the results of the test program.

While the test results agree qualitatively with predicted results (i.e., the
rotor was stable and the forced-vibration amplitudes were small), quantitative
verification was not possible because (1) rotor instability could not be experi-
mentally induced (hence, boundaries of the unstable region could not be mapped),
and (2) rotor response amplitudes due to electromagnetic forces were below the

noise level of the simulator instrumentation and hence not measureable.

The dynamic response of the rotor bearing system to electromagnetic forces was
calculated for two sets of conditions. The first of these deals with the turbo-

alternator in a vertical position and operating under the following conditions:

Speed 12,000 RPM
Bearing environment Argon
Bearing ambient pressures Bearing #1 - 10.5 PSIA

Bearing #2 - 12.5 PSIA

Bearing temperatures 300 F

Viscosity 4.2 x 1077 1b. sec./in.2
Bearing diametral clearance at

zero load (both bearings) 0.00175 inches
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The results of the above calculations are given in Table V-2,

The second set of calculations relate to the simulator in both the vertical and

horizontal positions and operating under the following conditionss

Speed 12,000 RPM

Bearing environment Air

Bearing ambient pressure Both bearings 10.5 PSIA
Bearing temperatures 300 F

Viscosity 3.6 X 10_9 1b. sec./in.2

Design value of bearing diametral
clearance for both horizontal and
vertical operation L 75 MLl

Increased value of bearing diametral
clearance for both horizontal and
vertical operation 2.28 Mils

The results of the dynamic response calculations for the conditions involved dur-

ing operation of the simulator are given in Table VII-8.

It should be noted that the values of amplitude given in Tables V-2 and VIT-8
are peak values arrived at by summation of the individual amplitudes at the
various harmonics involved. For example, in the electrical cases numbered A 20
3 and 6,the electromagnetic force components are all at the fundamental frequency
which is twice synchronous. From Table V-2 for the condition entitled, "Rotor
Eccentric by 0.002 Inch in Both Pole Planes, No Mechanical Unbalance'", the vibra-
tion observed for these cases would only occur at the fundamental frequency of
400 CPS, there being a complete absence of vibration at synchronous frequency
due to the absence of mechanical unbalance. The remaining electrical cases, 4,
5 and 7, however, all contain force components with frequencies higher than the
fundamental. The observed vibration in these cases would consist of the funda-
mental frequency with the higher harmonics being superimposed. When mechanical

unbalance is introduced without electromagnetic forces, the vibration observed

would be synchronous,

In practice,other frequencies are also present; blade passing frequencies in the

turbine, stator slotting and amortisseur slots in the alternator, and residual
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unbalance in the rotor. TIdentification of specific frequencies of vibration
above synchronous at the small amplitudes involved is further complicated by the
out -of -roundness of the journals, and the electrical noise level present in
various channels of instrumentation used to monitor the dynamic motion of the

rotor and bearing pads.

The experimental data given in Table VII-9 was obtained during the test which was
conducted under conditions relating to those for which the largest amplitudes of
vibration were predicted by calculation, i.e., horizontal rotor eccentric by
0.002 inches in both pole planes with 0.005 ounce-inches of mechanical unbalance
in the plane of the turbine (see Table VIT-8). From Table VII-9 it is seen that
during test the value of the parameters controlling bearing performance were in
excess of the values used for calculation purposes. The diametral bearing

clearance was generally larger and the viscosity lower (the latter being due to

reduced bearing temperature). This results in reduced bearing stiffness, friction

loss and also, (by extrapolation of the data in Table VII-8) a reduction in the
amplitudes of rotor vibration. The pad pitch amplitudes would, however, be
expected to increase. The rotor eccentricity in the pole planes was also in
excess of the 0.002 inches used for calculation purposes. This would result in
an increase in the d-c component, FO, of the electromagnetic forces and an
increase in the amplitude of rotor and pad vibration. No attempt was made during
the test of this configuration to achieve the precise parameters used in response
calculations. This course of action was based on consideration of the following

factors:

1) The demonstration of satisfactory performance of the rotor-bearing-
alternator system within wide limits of bearing clearance and rotor

eccentricity was considered to be of primary importance.

2) Data accumulated during preceding tests indicated that identification
of the fundamental frequency and the higher harmonics resulting from

alternator electromagnetic forces would not be possible.
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TABLE VII-8

CALCULATED DYNAMIC RESPONSE OF SIMULATOR ROTOR-BEARING SYSTEM
TO ELECTROMAGNETIC ALTERNATOR FORCES

Journal Brg. Amplitude of Rotor in Pitch Amplitude of Journal Bearing Shoes
Diametral Journal Bearings (Microinch/Inch)
Clearance (Microinch) Thrust Bearing End Turbine End
Condition Case (Mils) Thru.Brg.End Turbine End | Top Shoe |Bottom Shoe | Top Shoe |Bottom Shoe
Horizontal 2 22277 18.89 53.0 14,15 27..'92 51.43 76.41
Rotor Eccentric 2 15575 19159519 955 15 20,33 27.8 42.75 80.16
by 0.002 In, 3 2327 17.18 50.45 14,17 25507 64,73 71.98
Both Pole 3 19%75 17. 84 6316 19.8 24,8 41,99 7955
Planes;0.005 6 2527 13.45 43,7 16.45 16. 94 66.17 59.47
Oz, In. ,Mech- 6 19575 14.00 47.1 205 17 16.19 42. 4 6225
anical Unbal-
ance in
Turbine
Vertical Rotor 2 2527 31..96 24,87 207 Sioild 24,84 27482,
Eccentric by 3 2927 3.74 24,5 2.94 583 24,83 27519
0.002 In Both 6 25247 3935 23.73 37 3.8 25.36 25.48
Pole Planes;
0.005 0z.In.,
Mechanical
Unbalance in
Turbine
Note: Response amplitude values in the above table are single amplitude values measured from the static

eccentricity position of the rotor resulting from the d-c component, Fo’ of the electromagnetic forces,
and in the case of horizontal operation, rotor weight.

Code:

Case 2:
Case 3:
Case 6:

15 KVA, 0.8 power factor lagging, balanced load, saturated
11.25 KVA, 0.8 power factor lagging, balanced load
No load condition, operating at 120V L-N balanced 3¢, no armature current
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TABLE VII-9
VALUES OF BEARING CLEARANCE, TEMPERATURE AND ROTOR ECCENTRICITY OBTAINED DURING TEST WITH ROTOR
HORLZONTAL AND MECHANTCALLY UNBALANCED IN THE PLANE OF THE TURBINE WHEEL, (CONFIGURATTON F)

THRUST BEARING END OF ROTOR TURBINE END OF ROTOR
Test {Avcrage Diametral | Eccentricity Average Temper- Average Diametral Eccentricity Average Temper-
pata | Clearance Of Of Adjacent sture of 2 of Clearance Of 0of Adjacent ature of 2 of
Case | Point| Bearing No. 2 Pole Face Bearing No. 2 Bearing No. 1 Pole Face Bearing No, 1
No | No. (Mils) (Mils) Pads (pegrees F) (Mils) (Mils) pPads (Degrees F)
2 F18 2,62 2527) 2,62 (2.0) {123 (300) 2,34 @520 3.09 (220) 104 (300)
2 F31 2..79 2820 2957, (270) 1121 (300) 2.34 625217 LS (2.0) 104 (300)
2 E35 2.65 (2.27) 2.5 (2.0)1] 123 (300) 2.06 25210 2.98 (2.0) 1115 (300)
2 F6 2,00 (75 3,44 (2:0)F 8126 (300) 1.94 KiLs 7/5) 3.9 (2.0) 100 (300)
2 E33 1.79 (i 7)) 3,42 (2.0) | 122 (300) 17585 15750 3198 (2.0) 116 (300)
3 F17 2,62 2.27) 2539 2.0y 119 (300) 2528 (252478 2071 (2,0) 99 (300)
3 ES 2015 (15759 3.48 2.0)| 120 (300) 23 @175} 3599 (2.0) 88 (300)
6 Fl4 2,65 (2827 2,43 (200 [N LS (300) 2.49 (2827) 2,773 (2.0) 98 (300)
6 F2 1,7¢€ (L7550 3.29 (2.0)| 107 (300) 1.88 ¢l 75) 3.75 (2.0) 92 (300)

Case numbers refer to the electrical cases given in Tables V-2 and VII-8.

Numbers in parenthesis are the values used in dynamic response calculation, the results of which are given in
Table VII-8.




Oscilloscope photographs of the rotor-bearing performance were taken during the

test related to the conditions used in calculating the dynamic response shown for -

the horizontal rotor, electrical Case 2 in Table VII-8. The actual values of
bearing clearance, temperature and rotor eccentricity which were present during

this test are shown in Table VII-9, identified by Test Point Number F18.

Figure VII-5 shows the performance of the turbine end bearing and journal while
Figure VII-7 shows the performance of the thrust end bearing and journal. Both

figures being of the 12 KW power level condition. For purposes of comparison

Figures VII-6 and VII-8 show the performance of the turbine and thrust end journal

bearings respectively when operating under similar conditions, but without alter-

nator excitation and, hence, no electrical load. Two points should be considered

when examining these figures:

1) The dimensions given on the photographs of pad film thickness are
nominal values only. The sensitivity values quoted on the figures

should be used to determine accurate values of dynamic motion.

2) The inclined square on the photographs of journal motion represents the

set-up clearance of the bearing at room temperature and zero speed. The

position of the shaft orbit signal at the conditions of speed and
temperature involved cannot be directly related to this clearance pro-

file.

Figures VII-5 (A) and VII-6 (A) show the turbine bearing film thickness between
one loaded pad,and the opposing unloaded pad,and the journal for 12 KW and zero
excitation conditions of operation respectively. Figures VII-5 (C) and VII-6
(C) show the turbine bearing film thickness for the other loaded pad,and the
opposing unloaded pad,for the same electrical conditions of operation. Figures
VII-5(B) and VII-6(B) show both the orbit and the dynamic content of the turbine

bearing journal motion for 12 KW and zero excitation conditions of operation.

It should be noted that in these figures the frequency is basically synchronous.
There is no evidence in these traces of higher harmonics due to electromagnetic
forces. The amplitude of synchronous pad vibration in the turbine end bearing

is seen to be greater for the zero excitation condition (Figure VIT-6) than for

195



the 12 KW condition (Figure VII-5). This is due to the increased film thickness
involved during the zero excitation test point (F15) where the turbine end bearing

diametral clearance was increased to a maximum (by increasing the bearing support

temperature) to determine the point at which pad flutter would occur. Figures
VITI-7 and VIT-8 show the performance of the thrust end journal bearing during
the same two tests. In Figure VII-8 (B) (zero excitation condition) the thrust-
end journal bearing diametral clearance was not adjusted during the test to
determine the onset of flutter,and it can be seen that the journal amplitudes
are essentially the same as those observed at the 12 KW point shown in Figure
VII-7 (B). 1In Figures VII-7 (A and C) and VII-8 (A and C),a slight increase in
the pad amplitude of vibration can be discerned at the 12 KW point. The extent

of this increase is approximately 25 microinches peak-to-peak.

The experimental data contained in Figures VII-5 to VIT-8 inclusive and also
Table VIT-9 relate to the calculated data contained in Table VII-8. This data
is based on operation at an ambient pressure in the bearing cavities of 10.5
PSTA and at conditions involving the increased value of bearing diametral clear-

ance.

Further oscilloscope photographs were taken of the bearing performance during

the tests of configuration F which are retained on file and not presented in

this report. The data points at which these photographs were taken are as follows:

Oscilloscope Configuration F Journal
Photograph Test Data Point Bearing Ambient
Number Number Pressure PSTA

7 to 12 inc. 14 10.5

13 to 18 inc. 15 10.5
21 to 26 inc. 13 10.5
27 tol 32 ‘incs 16 10.5
33 to38inc: 21 782,
39 to 44 inc. 22 732
45 to 50 inc. 23 T2
51 to 56 inc. 24 Vo’
57 e’ 62 imc: 27 10.5
63 to 68 inc. 28 782,
69 to 74 inc. 18 10.5
750 tol 81 iinc, 19 U 72
82 31 10.5

83 35 105D
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Oscilloscope photographs were also taken of bearing performance during the test-
ing of Configuration A. (Vertical operation, residual mechanical unbalance and
rotor concentric with stator). These photographs, which are also retained on

file and not presented here, are identified as follows.

Oscilloscope Configuration A Journal Bearing
Photograph Test Data Point Ambient Pressure
Number Number PSTA

84 to 89 inclusive 13 10.5
90 to 95 inclusive 14 1OYS
96 to 101 inclusive 15 IHO1S
102 to 107 inclusive 16 10.5
108 to 113 inclusive 18 105
114 to 119 inclusive 19 T 2
120, torl25 ineclusive 211t a2
126 to 131 inclusive 22 Tl
132 to 137 imnclusive 23 T2
138 to 143 inclusive 24 o2,
144 to 149 inclusive 28 Thlid
150 to 156 inclusive 21 L0.5
157 31 1@:.5
158 32 a2

All of the above referenced oscilloscope photographs (Configurations A and F)
are for conditions involving the increased value of bearing diametral clearances

(2.28 mils).

Examination of the photographs of Configuration A bearing performance showed
that the dynamic performance was almost identical to that observed during Config-
uration F testing, i.e., the vibration was synchronous with no evidence of the
higher harmonics. The bearing pad film thicknesses for loaded and unloaded pads
were approximately equal during the testing of Configuration A, (The rotor being
concentric, vertical and, therefore, the pads equally loaded). A low frequency
vibration of approximately 50 CPS was detected in the dynamic motion of both

the journal and the pads of the turbine end bearing. This vibration which was
of small amplitude, 200-300 microinches peak-to-peak, ceased when the vacuum
pump (used to reduce bearing ambient pressure) was stopped. This vibration was
not noted in the performance of the thrust end journal bearing. Vibration of

the same frequency and amplitude was noted in the thrust bearing performance
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under the same conditions of operation. This vibration also ceased on stopping

the vacuum pump.

The oscilloscope photographs so far presented,or referred to,were taken during
the course of the test program. Oscilloscope photographs of the bearing per-
formance during short circuit conditions were not possible at this time due to
the short duration of these conditions. During the course of the test,the data
from certain channels of instrumentation were recorded on magnetic tape for each
of the 216 test points, the duration of these recordings being in the order of
30 seconds for each data point. Playback of these tape recordings at the con-
clusions of the test program permitted the taking of further oscilloscope photo-

graphs of bearing performance at conditions of particular interest.




UNLOADED PAD FILM THICKNESS

SENSITIVITY 0,298 MiLs/MaJor Division

LoADED PAD FiLm THICKNESS
SENsITIVITY 0,304 MILs/MaJor DivisioNn

(A)

JourNAL MoT1ON, HORIZONTAL PROBE
SENsITIVITY 0,665 MI1Ls/Mador DivisioN

JourNAL ORBIT

EIAIIIIHII
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LoADED PAD FILM THICKNESS
SENsITIVITY 0.321 MiLs/MAJor DIvisIoN

©)

TiMe BAse - ALL TRACES 5 x 1073 secs/MAJor DIvISION

Fig. VII-5 Oscilloscope Photographs of the Turbine End Journal
Bearing Performance at 12,000 RPM, 10.5 PSIA
Ambient Pressure (Air) and a 12 KW, 0.8 PF
Electrical Load (Rotor Horizontal and Eccentric-—
Test Point No. F 18)
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(A)

JOURNAL MoT10N, HORIZONTAL PROBE
SENsITIVITY 0.665 MiLs/MaJor Division

JourNAL ORBIT

JournAL MoTioN, VERTICAL PROBE
SENsITIVITY 0,640 M1Ls/MaJor Division

Fig. VII-6

UNLOADED PAD F1LM THICKNESS
SENsITIVITY 0.298 MiLs/MaJgor DivisioN

LoaDED PAD F1LM THICKNESS
SensITIVITY 0.304 MiLs/MaJor DivisION

UNLOADED PAD FitMm THICKNESS
—Sens1TIvITY 0,315 MiLs/MaJor DivisioN

LoADED PAD FiLM THICKNESS
_——Sens1TiviTY 0.321 MiLs/MaJor DivisioN

TiMe BASe - ALL TRACES 5 X 1073 Secs/MaJor DIvisioN

Oscilloscope Photographs of the Turbine End
Journal Bearing Performance at 12,000 RPM,
10.5 PSIA Ambient Pressure (Air) and Zero
Alternator Excitation. (Rotor Horizontal
and Eccentric - Test Point No. F 15)




UNLOADED PAD FILM THICKNESS
— SENsITIVITY 0,295 MiLs/MAaJOR DIvISIoN

LoADED PAD FiLM THICKNESS
~ SENsITIVITY 0,300 MiLs/MAJOR DIvISION

JourNAL MoTioN, HorizonTAL PROBE
Sens1TIvITY 0,45 MiLs/MaJor DivisioN

JOURNAL ORBIT

JOURNAL MoTioN, VERTICAL PROBE
SEnsITIVITY 0.47 MiLs/Magor Division

(B)

UNLOADED PAD Fium THICKNESS
SENSITIVITY- 0,287 MiLs/MAJOR DIvisioN

LoaDED PAD F1LM THICKNESS
SENSITIVITY 0.31 MiLs/MAJorR Division

©

TiMe Base - ALL Traces 5 x 1073 Secs/MaJor DIvisION

Fig. VII-7 Oscilloscope Photographs of the Thrust End
Journal Bearing Performance at 12,000 RPM
10.5 PSIA Ambient Pressure (Air) and a 12 KW,
0.8 PF Electrical Load. (Rotor Horizontal
and Eccentric - Test Point No. F 18)
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UNLOADED PAD FILM THICKNESS

=.‘t “ /SENSITIVITY 0.295 MiLs/MaJor DivisION

LoaDED PAD FI1tM THICKNESS
Sens1TiviTy 0,300 MiLs/MaJor DivisioN
/

JourNAL MoTioN, Hor1ZONTAL PROBE
SENsITIVITY 0,45 M1Ls/MaJor Division

JOURNAL ORBIT

JoURNAL MoTioN, VERTICAL PROBE
SENsITIVITY 0.47 MiLs/Magor Division—

UNLOADED PAD F1LM THICKNESS
//////SENSITIVITY 0,287 MiLs/MaJor D1viSION

LoADED PAD FiLM THICKNESS
SEns1TIvVITY 0,31 Mres/Magor Division

TiME BAse - ALL TRACES 5 x 103 Secs/MaJor Division

Fig. VII-8 Oscilloscope Photographs of the Thrust End
Journal Bearing Performance at 12,000 RPM,
10.5 PSIA Ambient Pressure (Air) and Zero
Alternator Excitation. (Rotor Horizontal
and Eccentric - Test Point No. F 15)
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Oscilloscope photographs of the turbine bearing performance, taken from a play-
back of the magnetic tape recording made during test of the simulator,with the
rotor vertical, eccentric, and with residual mechanical unbalance, (Configura-
tion D) are shown in Figures VII-9 and VII-10. Figure VII-9 shows the effect on
the journal and on the pivoted-pad film thickness, of applying alternator field
excitation at no-load conditions of operation. Figure VIT-10 shows the effect
of imposing both single-phase and 3-phase short circuits on the alternator when

operating at a 12 KW balanced-load condition.

The upper traces on the photographs in Figures VIT-9 and VIT-10 indicate that
journal vibration is largely synchronous and that the amplitude is virtually
unaffected by the various conditions of alternator electrical load and short
circuit. The cause of this synchronous vibration, the peak-to-peak amplitude

of which is approximately 0.19 mils, is attributed primarily to residual unbalance,
and, to a lesser extent, to out-of-roundness of the journal. There is no evidence
in these traces of any two-per-rev or higher harmonic response due to electro-
magnetic forces. Tt should be noted, however, that the predicted amplitude of
journal vibration at the higher harmonics was, as shown in Table V-2, in the

order of a few microinches with the rotor vertical and mechanically balanced.

Under such small amplitude conditions, the associated instrumentation signals would
be masked by the residual electrical noise level which was present on all channels

of instrumentation.

The lower traces on the photographs in Figures VIT-9 and VIT-10 show the film
thickness of one of the lower bearing pads and indicate an increase in dynamic
film variation when an electrical load is applied. The largest peak-to-peak
variation in the pad film thickness, approximately 0.26 mils, occurred during
the single-phase short, as shown on Figure VII-10 (B). As noted above, the
amplitude of journal vibration was essentially unaffected by the electrical
conditions of alternator operation. Consequently, the apparent increase in
dynamic variation of film thickness must have been due to vibration of the pad-

flexure assembly relative to the journal.

The high-frequency content of the lower (film thickness) traces seen in Figures

VII-9 and VII-10 is attributed to electrical noise in the particular channel of
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instrumentation. However, during single-phase shorting of the alternator (while
operating under conditions of 12 KW load), a clear indication of two-per-rev
variation in film thickness did emerge from the background noise level as shown

in Figure VII-10 (B).

The low frequency pad vibration referred to in previous paragraphs can be seen

in Figure VII-9 (A) and (C).

Oscilloscope photographs of the turbine bearing performance, taken from a playback
of the magnetic tape recording made during test of the simulator with the rotor
horizontal, eccentric, and mechanically unbalanced by 0.005 ounch-inches in the
plane of the turbine wheel (Configuration F), are shown in Figures VII-11, VII-12
and VII-13. Figure VII-11 shows the effect on bearing performance of applying

the alternator field excitation at no-load conditions of operation. Figure VII-12
shows the effect of 12 KW balanced load and single-phase short circuit conditions.
The effect of a 3-phase short-circuit condition and a resulting labyrinth rub,

due to excessive rotor eccentricity, is shown in Figure VII-11 (A). The peak-
to-peak amplitude increases to 0.3 mils under the single-phase short condition
shown in Figure VII-12C. Again, it is not possible to detect, with any certainty,

the presence of the predicted higher harmonics

The lower traces on Figures VII-11l and VII-12, showing pad film thickness, have
similar characteristics to those described for vertical operation with residual
unbalance. The peak-to-peak amplitudes of vibration of both the journal and
the pad film thickness, however, are seen to be somewhat larger in the case of
horizontal and unbalanced operation. This trend was predicted by analysis as

is shown in Table VII-8.

During the 3-phase short circuit tests on the horizontal rotor, the turbine wheel
rubbed on a labyrinth when the short was initiated. This incident is clearly
seen from the bearing orbit photographs on Figure VII-13 (B). The right hand
orbit was photographed immediately prior to the short being applied. On apply-
ing the short, the rotor moved vertically downward which caused contact with

the labyrinth. The rotor then bounced vertically upward. The situation returned
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to normal on removal of the short condition. Figure VII-13 (A) shows time-base
traces from the X and Y journal probes during the labyrinth rub, while Figure
VII-13 (C) shows simultaneous traces from the X journal probe and the loaded-

pad film thickness probe.

The rub, which occurred on the large diameter turbine wheel labyrinth seal,

was the result of operating at alternator eccentricities in excess of 4 mils at
the alternator pole adjacent to the turbine bearing, and 3.5 mils at the pole
plane adjacent to the thrust-end bearing. The eccentricity at the plane of the
turbine was calculated to be in excess of 6 mils. During assembly of the sim-
ulator the clearance at this plane was checked, with shim stock, to be 7 mils.
From these figures it can be seen that the small increase in eccentricity which
resulted from initiating the 3-phase short circuit was sufficient to cause the
rub. This short-circuit test was repeated several times and on each occasion a
labyrinth rub occurred. However, no bearing rubs were detected and, as can be
seen from the lower trace on Figure VII-13C, adequate film thickness between the

journal and the pad was retained throughout the incident.
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TiMe BAse - ALL TRACES 5 x 10'3 Secs/MaJor D1visIoN

Fig. VII-9 Oscilloscope Photographs of the Turbine End
Journal Bearing Performance at 12,000 RPM
and 7.2 PSIA Ambient Pressure (Air). (Rotor
Vertical and Eccentric by 0.002-0.003 inches-
Test Point No's. D22 and D23)
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Fig. VII-10 Oscilloscope Photographs of the Turbine End Journal
Bearing Performance at 12,000 RPM and 72 PSIA Ambient
Pressure (Air) (Rotor Vertical and Eccentric by 0.002 -
0.003 Inches - Test-Point No's D32 and D36)
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Fig. VII-11 Oscilloscope Photographs of the Turbine End Journal

Bearing Performance at 12,000 RPM and 7.2 PSIA Ambient
Pressure (Air) (Rotor Horizontal and Eccentric by
0.003-0.004 Inches - Test Point No's F10 and F11)




JournAL MoTioN, VERTICAL PROBE
12 KW - 3 PHase - 0.8 PF

12 KW - 3 PHase - 0.8 PF

(A)

JOURNAL ORBIT
12 KW - 3 PHAse - 0.8 PF

JoURNAL ORBIT DURING SINGLE

PHASE SHORT CIRcUIT

(B)

JoURNAL MoTIioN, VERTICAL PROBE
///////DURXNG SINGLE PHASE SHORT CIRcUIT

Pap Fium THickness 0.33 MiLs DuriNe
SINGLE PHASE SHORT CIRCUIT

(c)

SENSITIVITY - JOURNAL TRACES AND ORBITS 0.38 X 107> INcHES/MAJOR Divisio
SENSITIVITY - PAD TRAces 0.18 x 1073 IncHEs/MAJOR DivisIoN
TiME Base - ALL TRACES 5 x 1073 Secs/Magor Division

Fig. VII-12 Oscilloscope Photographs of the Turbine End Journal
Bearing Performance at 12,000 RPM and 7.2 PSIA Ambient
Pressure (Air) (Rotor Horizontal and Eccentric by
0.003-0.004 Inches - Test Point No. F34)
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Fig. VII-13 Oscilloscope Photographs of the Turbine End Journal
Bearing Performance at 12,000 RPM and 7.2 PSIA Ambient
Pressure (Air) (Rotor Horizontal and Eccentric by
0.003-0.004 Inches - Test Point No. F29)




Additional Test Program

In addition to performing the tests prescribed in the test plan, six additional

tests were performed. The purpose of these tests igs defined as follows:

Test 1

Test 2:

e st 3

Tesiti4d:

Test 5:

Test 6%

Observe the effects of increasing the journal bearing clearance,
and establish values of maximum diametral clearance which would

permit safe operation with the simulator in a horizontal position.
Repeat the above tests with the simulator in a vertical position.
Observe the performance with the simulator inclined at 45°

Observe the journal orbits during coastdown of the simulator
from the overspeed condition of 14,400 RPM to 5,000 RPM with and
without alternator excitation to demonstrate both the standard
of balance attained and the extent of any discrepancy between

geometric and magnetic concentricity.

Determine the extent of the back leakage through the journal bear-
ing jacking supply system with the simulator running in a vertical

position.

Observe the performance with the simulator vertical and the rotor
eccentric and misaligned, i.e., eccentricity in the pole plane
adjacent to the turbine in a direction toward the loaded pads
and eccentricity in the pole plane adjacent to the thrust end in

a direction toward the unloaded pads.

The additional Test Number 1 was conducted as an extension of the test of Con-

figuration F at Data Points 14 and 15 (with and without alternator excitation).

To achieve the required conditions,the temperature of the turbine end journal

bearing support was increased, thereby increasing the bearing diametral clearance.

The clearance of the thrust end journal bearing was not increased during this

Fesk.

Figure VII-14, photographs (A) through (D) show the performance of the turbine

end journal bearing at the threshold and during instability of one of the
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unloaded bearing pads. Fig. VII-14 (A) shows the film thicknesses of one loaded
and one unloaded pad immediately prior to the onset of instability. Figure VII-
14 (B) shows the form of the instability and, in particular, that adequate film
thickness existed during this phenomena which has a frequency of 40 GPS5  LEris
shown in Figure VII-14 (C) that the journal motion was unaffected by instability
of the unloaded pad. The performance shown in Figures VII-14 A, B and C were
(with the exception of bearing clearance) obtained during testing at data point

F 14, i.e., with alternator excitation but no electrical load. Figure VII-14

(D) shows the effect on instability of removing the excitation (Test Point F 15).

From this figure it is seen that the instability ceased and that the film thick-
ness of both loaded and unloaded pads was increased. The cessation of the in-
stability coupled with the increase in film thickness on removal of the alter-
nator excitation suggests that the observed instability resulted from a magnetic
short circuit around the alternator stator, the bearing pads, and other magnetic

parts of the simulator design forming part of this circuit. The occurance of

this phenomena in the turboalternator is improbable as the bearing support system

is, unlike the simulator, manufactured from non-magnetic materials. During this

test ,the other pads (one loaded and one unloaded) did not exhibit any tendencies

to become unstable.

From the observed test results, it is concluded that safe operation of the turbo-
alternator in a horizontal position will be obtained while the film thickness of
the unloaded pads is less than 1.8 mils.(Stable operation of both bearings at

this clearance while operating at 12 KW can be seen in Figures VII-5 and VII-7.)

The additional Test Mumber 2 was conducted as extension of the test on Configura-

tion A (rotor vertical, concentric and mechanically balanced). The test was
performed, without alternator excitation throughout, at three values of ambient
pressure, 14.7 PSIA, 10.5 PSIA and 7.2 PSIA. Like additional Test Number 1,
the turbine journal bearing clearance was increased by raising the temperature
of the bearing support. Throughout the test the thrust end journal bearing
clearances were maintained at normal levels. Figure 15 shows the journal bear-
ing performance at the maximum values of clearance attained during the test
which was performed at an ambient pressure of 7.2 PSIA. Figures VII-15 (A & B)

show the motion of the journal (time base traces and orbit) with a predominant




vibration frequency of 40 CPS. It should be noted that increasing the ambient
pressure to 14.7 PSIA from 7.2 PSIA did not significantly reduce the amplitude
of the 40 CPS vibration. Stopping the vacuum pump, however, resulted in the dis-
appearance of this mode of vibration. Figure VII-15 (B & C) show the pad film
thickness. Again the 40 CPS vibration can be clearly seen. From these figures
it is seen that film thicknesses of approximately 1.7 mils were attained on

both loaded and unloaded pads, a situation where the bearing preloaded is approach-
ing zero. It was shown during the course of this test that at large clearances,
the journal and pads became noticeably responsive to forced vibrations emanating
from associated auxiliary equipment, in this case the vacuum pump. Operation
under such conditions, while not shown to be harmful, is not recommended. TIn-
sufficient time curtailed further testing at these increased values of bearing
clearance in conjunction with the various electrical load and fault conditions
to which the other configurations were subjected. From examination of the test
data,it is concluded that for safe operation of the turboalternator in a
vertical position the maximum bearing film thickness on any pad should be

limited to 1.5 mils.

Satisfactory simulator operation at 7.2 PSTA over the full range of electrical
conditions involved was previously demonstrated during testing of Configuration

B at an average film thickness of 1.44 mils.

Additional Test Number 3 was also conducted as an extension of the test of
configuration A. The axis of the simulator was inclined at 45° and the test
performed at three values of bearing ambient pressure (l4.7 PSIA, 10.5 PSIA
and 7.2 PSIA) without alternator excitation. Oscilloscope photographs which
were taken of the bearing performance are not presented in this report. The
rotor-bearing system performance was satisfactory throughout the course of

the test.
Additional Test Number 4 was also conducted as an extension of the tests of

Configuration A. This test was performed at one valie of bearing ambient |

pressure (14.7 PSIA) both with and without alternator excitation.
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The test consisted of accelerating the rotor to 14,400 RPM, closing the turbine
supply valve and permitting the rotor to coast down. The main thrust bearing

was supplied with jacking gas throughout the test. Oscilloscope photographs of
both journal orbits were taken during coastdown as shown in Figure VITI-16. These
photographs, which are multi-exposures, were obtained by repositioning the orbit
after each exposure. Figures VIT-16 (A) and VII-16 (B) show the turbine end
journal orbit with and without alternator excitation respectively. Figures VII-16
(C) and VITI-16 (C) show the thrust end journal orbits under the same conditions.
These orbits indicate the combined effect of the residual unbalance in the rotor
system and the out-of-roundness which was present in the thrust end journal.
Figures VII-16 (A and B) do not exhibit any noticeable effects of either alternator
excitation or the rigid body modes of vibration. Figures VII-16 (C and D) do
exhibit a slight orbit enlargement between 7,000 and 8,000 RPM, this being the
speed range in which the increased amplitudes of vibration associated with the

rigid body criticals were predicted.

This test was conducted with the rotor positioned geometrically concentric to
the bore of the alternator stator. From Figure VII-16,it can be seen that
excitation of the alternator field had no effect on the concentricity of the
rotor. It should be noted that the repositioning of the orbit necessary to
obtain the multi-exposure photographs was accomplished by adjustment of the CRO
beam used to display the signals from the horizontal ground-to-shaft probes, the
relative positions of the orbits at each speed are, therefore, a correct
representation of journal position in the vertical direction. It is concluded
that the geometric and magnetic centers of the alternator rotor and stator used
in this test program are either closely coincident or the static forces involved
in operation with excitation,but zero power,are too small to effect the bearing

performance.

During the course of the test program on Configurations A through F,it became
evident that some back leakage from the loaded pads was occurring. When the

bearings were operating in an ambient pressure of 14.7 P3TA, it was noted that
the pressure gage normally used to measure journal bearing jacking gas supply
pressure was indicating pressures of up to 9.0 PSIG, the exact pressure being

dependent on simulator orientation. A check on the system showed that the gas
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in the bearing film, which is at a pressure higher than ambient pressure, was
leaking back through the jacking-gas orifices, past the "0" ring-type check
valves built into the pivot seats and pressurizing the supply pipe lines up

to the test panel.

Additional Test Number 5 was introduced as an extension of the test on Con-
figuration A, to determine the extent of back leakage. The test was performed
with the simulator in a vertical position and with a bearing ambient pressure

of 14.7 PSTA. The jacking-gas supply line was disconnected at the test panel and
a flowmeter inserted, the downstream side of the flowmeter being left open to
atmosphere. At a speed of 12,000 RPM a total leakage flow from the four pads was

noted to be 0.06425 CFM. The leakage from the individual pads was as follows:

Pad (identified by Pad Leakage
the capacity probe #) (SCFM)
PE3 .0264
PF4 .0246
PF23 0
PF24 .0132

Due to the difference in back pressure existing across the check valve during
normal operation and during the course of the leakage tests, the magnitude of pad
leakage as determined by these tests will be considerably in excess of the leak-
age rates occurring under normal conditions of operation. However, conducting
the tests in the manner described allows the introduction of a simple flow test
of the bearings to be installed in the turboalternator. Bearing performance

during the leak test was considered satisfactory with adequate film thickness at

all times, Therefore, no further attempts were made to correlate flow, backpressure

and bearing film thickness. The appropriate manufacturing drawing of the bearing
parts was revised to include a reverse flow leakage test with a supply pressure
of 10 PSIG, the resulting leakage flow not to exceed 750 CC/min., this being

equivalent to the maximum pad leakage observed during the test.

Additional Test Number 6 was introduced to permit observation of the dynamic
response of the journals and bearing pads when the rotor was eccentric and mis-

aligned. The misalignment was achieved by adjusting the journal bearings to

213




obtain an eccentricity in the direction of the ’oaded pads at the turbine end
and, simultaneously eccentricity in the direction of the unloaded pads at the
thrust bearing end. In addition, the opportunity was taken to observe the thrust
bearing performance under operating conditions involving misalignment between the
thrust runner and stator, a condition which occurs when the rotor alignment is
changed after the thrust bearing adjustments have been made. This test was con-
ducted as an extension of the tests on Configuration A, the only adjustments made
being to change the rotor eccentricity. The thrust bearing ad justment was not
corrected to maintain the parallelism between runmner and stator. Three bearing

ambient pressure levels were used during the test (14.7, 10.5 and 7.2 PSIA).

Throughout the test, the hydrodynamic bearing performance was satisfactory, the
journal and pad response to electromagnetic alternator forces being synchronous

and of similar magnitudes to those previously described in this report. The
eccentricity in the plane of the pole face adjacent to the turbine end bearing

was approximately 0.7 mils in the direction of the loaded pads and the eccentricity
in the plane of the pole face adjacent to the thrust end bearing was approximately
0.3 mils in the direction of the unloaded pads. This represents an angular mis-
alignment of the rotor and the thrust plate of 0.013 degrees. The performance of
the hydrodynamic thrust bearing under these conditions was acceptable throughout,

a minimum film thickness of approximately 1.0 mil being observed at one capacitance
probe simultaneously with a film thickness of 1.5 mils at a probe positioned

at 180°.
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Fig. VII-14 Oscilloscope Photographs of the Turbine End Journal

‘ Bearing Performance During Tests to Determine the

! Maximum Permissible Bearing Clearance. Speed 12,000 RPM,
| 10.5 PSIA Ambient Pressure (Air). Rotor Horizontal,

| Eccentric and Mechanically Unbalanced. (Configuration

F Test Points 14 and 15)
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Fig. VII-15 Oscilloscope Photographs of the Turbine End Journal
Bearing Performance During Tests to Determine the
Maximum Permissible Bearing Clearance. Speed 12,000 RPM,
10.5 PSTA Ambient Pressure (Air), Rotor Vertical,
Concentric and Balanced. (Configuration A Test Point 23)
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Fig. VII-16 Oscilloscope Photographs of Journal Orbits Showing
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Excitation Over the Speed Range 5,000-14,400 RPM
Rotor Vertical and Concentric Bearing Ambient Pressure

14.7 PSIA (Air)
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Test Evaluation of Journal Bearing Performance and Alternator Magnetic Force
Gradients

The effect of the static electromagnetic force, Fo, on journal position and pad
film thickness resulting from operation with an eccentric rotor can be clearly
seen on Figures VII-9, VII-10, VII-11 and VII-12. 1In Figure VII-9 (B), the
vertical distance of 0.83 mils separating the two orbits indicates the movement
of the journal resulting from switching on the alternator excitation with the
rotor in a vertical position. The lower traces on Figures VII-9 (A) and VII-9

(C) show the effect on the pad film thickness.

Figure VIT-11 (B) again shows the effect of switching on the excitation. In

this case the rotor was horizontal and, as a result of the increased stiffness

of the loaded bearings. the journal movement is considerably reduced. The
reduction in pad film thickness is, for the same reason, also less. Similar
trends can be seen as a consequence of initiating both the single-and three-phase

short (Figures VII-12 and VII-13).

From the observed steady-state movements of the journal and changes in pad film
thickness which resulted from each change in the condition of alternator opera-
tion, it is possible to estimate the static electromagnetic force, Fo’ which
caused these changes. In order to make such estimates,it is necessary to have
experimental data showing the pad film thickness for each of the four pads in
the bearing, and also experimental data showing the eccentricity of the rotor
pole-planes relative to the bore of the alternator stator. As described pre-

viously, the simulator was equipped with the instrumentation required to make

these measurements.

Following acquisition of-the experimental data, the recorded probe readings were
corrected for differential thermal expansion effects between journal, pads,
bearing supports and capacitance probes and also instrumentation calibration
effects. The data were then superimposed on plots of calculated bearing per-
formance. The calculated bearing performance was plotted as curves of film
thickness versus bearing preload ratio for selected values of bearing load. 1In
order to plot the experimental data, the value of bearing preload ratios (m) were

calculated from the following geometric relationship:




——

The value of static magnetic load was then obtained by linear interpolation of the

experimental points relative to the two adjacent calculated load curves.

Three representative curves are shown in Figures VII-17, VII-18 and VII-19. The
experimental data plotted on Figures VII-17 and VII-18 are for the journal bear-
ing located adjacent to the thrust bearing, the rotor being vertically oriented
with residual mechanical unbalance. The experimental data plotted on Figure VII-
19 is likewise for the same bearing. In this case, however, the rotor is hori-
zontal and also unbalanced by 0.005 ounce-inches in the plane of the turbine

wheel,

Under alternator operating conditions of zero excitation (therefore, no load),
the electromagnetic force is zero and the corresponding experimental data point
should fall on the zero load line for vertical operation, and on the load line
representing l-g bearing load for horizontal operation which, in this case, is
28 pounds. The fact that the experimental data points for zero excitation
condition are not coincident with the appropriate load lines is attributed to
radial forces on the rotor resulting from eccentric operation of the turbine
labyrinth seals and also to variations in bearing geometry. For example, the
analysi§ of bearing performance does not take into account the effect of the 0.2
mil deep pocket which is cut into the surface of each of the loaded pads for the
purposes of hydrostatic lift-off. A further potential loss in film thickness
for a given load exists as a consequence of back-leakage from the bearing film
through the lift-off bearing orifice in the loaded pads. Although check valves
were used to limit this backflow, some leakage was, as described in preceeding

paragraphs, detected during the tests.

Examination of the calculated bearing pertormance plotted on Figures VII-17 and

VII-18 shows that the load change associated with a given change in film thick-

ness is greater in the regions of high loads than it is tor the same film thick-

ness change in the regions of low loads. Considering then the experimental
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data obtained during alternator operation in a vertical orientation, it is
reasonable to describe the zero excitation test point as the zero load point.
The bearing loads at other conditions of alternator electrical operation can

then be determined.

If it is assumed that the electromagnetic force gradients are the same for each
of the two alternator pole pairs, and that for small eccentricities the force
gradients are linear, then the calculated and experimental bearing performance
data can be used to calculate the static electromagnetic gradients. The change
in radial force on the rotor which results from a change in eccentricity at

the turbine labyrinth is accounted for in the calculations of the electro-
magnetic gradients. Values of bearing load and pole-plane eccentricity under
various conditions of alternator operation are given in Table VII-10 together
with values of the experimentally -determined and analytically-predicted average
static force gradient for each pole pair. From examination of the force gradient
values, it is seen that those obtained from experimental data are lower than
the predicted values. The spread in the experimentally-determined gradient
values at any given alternator operating condition is due to (1) experimental
error, and (2) small viscosity changes due to 30 to 40 F variations in temp-

erature from the 110 F value used for the bearing performance calculations.

The experimentally-determined gradients for zero load and for 3.33 KVA alternator
operation are approximately 50 percent of the predicted values; whereas the
gradients at 12 KW alternator output are 55 to 65 percent of the predicted

values.

The corrected values of rotor eccentricity in the planes of the turbine wheel,
turbine journal bearing, pole face adjacent to turbine journal bearing, pole
face adjacent to thrust end journal bearing,and thrust end journal bearing at
each of the 216 data points are given in Appendix K. The corrected values of
journal bearing film thickness at each of the 216 data points are given in
Appendix J. Curves showing the calculated and experimental performance of both
journal bearings similar to those presented in Figures VII-17, VII-18 and VII-
19 were plotted from the data obtained during the testing of each configuration
(A through F). These curves, while retained on file are not presented in this

report.
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TABLE NG. VII-10

- Calculated and Experimentally Determined Static

Electromagnetic Force Gradient Per Alternator Pole Pair

Turbine Journal Bearing and Thrust-End Journal Bearing Average Static Force Gradient
Adjacent Pole Pair and Adjacent Pole Pair Per Pole Pair (Lb./Mil)

Alternator Force on Brg. Eccentricity of Force on Brg, Eccentricity of || From Test Predicted by

Operating Due to Fo(lb) Poles (Mils) Due to Fo(lb) Poles (Mils) Results Analysis

Condition * & * * *
No Excitation 0 2.64 0 2.30 0 0
No Excitation 0 2.81 0 2.42 0 0
Excitation only 8.0 2.84 4.6 2.46 250" 3.182
Excitation only 10.0 3,16 4.0 2.67 1.82 3187,
3KW, 3-phase, 0.8 PF 11.0 2.87 4.4 2.47 2919 -
3KW, 3-phase, 0.8 PF 113,75 3.22 ) 2.70 2,45 -
6KW, 3-phase, 0.8 PF J L ER(0) 2.88 6.6 2.46 2983 -
6KW, 3-phase, 0.8 PF 16.5 3.23 55 2L 2.67 -
12KW, 3-phase, 0.8 PF 17.0 30l 7S 2156 3.44 51625
12KW, 3-phase, 0.8 PF 16.0 3.00 6.4 255, 3,05 541625
12KW, 3-phase, 0.8 PF 22.0 345 6.8 2,87 3522 5,025
12KW, 3-phase, 0.8 PF 22,0 3.42 1.7 2,82 3.48 54625
3.33KVA, l-phase, 1.0 PF 8.0 2,73 4.1 2,28 1.98 3,93
3.33KVA, l-phase, 1.0 PF 11,0 3,23 3.4 2+ 1570 3593

* The experimental data was obtained during test with the rotor oriented vertically and rotating at 12,000 rpm.
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Test Evaluation of Hydrodynamic Thrust Bearing Performance

During the course of the test program which, as previously described, was
primarily designed to evaluate rotor-bearing response to electromagnetic forces
the thrust bearing performance was continuously monitored. The rotor-bearing
response analysis and calculations which were performed yielded values of ampli-
tude and frequency in a radial direction, the assumption being made that geo-
metric centers and magnetic centers would be coincident in the axial direction

and, therefore, axial magnetically induced loads would not be experienced.

The 216 data points in the test plan involved operation at bearing ambient
pressures of 10,5 PSIA and 7.2 PSIA. During these tests the hydrodynamic thrust
bearing film thickness was maintained at approximately 1.0 mil by adjusting the
pressure levels in the two cavities positioned fore and aft of the turbine
wheel. A qualitative indication was obtained during test which showed that film

thickness increased with increased electrical load.

Dynamic variationsin film thickness were of negligible proportions, approximately
50 microinches, and no detectable variations occurred over the range of con-

ditions involved during the test program.

Resulting from the previously described indication of a thrust load change
associated with a change in electrical power output,an additional test (Number
7) was instituted. For this test the simulator casings and the cavities fore
and aft of the turbine were vented to atmosphere, With the simulator in a
vertical position (turbine end uppermost), the load on the thrust bearing is then
the weight of the rotor (54.87 pounds). This load can be modified by two
different conditions: primarily,a change in the pressure distribution upstream
and downstream of the turbine buckets, this condition occurring as a result of
operating the impulse turbine at off design point conditions;and, secondly,
electromagnetically induced forces due to the axial displacement of the geo-

metric and magnetic centers of the alternator rotor and stator.
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The oscilloscope photographstaken of thrust bearing film thickness during this
test are shown in Figure VIT-20. Figure VII-20 (A) shows the bearing film thick-
ness at 12,000 RPM and zero excitation. The Figure VIT-20 (B) (C) and (D) shows
the bearing film thickness at 12,000 RPM and electrical loads of 3KW, 6KW, and

12 KW (0.8 PF) respectively. From Figure III-20 and the data taken from the third
probe (PT31) used to ascertain thrust bearing film thickness, it was determined
that a film thickness variation of 0.2 mils existed between the three capacitance
probe positions during each test,and that the film thickness increased by 0.2
mils between the zero excitation and 12 KW test points. This change represents
at the film thicknesses involved,a reduction in load of approximately 12 pounds.
Due to the more than adequate film thicknesses observed,no further attempts were
made to identify the source of the forces involved, i.e., alternator axial

magnetic forces or turbine wheel pressure distribution.
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*AVERAGE F1wM THICKNESS AT CONDITIONS *AVERAGE FILM THICKNESS AT CONDITIONS
ofF ZERo ExciTaTion 1.42 MiLs oF 3 KW ELecTtricAL Loap 1.59 MiLs

) ‘\ (1))
*AVERAGE F1LM THICKNESS AT CONDITIONS *AVERAGE Fi1tM THickNESS AT CONDITIONS
oF 6.0 KW ELecTricAL Loap 1.64 MiLs oF 12,0 KW ELecTricAL Loap 1.68 MiLs

SENsITIVITY UpPER TRACES (PT-30) 0.302 MiLs/MaJor Division
Lower TrRAcEs (PT-32) 0,317 MiLs/MaJor Division
TIME BASE ALL TRACES - 5 x 1073 Secs/MaJor Division

'NOTE: FILM THICKNESS VALUES ARE THE AVERAGE OF THE 3 CAPACITANCE PROBE
READINGS, THE SIGNALS FROM 2 OF THESE PROBES ARE SHOWN IN
THESE FIGURES.

Fig. VII-20 Oscilloscope Photographs of the Hydrodynamic
Thrust Bearing Performance Over a Range of
Electrical Load Conditions. Rotor Vertical,
Concentric and Mechanically Balanced. Speed
12,000 RPM, 14.7 PSIA Ambient Pressure (Air)
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VIII. CONCLUSIONS AND RECOMMENDATIONS

A gas-bearing rotor support system has been designed, built and tested by MTI for
the NASA Brayton Cycle axial-flow turboalternator developed by P&WA under
prime contract from the NASA-Lewis Research Center. The design was experimentally

evaluated in two full-scale rotor-bearing system test rigs, the first of which
1) exactly simulated the design of the turboalternator bearing system,

2) very closely simulated the mechanical configuration and physical para-
meters of the turboalternator rotor (the actual turbine and alternator

components were not, however, used), and

3) permitted testing of the rotor-bearing system under operating and
environmental conditions similar to those which would exist in the

turboalternator.

The design of the first test rig did not utilize a high-temperature turbine or

introduce the facilities required to generate electrical power.

The rotor-bearing system design performed satisfactorily and successfully passed

the required P&WA acceptance tests.

Analyses, performed to determine the rotor-bearing system response and stability
under conditions involving the electromagnetic forces attendant upon the
generation of electrical power, showed that the rotor would be stable and the

amplitudes of vibration small.

The test rig was then rebuilt to incorporate the turboalternator rotor shaft

and alternator stator. The tests conducted in this, the second test rig, involved
both the generation of electrical power and the demonstration of electrical

fault conditions. The rotor-bearing system performed satisfactorily and
demonstrated that, as predicted by analysis, the system was stable and the
amplitudes of vibration small. In addition, the rotor-bearing system was
successfully operated at increased values of journal bearing clearance, thereby
reducing the bearing friction loss. Further tests were conducted to determine

the safe boundaries of rotor-bearing system operation. At no time did operation
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become marginal or hazardous to uninterrupted operation. The rotor-bearing system

proved to be both flexible and rugged.

Specific Conclusions

Following is a list of specific conclusions relating to the design of the turbo-

alternator rotor-bearing system as documented in Section II of this report. These

conclusions are, of course, substantiated by the test results documented in

Sections IV and VII.

1)

Hydrodynamic Journal Bearings

Performance of the journal bearings was excellent throughout the test
program and in reasonably good agreement with predicted performance. At
no time within the design range of operation was either instability of
the journals or pivoted pads, or simple resonance of the pads or flexures
detected. Attempts to initiate instability by increasing bearing clear-
ance were unsuccessful ; however, a low frequency pad resonance was
discovered on an unloaded pad when operating at a diametral clearance of
2.5 mils with the simulator horizontally oriented. This clearance rep-
resents a 28 percent increase in the design point clearance. A low
frequency pad and journal resonance was also noted during vertical
operation at a diametral bearing clearance of 3.42 mils. This clear-
ance represents a 95 percent increase in the design point clearance. At
no time during the test program was the performance of the rotor-bearing
system noticeably affected by the electromagnetic forces resulting from
either the generation of electrical power or the short-circuit and
unbalance-load conditions of operation. Similarly, addition of the

prescribed amounts of turbine unbalance did not unduly affect bearing

performance.

Rotor-bearing system performance under conditions involving O to 4.0 mils
eccentricity between the alternator rotor and stator was satisfactory

at all times.
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2)

3)
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Rotor-bearing system performance, in both the horizontal and vertical
orientations, was satisfactory under conditions of operation involving
the increased value of bearing clearance required to achieve a calculated
15 percent reduction in the design-point value of friction loss given

in Table II-2.
Hydrostatic Lift-Off Journal Bearings

Performance of the hydrostatic lift-off journal bearings was satisfactory
at all times. The lift-off bearings should be used during startup and
shutdown of the turboalternator whenever there is a radial component of
rotor weight acting on the lower pads. The supply of gas to the bearings
can be discontinued at rotor speeds in excess of 8,000 rpm. The use of
excessive supply pressures should be avoided as the lift-off bearings

are capable of lifting the rotor shaft until contact is made with the
upper pads. The selection of the value of supply pressure appropriate

to any particular rotor orientation in al-g gravitational field should
be based on the attainment of a loaded-pad film thickness of 0.4-0.7 mils.
In a zero-g gravitational field or in a vertical position, the lift-off

journal bearings should not be used.
Hydrodynamic Thrust Bearing

Performance of the hydrodynamic thrust bearing was satisfactory through-
out the test program, the test results being in quite good agreement

with predicted results at design-point conditions. Under off-design-
point conditions of operation, the performance at low loads was in

excess of the predicted performance; whereas, at high loads the perfor-
mance was less than predicted. An overload capacity of 40 percent at
adequate film thickness was demonstrated during the test program.
Performance of the thrust bearing liquid-cooling mechanishm was excellent,
even at coolant flow rates less than 150 pounds per hour. Dimensional
stability of the aluminum thrust plate over the l4-month test period

was, from all operating indications, excellent.




4) Main and Reverse Hydrostatic Thrust Bearings

Performance of the main hydrostatic thrust bearing is slightly better
than predicted, while performance of the reverse thrust bearing falls
slightly short of design values. Nonetheless, film thickness of the
reverse thrust bearing at the required startup load condition is more

than adequate for safe, reliable operation.

General Conclusions

Successful development of a reliable turboalternator gas-bearing rotor-support
system, at least for static environmental conditions, appears to have been achieved
to the point where generation of electrical power was demonstrated. However,
extensive testing of the actual turboalternator, under both static and dynamic
environmental conditions, will be required before final substantiation of reliability

can be made.

The technological advancements directly related to gas-bearing turbomachinery which
have been incorporated into the design of the turboalternator were, for the main
part, conceived and developed during the previousliy completed NASA program to
develop a high-performance axial-flow turbocompressor, Reference 22. A further
advancement, appearing for the first time, which has been incorporated into the
turboalternator journal bearing design, is the introduction of hydrostatic 1ift-
off capability into the hydrodynamic pivoted-pad bearing. This feature was ac-
complished without imposing unacceptable restraint on the freedom of motion of

the pads, without interruption of the highly stressed pivot/seat contact zone

and without the use of fatigue-prone gas supply piping.
Initial startup of the simulator took place in November 1966. The final test

took place in January 1967. The entire test program was conducted without a

single bearing rub or failure.
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Recommendations

The following recommendations are made based on the results of the work reported

herein.

1

2)
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During the course of the test program, the occurrence of back-leakage
via the hydrostatic lift-off journal bearing check valve was noted. No
serious deterioration in bearing performance resulted from this occur-
rence. It is concluded that bearing performance may well prove adequate
without the check valve; therefore, tests should be conducted to confirm

this point.

The turboalternator bearing system should be experimentally evaluated
under the various operating, and non-operating, vibration and shock

conditions designated in NASA Specification P0055-1 (see Appendix Hi)S
The rotor-bearing system simulator would be an excellent vehicle with

which to make the necessary evaluations.
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NOMENCLATURE

c, G

FHP

Pad clearance (radius of curvature of pad minus radius of curvature
of journal) - inches

Difference between the dimension from the bearing geometric center
to the pad surface (at the pivot point) and the journal radius at
design speed.

Diameter of journal or thrust bearing - inches

Friction horsepower

BTU

hr.-ft.z-F

Heat transfer film coefficient -

Bearing film thickness - inches
Pivoted-pad film thickness at pivot location - inches

ivipy . — BTU
Thermal conductivity - he SFE.<F
Axial stiffness of thrust bearing gas film - 1b./in.

Stiffness of pivot-support flexure - 1b./in.

Radial stiffness of journal bearing gas film - 1b./in.
'

Angular stiffness of thrust bearing gas film - 1b./in.

Length of journal bearing - inches
CB/R
Journal bearing preload ratio -- 1 - TR
p

Rotor speed - revolutions per second

Resonant frequency of a journal bearing pivoted-pad in the pitch
direction - revolutions per second

Resonant frequency of a journal bearing pivoted-pad in the roll
direction - revolutions per second

Bearing ambient pressure - psia

Hydrostatic bearing supply pressure - psia

. : BTU
Bearing heat generation rate - e,

Radius of journal or thrust bearing - inches

Thickness of journal bearing pivoted-pad - inches.

235



236

Temperature of bearing housing - F

Regerence temperature of bearing system (taken as 70 F in this report)
- F

Average temperature of pivoted-pad - °F
Average temperature of journal - °F

Bearing load - pounds

Total angular arc of one pivoted-pad - degrees
Bearing eccentricity ratio

Pad eccentricity ratio

Angular distance from the leading edge of a pad to its pivot point - degrees
Compressibility number

Viscosity - lb.-sec./in.

Pad attitude angle - degrees
Pivot-to-bearing-load angle - degrees

Angular velocity - radians/second




APPENDIX A: The Load-Carrying Capacity and Dynamic Coefficients for a
Partial Arc Gas Journal Bearing

The pressures, p, generated by the hydrodynamic action in a gas journal bearing

film, are determined from Reynolds' equation [3]:

I (gh dp ) 4 d(gh dp) _ ip. deh) | dloh)
RJG(I_Z?; Rdu) +dz(l2/A c)l) = 2 Rw T (A1)

Here p is the gas density, p is the viscosity, @ is the angular speed of rotation,
h is the film thickness, R is the journal radius, t is time, © is the angular
coordinate and z is the axial coordinate. Under isothermal conditions, p can

be replaced by p assuming that the gas obeys the perfect gas law. The equation

is made dimensionless by introducing the symbols

PE "f: (A2)
ol

H = & (A3)
. Z

I "R (A4)

& 3 sl (45)

where Py is the ambient pressure, C is the radial clearance, Vv is the whirl

frequency and i = Y-1. Furthermore, introduce the parameters

b o RY
Compressibility number: A = Pa (zf) (A6)
Whirl f tior Yy = o
irl frequency ratio: = s

By means of these definitions, Eq. (Al) can be written as

JF° 3 P (PH) . - PH)
L (1 58 )+<%(Hsﬁ> R I

The dimensionless film thickness is expressed by

H= | +€(‘cs(e-(P) (A9)

237




where ¢ is the eccentricity ratio (the ratio between the journal center eccentri-
city and the radial clearance C) and @ is the attitude angle, which is the angle
measured from the pad load line to the line connecting the bearing and journal

centers. The angular coordinate 8 is also measured from the load line.

For convenience in the numerical evaluation of Eq. (A8), define
3
Q= (PH)

whereby Eq. (A8) becomes

L(H -2a58)+ F(HE -20%) = 2490 Ligp

(A-10)

This equation is to be solved for both static and dynamic conditions but such
that the amplitude of the dynamic motion is kept small. Let the journal center

operate at a steady-state eccentricity ratio € with a corresponding attitude

angle P, - The corresponding dimensionless film pressure is Po and the dimensionless

film thickness is

Ho= I+ &, cos(o-¢,) (a-12)

Assume that this steady-state position is perturbed by a harmonic, small amplitude
motion with frequency v. At the bearing centerplane, let the amplitudes be € and

$1 where both quantaties are complex;
€= &t LE; (A-13)

and similarly for P - This symbolism is an abbreviation of
< We{ (&,+1¢,;) e‘} = g, os(vt) = &; sin(vt) (A-14)

In addition, the axis of the journal performs a harmonic, small angular motion
described by the angle &r, which is a rotation around the tangential direction,
and by the angle &t’ which is a rotation around the negative radial direction.
Thus, at the axial distance ¢ from the bearing centerplane, the eccentricity ratio

c¢ and the attitude angle @ are given by
£=g,+E+ (ol (A-15)
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(P: (Po""ﬂ "'t‘_'o ;dt

where

QU
.
n
oD P
2
$

bl

A = ¢ oAy

By substitution from Eqs. (Al5) and (Al6), Eq. (A9) becomes

(A-16)

(A17)

H = Hy+ & coso-@) e, simlo-P,) + o, [ coslo @)+ oty T sinlo-¢,) (a18)

The resulting perturbation in the dimensionless film pressure can be written

P=F +¢P + &P P +o, P +ay P

where P1 to P4 are complex quantities and independent of time.

equations, Eq. (Al10) becomes

Q= Oo i 250 Qi + efo(P: QZ+ Zdr Q‘3 + Bd‘t Q4

where

= (P, H,)

<
[
a

v,

Q= H, V@, (7 + T coslo-))
Q, = H,Va, (P, Hﬁ: Sin (0-¢)))
Q= Ho\/a; (P.5 % {% T osle-@),))

Q, = H,/Q, (P, + 3 T sins-¢))

(A19)

With these two

(A20)

(A21)

(A22)

(A23)

(A24)

(A25)
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Introducing Eqs. (A18) and (A20) into Eq. (All), and collecting terms in accordance

with the perturbance variables, results in the following sets of equations:

Yoo by V. v Q. al s
Cﬁ’:“_%%o__%u(bu A)_QV—-Z—#Q‘J:O (A26)

Je? Jet

ZH’(\F (0s(o-¢),) +sinle %))3—% = “’5—'(‘,’2—5&1 @, (A27)
90 . 90, _ i (oMo L A VA0 _ 1 (5 dHe _ A 0. o
Jo? + Js_f H’o(c)o +V(’5‘.,)de l—l.,(z de*  2QM" do i _Vl__o)oz

% (V% sinlo-@,) —¢,=cosle- %)%—e“ 521(9_‘5&0 (428)

ol |d'0 dH, . A \ 0 Vs 0K A Do, L _
oy | 00y b (Mo Lyl (0 ),

'3}45_01 (VJ-L- cos(6-¢),) +5inle- ‘Po)) 00 <__%osz(: ) ‘)T’ I——Q‘M’S’_{E- J 0,(a29)

00 , 9'Q _ 1 /My, A0 SHo _ A6,
do*  df* ( V_o) (2 de? _2Q de )Q4’
4 sinfo~@) [51 -,)

2%; ({16\_ sinle~0,)—¢,~cos(o~ ‘Pﬁ) e 5'%(,(:0 ') LT%"' 'T_:? Y@, (a30)
Of these equations, the first is the conventional, steady-state equation. It
is non-linear and is solved numerically in finite difference form by an iterative
procedure developed by Castelli and Pirvics (70 It is described for reference
in Appendix B. The last four equations depend on the steady-state solution, Qo’
and its derivatives. They are linear equations but with complex, independent
variables. The solution is obtained numerically from finite difference equations

as described in Appendix C.

The boundary conditions for Reynolds' equation, Eq. (Al) ,are that the pressure is

equal to ambient along the periphery of the pad:
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for z=*il (at sides) |

for 6=¢, (at lmda‘n? edge) T P* Pa

For 6=0, (at trailm:, edge) |

In terms of the dimensionless variable Q, these conditions can be expressed by

o Q=
ul = L '
(=75 Q,= M, coslo-@,)
at o= S, . Qz = H.; Sin (6‘%) (A31)
at  ©=9, | Q3= [Ho coslo- o)
L Q=0 H,sin(0-¢,)
) . Qé& - éﬁgi - ‘iQZ = O
at [=0 : of 95 d (A32)

Q, =@, =0
(Note: Qo’ Q1 and Q2 are even functions of { whereas Q3 and Q4 are odd functions

of 0).

Once Q has been obtained, the resulting hydrodynamic force is computed by inte-
gration of the film pressure. The force is given a radial component Fr and

tangential component Ft with respect to the steady-state position of the journal

E o
[y 5 (3 e
r - g S (P‘f’a) { cos(e ‘po)} Rde dz (A33)
Ft _%. 5 sin(o-0,)

eenter:
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or, in dimensionless form, making use of Eq.

-
F;‘— PaL-D
[o=
t P&L-D

This equation defines a first order Taylor series expansion of fr

the steady-state position.

= Frc+ Z'rr gt Zrt f-"(Pt

By comparing Eqs.(A34) and (A35), and making use of Egs.

coefficients become

o
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+£i'>|+fo(p| Pz] 1
S

For abbreviation, write

~ws(o-¢,)

}ded( (A34)

around
t

(A35)

(A21) to (A23), the

(A36)

(A37)

(A38) |




The restoring hydrodynamic moment has the two components Tr and Tt which can be

expressed in dimensionless form similar to the dimensionless force components:

e Lo
r 2pal s —cos(o-¢,)
= 8(—L)3 g (dr P3 + oK B') ‘ dedg (A39)
H Tt D/ ) o Sinle-Q,)
t 2P4L3

Noting, that the hydrodynamic moment is zero under static conditions, the

restoring moment can be expressed as a first order Taylor series as

t_ N N
» ‘rr d!’ + ,r.t d-t

(A40)

Ty = Vi or + Tee At

Comparing Eqs.(A39) and (A40), and making use of Eqs. (A24) and (A25), yields
Yr'r L G, C—ln< ?
b : - wslo~()
| |\ ) T Q. i _
V== — 2 Teoslo -0) Jodf (B4L)
j Wile K sin(e-0),)
Yer o ;

Yo | L ' 9 } ~cos(6-)
ol R _o b [s n(e - dod[ (as2)
Yo $(5) 4 ), Ho [‘[5 Sinf0-0,)

In order to refer the dynamic coefficients to a coordinate system whose orienta-
tion is independent of a particular steady-state journal center position, a

£-1 coordinate system is introduced with origin at (eo,wo) and with the £-axis
along the line of the static load on the pad (i.e. for a tilting pad, the £-axis
passes through the pivot point). Let the journal center amplitudes, normalized
with respect to the radial clearance, be £ and 1 at the centerplane of the bear-

ing. Hence, the transformation of the motion becomes
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€+, ) cos((Po+4>,) = & s, + £
(E;rf,) 5in(@,+¢,) = &5, 9

(A43)

or
€= §(os([>, + 9 sin(),
£Q=—§sing,+ o]ws(ﬁ, S

Similarly, the dimensionless components of the total force acting on the journal

' c ¢ ;

f’s’ = JW K = cos @, - i@, (A45)
F o

4 — == i .—.

h} JW L inf + = c.;s(P (A46)

where W is the static pad load and W = W/paLD

Expand fgand fq in first order Taylor series around the steady-state position:
s58 " Cen 7
: (A47)
th= =Lyt =L 7
1 bi M
Substituting Eqs. (A35) and (A44) into Eqs.(A45) and(A46) and comparing with
Eq. (A47), results in

W = :\I/-D = teoCos, + f, 5000, = W +f,, (A48)
ﬂo.

9, = tan™ (i_) &)

reo

ff WLl(ercoS‘p *Z:rs-nq) )“’S(P (Zrt C‘”{R;*"Ztt Sin(P.,)Si‘n(p.,-]
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Zf’? W—'-)(Z,,,ws(,(/ +er5'"4/ sin), +(2Z, s, *Zrts'"‘P)(oS%]
y (A50)
Z’7‘§ = VIJ [( rr Sinfl, = Zt,,wsgﬂ )(os(f (Zrt sin,~ Z44 cos¢))5m(f }
Z,77 'zﬁ l (‘Z,.,. s'i'n%‘ tr (os¢ ) 5-4170 ( rt S.n¢ Ztt (05% (05¢ }
Set
Loy = Kys + (Y B (as1)

and similarly for Zg S ﬂg and Z S Next, let the actual journal center amplitudes

be g = C{ and n Cn and express the actual forces in their Taylor series ex-

pansion:
iR F_ Rl g - a4

(A52)
sufpir g 4 7. = d
F7— wa B’;fal't Koy 4 Bw:-l'—?

Since g and n are amplitudes of a harmonic motion with frequency v, o 1V§ and

dt -
32'- 1vn Thus, comparing Eqs.(A47) and(A52) and making use of Eq. (A51), the

dimensionless coefficients can be expressed as

Kff = -(\,—3/{59 (A53)
Bﬁ C\;)B (AS54)

and analogously for K&n’ Bén’ etc.

The derivation of the dynamic moment coefficients follows the same lines. Let the

moment acting on the journal in the £-plane be T£ and in the n-plane Tn. Then,

- RT, t, ,
Tg =w—é = cosf), — Wt sin{),

RT tr . t " (ASS)
T.v = m} = - W Sm(k) + ‘WL (054)9
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) £ dn . )
The angular displacements of the journal axis are %% and 52. In dimensionless
form they are related to the angular displacements Q. and at by relationships

similar to Eq. (A44):

doy
= ‘—gCOS(Po i djg Sm%

(A56)
d
ut—-‘ifs.nq) - Tost,
Thus, if t:‘E and tﬂ are expanded in Taylor series as
af v dy
tt==Yeedr " ry df
(A57)

v 4
7§d§ Y’n df

—
—

t
the Y-coefficients can be determined by substituting Egs. (A40) and (A56) into

Eq. (A55) and comparing with Eq. (A57) . The resulting expressions are identical

to Eqs. (A50) with Z everywhere replaced by Y.

Define
Yee = Geetiy D, (A58)
1A { I B

and similarly for an, Yﬂ£ and Ynn. To express these dimensionless coefficients

in terms of actual coefficients, expand the moments T£ and Tﬂ into Taylor series:

T;“C;;(%E) Ey FIJ—(H) C‘fﬁ(%)-ﬁfﬁ%(%})

= (A59)
o= dEy _m d(dEy_ = day R ddmy
T’z"'("ﬁf(ﬁ)_DnoTt(Ig) (%,«,(I}) Dv-odt(ﬁ)
For a harmonic motion dt —ﬁi = —% and similarly for %é. Hence, by comparing

Eqs. (A57 and (A59), the dlmen31onless coefficients become
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and analogously for G

&n’

(A60)

(A61)
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APPENDIX B: The Numerical Solution of the Steady-State Gas Film Pressures
by Finite Difference Equations

Reynolds' equation for steady-state operating conditions is derived in Appendix A
where it is given in dimensionless form by Eq. (A26). The independent variable
is Q which defines the film pressure by means of Eq. (A21). It is seen, that
Reynolds equation is non-linear s1nce\/Q appears in the coefficient to o
Thus, the equation is solved by iteration. An initial guess ofvr— = H %

is made after which Reynolds' equation becomes linear and can be solved as
described in the following. Having obtained a first approximation to the solution,
a new value of\/ag can be computed and used for a second calculation of Reynolds'

equation. This process is repeated until the difference between two successive

iterations is smaller than an arbitrarily specified error.

With.VQO given for any one particular calculation, Reynolds' equation is converted

into a finite difference equation and solved numerically. Set

=y
3]

' b o
4= T H, ( 3'; V0, ) (B1)

(= -2 4
5 H, Je* (B2)

1}

whereby Eq. (A26) can be written as

000.,.()_@ + 4 <)Oo+;Q =0 (83)
de* aft 4 0e 8

Introduce a finite difference grid with j-axis along the O0-direction and with

i-axis in the negative {-direction such that j = 1 at the leading edge, j = M

at the trailing edge, i = 1 at the side of the pad and i = N at the centerplane

of the bearing. There are m increments in the j-direction and n increments in

the i-direction where
m=M-I
n= N-I

The length of the increments are given by

(B4)
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= 9, -,
Ae= "~ (B5)

A(‘(lﬁ_)/h (B6)

Hence, dropping the subscript O for Qo'Eq. (B3) can be written in finite

difference form as

I Sal 2 20 : | |/
A? i-l’l e ( (&-)L] 5 /_\_Il o /-,\—e—l) O(} v AI_Z'E Oiﬂ,j + (A_Bl " 200 (f’i)('j)ol',}'-l

i b 7ey ~
+(A_el+ Z-A—o({‘i).'j) Qiyn =0 (B7)

For a particular value of j this equation can be written in matrix form as

A; d)] + ‘B} (pj—: +( 4),+, = F; (B8)

where A., Bj and Cj are square matrices, and Fj and éj are column vectors. To
set up these matrices, introduce the boundary conditions given in Appendix A
in Egs. (A31) and (A32). 1In finite difference form, the conditions for Qo in
the i-direction are

. L. z
=l (gis)__ Q'J = H"} (note: H  is independent of i) (B9)

=N ([=0): Qus, = -l (B10)

With these conditions, Eqs. (B7) and (B8) can be used to determine the matrix

elements. The matrices become

Q{)
@, (B11)

|

&
1l
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o2
Gwes) & 00
gl:(’- ~ (f )31}~A_I2—A_6") NG o 0 — — _O
0= = = — 7 AL;’ (F-%-2
-AG‘ er(f) ) 0 0o —————0
0 (Ael 20 ”,,) 0 === —= 0
| —
e i
/:ﬁz ZLAB(&)L,')_ 0 ¥ - - — — — 0
0 (g_d-'*z_l/;é(‘(i,)-jd') 0 ————- 0
; . - = |
! = [
0 -—====—- 0 (Alel Z:w
ALI" Ho)
0
s
0

hin

7 Inen

Nxh

(B12)

(B13)

(B14)

(B15)




Hence, ¢j is the independent variable whereas the other matrices are known.

To solve Eq. (B8), define a recurrence relationship:

Py = D, + Ep (B16)

where D, is an n x n square matrix and Ej is a column vector. Letting this

equation define Dj and Ej’ substitute Eq. (Bl6) into Eq. (B8) to get

D = (Aj +8, 0., I ¢ (B17)

E,= (A+8,D.)" (F-~BE.) (318)

These two equations establish recurrence relationships for the D-matrices and
the E-vectors. Before they can be used, however, the boundary conditions in

the j-direction must be introduced. They derive from Eq. (A31) in Appendix A.

i
JEL_M.)_ Qu = HO,"I (B19)
) _ e
=M (e=6,): Q;}M S (B20)
Eq. (B19) can be satisfied by setting (see Eq. (B8) ):
Al
B,=C,=0
2
Ho,il
F= l 2(15, (B21)
]
( 4
Houl,
Hence, from Eq. (Bl7) and (Bl8),

D,=0
E,=F,=¢,

= (denti f-, mateix

(B22)
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Thus, Eqs. (Bl17) and (B18) can be used to compute Dj and Ej step by step, letting
j go from j = 2 to j = m = M-1. Since from Eq. (B20),

Hom |

(B23)
0 |

2

Hem )

Eq. (B16) allows computing éj-l by letting j go from j = M to j = 3. 1In this

way, all the vectors éj have been obtained and, thereby, Qo is known at all

gridpoints.

The convergence of the iterative procedure, iterating on VG;, is achieved when

(k) Sk»n,

JQ‘, - @
QQQ

Y

max. < Specihcd error (B24)

where k gives the iteration number.

Once QO is computed, the static load on the pad is calculated by integrating the
film pressures. The dimensionless force components, fr and fto’ are given in
Appendix A, Eq. (A36). The integration is performed numerically, using Simpson's
rule of integration. The dimensionless pad load W= W/paLD and the steady-state

attitude angle are then found from Eqs. (A48) and (A49).
gle @,




APPENDIX C: The Numerical Calculation of the Dynamic Coefficients for the Pad
Gas Journal Bearing

To compute the dynamic coefficients for the pad, it is necessary to solve for
the four perturbed, dimensionless pressures(Ql, Q2, Q3, and Qa)as described in
Appendix A. The four variables are given by Eqs. (A27) to (A30). These

equations have the common form,

¢ a2 ' o e ‘
:’;_:; ()_?2 +£’ d_z f((;?(‘b)i 2‘7 (c1)
where
oo foH, A
(5t ()

(€3)

e M (c4)

and f7 stands for the right-hand side of Eqs. (A27) to (A30). It is seen that

f7 is a function of QO.
Introduce a finite difference grid with j-axis along the 6-direction and i-axis
in the negative {-direction such that j = 1 at the leading edge (6=91), j=M
at the trailing edge (8 = 92), i = 1 at the side of the pad ({ = %) and i = N

at the centerplane of the bearing ({ = 0). There are m = (M-1) increments in
the j-direction and n = (N-1) increments in the i-direction. The increments are
_e!—ei
ao= ==
(C5)
B
al=(%)
{ p//h (c6)

Thereby Eq. (Cl) can be written on finite difference form as




g e 8 L Aol
Agzqu (iq ‘{'éij A;’ Ael)%ﬁqz‘hn,,*(wz 246 ‘n.l)qiji

] 5
( Ae? LYY 266 F‘ut})-c’ilj'fl = +7i,' (c7)

For a particular value of j, this equation can be written in matrix form as

[UJ'HV](I) fB(P“ 90 =F (c8)

where 15, Vj’ Bj’ and Cj are square matrices, and Fj and éj are column vectors.

dj is complex:
(P, =iy o)

where mj and wj are column vectors.

To set up the matrices in Eq. (C8), the boundary conditions given by Eqs. (A31)
and (A32), Appendix A, are used. These equations specify the values of q along

the periphery of the pad such that qu, 951 and q;y 2Te known. Furthermore,
from Eq. (A32),

Q,anJ Qpi QMH -QNI
{Or 03 and Q"_ qNJ:D

Thus, the matrices can be determined from Egs. (C7) and(C8):

‘izjl

0 = ke AP (C10)
q"”l; n
’ﬂq

Y, = Jm Py (c11)
W, )
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({7)2,, "-Eif’ 41, l
= (‘7)3')
Ed !
("7)"1 n
iy -2.-2 . T, S
{((%)‘J—;‘—V S ) ap 2 (l) ’
¢ A I [ PSSR G, S
: Al—l“ g (U‘S '3'_}- ,Ic_l Ael) AT (;)
UJ‘-'1 ; L ~ _ =
' R AT
' 2
e = o F T E (6-h-
R o= =)
0 ™~ — 0
5 | N i {
VY N
I Mo
e T T (],
Y
( (A'—e"Z'Te('ﬁv)z,,') P 0
oy ) — — — — —
0 (g'grm,(&),d) ?
2, | ~ >
B)" | Sl :
| e i
O —————————— (I;_‘)i—m(‘li,"il)}nxn
r . l N\ N W
i tasth);) O 0
| } o
- 0 (3 +233('E%)1,,') - 0 4
G e
0 == == = === )|

(C12)

(Cc13)

(Cc14)

(CL5)

(c16)
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For q = Q3 and q = Qa, reduce the size of the Uj’.vj’ B

J]

(n-1)x(n-1) by deleting the last row and the last column in each matrix.

more, reduce Fj to a (n-1)-vector by deleting the last element.

and C, matrices to
d]

Further-

In this way, Eq. (C8) establishes a matrix equation for determining the unknown

.=, +ivy..
37 % TR

where Dj and Gj are square matrices, and Ej and Hj are column vectors.

these equations define Dj’ Gj’ Ej

to get

where
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= D0, = G 4

e
i

Y. = Gr' (P] - D,. W otH

Dy=—Li G
G,= K. G

E L [F=EE =k B

‘ 5] S ol =1
K S ( TJ-"'I 5j-i'+ Sj"l Tj-l) 5j~n

_ (e - N~l— =)
L - I)-i Sj‘i+ )=t T}‘-p) Ij-n

- = Yyt B, D,

Ta =Y+ 86,

Define the recurrence relationships:

T E =

(c17)

(C18)

(C19)

(C20)

(ca1)

(€22)

(C23)

(C24)

(C25)

Letting
and Hj’ substitute Eq. (Cl7) into Eq. (C8)




Egs. (Cl18) to (C21) establish recurrence formulas for callcul atingtih G|, Ej and
J J

Hj' Since 951 is on the leading edge and known from Eq. (A31), Eq. (Cl7) shows

that

D= G,=H,=0 (C26)

_T'i‘l
i
-0
o
il
=

(c27)

Thus Egqs. (Cl8) to (C21) can be used to calculate Dj’ Gj, Ej and Hj’ letting 3
go from j = 2 to j =m = M-1. Next, with 9y given by Eq. (A31), the condition

at the trailing edge is

YoM

?M‘: : WN =() (c28)

Thereby Eq. (Cl7) can be employed to compute wj-l and Wj—l’ letting j go from
j=Mto j= 3, and in this way qij is obtained at all gridpoints as a complex
quantity. Finally, the 8 dynamic coefficients are calculated by a numerical

integration of q as defined by Eqs. (A37), (A38), (A4l) and (A42), Appendix A.
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| APPENDIX D: The Dynamic Coefficients and the Response of the Shoes in a Tilting

Pad Journal Bearing

When the static bearing reaction is known and the rotor speed is specified, the
corresponding static inclination of each shoe in the tilting-pad bearing can be
determined. Hence, the steady-state operating eccentricity ratio is known for
each shoe and also_}he ggrresggnding dynamic gas film coefficients as shown in
Appendix A, i.e., 2%? ,szﬁ /:Zﬁf and zzwﬁare known. These coefficients, however,
must be modified to account for the dynamic motion of the shoe where the shoe

pitches on its pivot and is flexibly mounted in the radial direction.

Consider as previously done in Appendix A, a fﬂ?-coordinate system with origin
in the steady-state journal center position and with the f-agis passing through
the pivot point. The journal center dynamic amplitudes are § and 5 , the center
of the pad arc has the amplitude.ik and the pad has the radial amplitude §P .
When the pad mass is hb’ the mass moment of inertia of the pad is Ip around an
axial axis passing through the pivot point ( the pitch axis) and the stiffness of

the flexible mount is Kp, the equations of motion for the pad are
dG_ 7 (55,8 SEFVeR (mr V4B S (s )-K.E
mp g4z = Kff (§-§P)+B§§‘Jt(§-§,,) L f,.,( -'7,,)*8{,7 dt(”]"’h’) Kpfp (D1)

T

I d = O i — A = d e
7 T?: “Kope (§-5,) 4 B"?fjl—t' 5+ Koy (7-7:)+ 8 1t (77, e

where R is the pad radius. Assume the motion to be harmonic with frequency V¥

and define a complex notation by

§: 5_ +( - (D-3)

which is an abbreviated form of

?= d?e{('ﬁn'g';)e"”t} E f—,_ (cs('vt)'—fi-.‘im(vt') (D-4)

258




etc., These equations are readily solved to get:
§=5p olep § ¥ olpy 4

N> dwf‘“ Ay Y

where:

, = I
dali 7 de 7
AR Y RE

= . 7 2 I
/q ™ (;fo ﬁ'P(P"3) ”y:)(2:77'~)’ ﬁg) .—'ZZfﬁ 2175

(D=5)

(D-6)

(D~-7)

(D~8)

(D-9)
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The forces acting on the journal are of course the same as the ones acting

on the pad, see eqs. (D-5) and (D-6). Hence,

y:f:_Zﬁ_(f‘_é)-—Zﬁ(f}»,‘,,):‘Z;;?*?flﬁ 7

(D-10)
Py = ~Lag (5-50)= 2oy (-0 = =Lgg§ = L9y 7

where the coefficients on the right hand side are found by substitution from

Eqs. (D-8) as:

+o(..,}-Z

— )

Z_f; - % %ff b

Zyy = gy Lg *omy Ly

= — - (D-11)

7’

L5 dgg Zog *hag Lo

Loy =gy Lagton Loy
These coefficients then make it possible to express the pai reactions %
and Fﬁ directly in terms of the journal center amplitudes § and.ﬁ by means of
Eqs. (D-10). However, the coefficients from all the pads must be combined in
order to represent the composite bearing by a single set of coefficients. For
this purpose, introduce an x-y-coordinate system with origin in the steady-state
position of the journal center, the x-axis in the load direction and the y-axis
perpendicular to this direction. When the angle between the negative x-axis
and the.f—axis for the klth pad isluif the transformation equations are

? !.c.;s% Sinl}/,( X P‘;K_ -('OSI)/K =sin Y, }}

—_—

(D-12)

m "Smlyk COS\}’K (j lF‘;K SinVK (GSVK F«,
where X and g are the journal center amplitudes, and ka and Fyk are the dynamic
forces by which the pad film acts on the journal. When the total bearing reactions

are Fx and Fy, they can be written

o= Zha ™ T Za% ~Lag

(D-13)

X = Ly

Nt
1
x V]

£

("
|
\g\J'

K
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where 21«, Zny » etc., then represent the complete tilting pad bearing.

They are found by substituting Eqs. (D-10) and (D-12) into Eq . (D-13) to get:
i .,E [Ef} ws' Y, + Z;,) sin' Y, - (Z;,, +7;{) ©sYysinlfy L

i Z_ [ 2;7(0511}4_ Zf)f sin Y+ (Zf’f- Z:,,?)ws'l}’,r sinlf ],
Zy 5[ Zypod =Ty it (221 sty s .
ij g [ 2’% (s Y+ Zfif sin' Yt (224,*29}) o5 Y sin Vr\]K

These coefficients can be used directly in the calculation of rotor response

N

(D-14)

and rotor stability as discussed later.

Once the rotor amplitudes x and § have been calculated, they can be transformed
into § andli components by Eqs. (D-12) for each pad, and Eqs. (D-8) can then be
used to determine the pad motion represented by the radial amplitude §P and
the pitch amplitude 5%,.

Similarly, in the rotor response calculation the slope amplitudes ax/

dy/

dz and
dz are computed. By means of Eqs. (D-12) they can be transformed into
(i?/dz and dﬁ/dz, and the moments acting on the pad become (see Appendix A,
Eqs. (A-58) and (A-59)):

k. Fo_ 3 Vo [ ds _ /dn
T,_T i Y}’f [;fiif (jéf),,] i ’mlﬁ Jzol),,]

~—

(D-15)

T = Yoo L5 (&) [+ ol 3 - (#)]
k| € Ldz dz p 7ML dz Az /p
where the Y-coefficients are calculated as shown in Appendix A, and (‘{z)'Q
and (é?%,are the roll and yaw amplitudes of the pad, respectively. The
roll and yaw axes pass through the pivot point, the roll axis is tangential
to the pad and the yaw axis is in the radial direction. The corresponding mass
moments of inertia of the pad are 17 and If , respectively. Hence, the

equations of motion can be derived similarly to Eqs. (D-5) and (D-6) and become
R 41 ="
i 17 dz )P 7}
s 2 d_"; _ (D-16)
Y If (O’Z)P _T'?
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Introducing Tf and Ty from Eq . (D-15) the solution can be expressed analogously

to Egqs. (D-8) as

c%g ( Z)p ff dz * dfﬁ ﬁi%
4 _(dny _ ;1 d i dy (D-17)
f};" (Az),,'“*;fd’zi*“%ﬁ'z"

where

7
) _ 4 ar

2 (D-18)
Aoy = A’ X 17 '7;
Ky =~ N (Y II)v‘I},
=
A'= (=7 1) (T, -7 I) =, Yog
Thus, the roll and yaw amplitudes can be determlned from Eqs. (D-17) once the

rotor response has been computed.
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APPENDIX E - Reduction of the Magnetic Force data from the General Electric Company

The magnetic forces imposed on the rotor by the alternator are calculated by
the General Electric Company. The coordinate system chosen by G.E. has the
y-axis vertical and the x-axis horizontal with origin in the magnetic center,
and the rotor position is measured by the eccentricitycfand the angle/3between
the y-axis and the direction of eccentricity:
yaAa
Direction of rotation
@)

Rotor center

dJ

P

Stator center

G.E. gives the results for the components F(y) and F(x) of the force acting
on the stator. The force acting on the rotor has then the opposite sign.
Furthermore, in the analysis of rotor response and stability the coordinate

system is different:

¥
Thus, the forces acting on the rotor are FX and Fy which are related to the forces

F(y) and F(x) obtained by G.E. by
f=— Fly) Fy= —Flx) (B-1)

In their general form, the forces can be written

N M / .
F=d C {a(nm cos (2nowt +p+m(P)+bnMCos(?th+ﬂ-m(P)

np m=0

+ 0y (05 (2t =ptm) +b,  cos(2nwt-~mp) } (E-2)
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N
= an; go{ahm Sm(2nw'(f/5+rh(}))+b,,m Sm(?r)w“ﬂ mlp)
i/ san(anT—/j+m(P)+bhm Sin (?an- th)} (E-3)

<

where @ is the angular speed of the rotor in radians/sec, t is time and

? = Tl -power angle (the power angle is the electrical angle between load
current and direct axis magnetizing current). These equations are valid for
all the six operating conditions calculated by G. E. except that in the case
of a single phase fault,rhq7is replaced by some other value which is not

necessarily a multiple of Q s

For use in the rotor analysis, Eqs. (E-2)and (E-3) are rewritten by introducing

the expressions

, M )
Dh =2 ((&’hm =5 bnm) (0S(m(f)

m=0

< )RR | 5
E, :é (&, = 6] sin(m) (E-4)
G.=.2 (anm + by ) 05 (m)

Ha= 2. (s = bops) sin ()

By means of the Prigonometric identities

o5 (Pnwt thim¢ )= L(us/i (w5 lmp)=sinfBsin(mQ) s (2nwt) Bm/ﬂ o5 mPHcasfb inlomf )Jsin(2ncot)

$in (?an+/5+m(P)f (Sin[jws(m(f)ﬂos’ﬂ'.sm (m(P)st(?nwl) +[(05 . us/ml//)“Sinﬂ 'Sm(m(/’)]sin(?nwl‘)

and the analogous ones for the other trigonometric functions, and noting from

the figure above that

X = JCosp y= Jsfn/l (E-5)

Eqs. (E-2'and (E-3)can be expressed as

Z{[(DJr(: x—(EH )Lj]ws (2nut) — [(Eh‘*H,,)‘x +(D-,,“G,,)«7]Sih(?nwt)} (E-6)

np

’Z\‘{[ (IE, Hi: X‘*D (:n,,)lj] ws(2mwt) l. (D, *(1) ( H,.)ﬁf]ffn(?h&)f)} (E-7)

nzo
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or

N
F =2 {A,ws(2nwt) +B, sin (2”‘0'f>}

n- 0 (E-8)
Fjj '?_o{ B, ¢os (?nwt)‘f/'\ 5"7(2”‘”*)}

where the definition of A and B is obvious by comparing Eqs. (E-8) with
Eqs. (E-6) and (E-7). It is seen, that in the general case, A and B depend
on x and y such that even if é J;:g- is kept constant, A and B varies when
p is changed. This is true in the three ' 'short circuit" cases analyzed by
G.E. However, in the other three cases where the load is balanced, it is found
that

for n=0 ! gy, =b,. =0

balanced load

for nxl : al.=bh, =0

Thereby Eqs. (E-4) yields

for n=0 C;a': }40': 0

balanced load

for n21 "~ D,=E =0

Furthermore, it will be found that E 0. The forces become

= Dx+2{[G o o5 Gntit) = [HoX =Gy ] sim (2t}

(E-9)

073 x-Syt 6 csbg )

balanced load

or by making use o:E‘Eqs. (E-5)

= DO‘X'f' ZJ \/G:*H-i (05 (2nwt~ /3+fan (
i =

= D017+"2_JVG:+H s1n (2nwt pﬂ‘qn(
g

"))
)

balanced load

n|1

(E-10)

o ].L

265




Hence, as would be expected for a balanced alternator load, each frequency
component of the forces has a magnitude which only depends on the eccentricity.

The phase angle between the frequency components, however, depends on /3, but in
the present case this is of no importance since in all the three balanced load
cases there is only one frequency (i.e., n=1). Thereby, a change in /3 simply
means a change in time base which, of course, in no way influences the rotor
response results. On the other hand, in the three "short circuit" cases it is

not possible to obtain expressions similar to Eqs. (E-10) and for those conditions
the response of the rotor depends, at least theoretically, on p . In the present
calculations, it is assumed that this dependency is of little physical significance

and /5 has been set equal to zero. (i.e. XZJ)ij‘—‘O e

For the analysis of rotor stability is is necessary to use the gradients of the

magnetic forces. They can be obtained directly from Egs. (E-6) and (E-7):

& nZ_[(D‘iC)(oS(?an) ~(EtHy)sin(tnat)] = nZ‘)[o,,,,M(M)-LT,m5,-,,(?,,wf)]

ob._
‘J

dx "Zo [(E +H, )osnwl) +(D), 4G )Sm(?nwt)J "E [Qﬁvn('os(?nwl‘)*?

Z

nzﬁ L(E,- H)os 2nut)+(D,-6, )sin(2nast)] = =2 [)

X
nw 1"

(s (?mot)—g_,“jn sin(2nt)]
(E-11)

sin(2nast)]

7xn
N

arq Z[(D ) is{2nest) (B, Holsinniat) = =2 [0 o5 2ot in 2ot )]

where the Q's and q's are defined by these equations. It is seen that
Qx)(n:_?"jxn ==(D,+6,) =G,
Ixvin Qy'xn - (‘Eh"*Hh‘) = Gxn (E-12)
O'yyn: Peyn = (D,-G,) = Qyn
Tyyn = —Wxyn= —(E,-H,) = Fyn

In the three balanced load cases the expressions become

fer n=0: Qi = O.,Me =D, (E-13)
Q’“jb‘ = O‘on = 0
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for n=|:

Buxn == 0‘7‘7” = =%,
Q)ﬂ"n = Q‘]"(h - = Hn
Qwxn = Ty T T H'? M
qun = %th : Gn

Therefore, for balanced load,

~ N
SN
h=i
A A
A T R
g%x: CC%—;( ) 'ré, anl-anz ‘Sm(?hwr +{“h-l((;—n))
N
%%; 2 Do = Z- \‘C,:-f- H: ‘(os(?hwt*l“(ah"(g:))
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APPENDIX F: Analysis of Rotor Stability with Magnetic Forces

To illustrate the stability problem for a rotor with magnetic forces, consider
first a simplified model, namely a symmetric, rigid rotor supported in two
identical bearings. Let the rotor mass be M, the combined bearing stiffness
K, the rotor amplitude X, and let the magnetic force be represented by
"[06+6&(b5(j21)]x where £ is the frequency of the magnetic force. Then the

equation of motion is
2
d '
M 412 =JKk+Q,+0, ws(ﬂt)Jx (F-1)

where any bearing damping has been ignored. This equation is the standard
Mathieu equation which has been treated extensively in the literature (refer-
ences 18 through 21).It has an infinite number of instability zones which may

be shown graphically as

Q_ 4 )
K0y =7 = ;/
W i
\ 7
= 7/
—/
. o2
S () :
TR ! o
where & is the critical speed of the rotor,
o KOG .
w, = M =

; . AT d i el =[3 40z
The shaded regions are the instability zones. They are centered in 20, 12,3
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The frequency Sl of the magnetic force is a multiple of the angular speed

@ of the rotor and usually‘fl==260 such that the abscissa becomes ?Eb‘= 53:1
Hence, for a given rotor the abscissa simply represents the speed of the rotor.
In the present investigation the rotor operates above its first critical speed
and it is, therefore, only necessary to consider the first instability zone
(i.e., the zone centered at é%& =| ). Furthermore, in all the six cases for
which the magnetic forces have been computed, Q0 and Ql are much smaller than K
such that Ql/(K+Qo)<?l. This makes it possible to employ a method, called the
Method of Averaging, to determine the instability zones as discussed in the
following. Before this method is described, however, the exact solution shall
be discussed for the purpose of comparison.

etk

The usual method for determining the instability zones centered at 52;_ —//3,
c

L]

§ /7,§,etc.)is to expand x in a Fourier series:
oo
—_— . Jz . ‘
e [X(»,, (r)s((?'n-l)i ‘t}-Xs,,‘Sm(Qn-l)’?t)} (F-3)
hzj

Substitution of this expansion into Eqs. (F-1) results in an infinite set of

homogenous equations. The threshold of instability is then obtained by equating

the determinant of the coefficient matrix to zero:

AR TS 10 ' -
(I-6a)*i g, 0 2 k4G, Y ks
2 i 0
0 (I-Ga) -2 g, DG, T

0
&, ¥
zl'KTo', 0 (1-9(5L ) =0 (F=4)
0
|
|

Truncating the infinite determinant after the first two rows yields the

solution,

Ko = £ [’ - (2_5()21 (F-5)
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If the determinant is truncated after the four first rows the result becomes

o = 2 (IR 4R EN0-ET) T e

The results for the first instability zone from these equations may be compared:

QJ(K+QO) from:

2 2 x 2 Determinant 4 x 4 Determinant
%W Eq . (F-5) Eq . (F=6)
o 1.02 1L 725)
.8 ]2 .78
il 0 0
152 0.88 0.85
1.4 1.92 1.83

It is seen that the simpler equation, Eq . (F-5), gives sufficiently accurate
results for Ql/(K+Qa)<l,especially for that branch of the instability zone

where Jz/zaﬁf>l which is also the branch of interest. The simpler solution

only makes use of the first term in the Fourier expansion for x and is, therefore,
based on a single frequency oscillation.

To solve Eq . (F-1) by the Method of Averaging, set

X=X, cos Y =X sin Y (F-7)

where

'\}/-— vt (F-8)

and V 1is the unknown frequency of the motion. Then define

Xz =X $in Y = VX (05 (F-9)
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’ dx : S
where x means ——. However, it cannot a priori be assumed that X, and x are
s

dt
constant. Hence, in actuality

X = =VX, Sin Y = YXswsVY +X 5V —% SihY (F-10)

For Eqs. (F-9) and (F-10) to be compatible, it is necessary that

')2((05]/’ - ;(5 Sl’rﬂ}’ =0 (F-11)

If this condition is imposed, Eqs. (F-1) and (F-9) yield:

X ==V s W+VX SinY ~vX, sin-VX s Y = ,T',, (K +O°+Q,(csﬂf]()(( (c:V—)gsm!il)( F-12)

Multiply Eqs. (F-11) by (o5Y , Egs. (F-12) by -%sinl}/ and add

. K10, X iK+Q, o, .
I [-—MV" ~y+ ’r,% (os,Qf](oslys;nV =5 [——”’ﬁf -y+ M—vcos.(lt]smlly (F-13)

. d -
Multiply Bq . (F-11) by =5in¥ , B . (F-12) by ~V (05 Y and add

TK+Qs _y, 4 & cosﬂt] s Y=, _*,f;_(& -y + ,\%cos_(l{ ](cs‘ly-s;nl{' (F-14)

Xg= Xc[ My My

In this way the second order differential Eq . (F-1) has been transformed into

two first order equationms.

On the threshold of instability, X, and x_ are bounded.

Hence , T
_L T‘ ~_|_ .

Lirm [Tf "c.dt} =0 Lim l TS’% dt]“-'O (F-15)
T2 (0 To0 A
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The righthand side of Eqs. (F-13) and (F-14) can be averaged in the same way.
In performing the integrations it shall be assumed that X, and x are sufficiently
slowly varying functions that they can be kept constant in the integration process.

Then the following integrals are encountered:

_(,'m [-T'- Sr(ogly/dt ] = ._l.'m [%JT%(If(bSIW)dt ] = ‘é (F-16)
T T

lim [#] syt ] = lin HJ%(!—wsNy)dt] (F-17)

T v T+ 0

1!_&». H—J (o,lksmlydt] = l.m HJT%s.n?l}/ c/f] : (F-18)

(s [TJ s Qt sy dt | = (.m[ j@smum V)di ]

T

o 7 . 0 41
=0+ lim [z,‘TIlcos(lzj/(l+'2‘,,))-+(as(21,b(/--2—,,))]a(t] =4, ..o . (19
T+ o 4 \‘E;»il
: 0 it
(,m[ﬂ (st sin'Ydt]= lamlg,lcosﬂf(!ﬂosll}')dt] {J Doy O
T+ v 2y ==

if il
T([m [%J(osﬂf‘(os'l}/'sinl[ c(f] = {im [z,l-,-glen(N})“‘*;g)*ff-.in(?U’("}%”]dt}: 0 (r-21)

Tow

Thus, only by setting 37, =] does a non-trivial solution exist . By

averaging Eqs. (F-13) and (F-14) in this way, two equations are obtained:

L(_-};(Q.M _QI_ :U
My My

K+ Qg Q, _
My, Y T amy =0
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By introducing the critical speed W, fromEq .

~() ]

written

_Q
K+Q,

which is the same solution as obtained in Eq .

==

>N ]=z

2[

(F-5).

(F-2), these equations can be

(F-22)

It can therefore be concluded

that the Method of Averaging determines the first instability zone and even if

the solution is approximate, the error is negligible when

‘Q/Z'c% >

and when Q'/(K*()g £0.7¢or ‘Q/éwc < |

Gl/(K“‘GO) 2

for

For those three operating conditions where the alternator operates with balanced

load, the magnetic forces have only one frequency component (1211?60) in which

case the above analysis can be applied without any further

discussion.

For

the three '"short circuit" conditions, however, there are additional higher fre-

quency components (f2:2&54‘0,6(0, etc.). Since the Method of Averaging eliminates

[ o . ;
all frequencies except one, namely /é , it is necessary to investigate what

effect the higher harmonics in the magnetic forces have on the instability

threshold.
whereby Eq .

(F-1) becomes

Therefore, assume that both a second and a third harmonic are present

M j;xz = *[k+O.ﬁ(),cos(ﬂt)+02(os(212t)+03cos(mt‘)]'x (F-23)

Expanding x in a Fourier series, and collecting terms in cos(2 t),sin (Al t),

<bs(212t), 5h1(212f), etc. yields a determinant in analogy to the one given by

Eq . (F-4):
(K- M) +40)

7(0,+Q)
0

0

0 (KoM ~4q)

0
:(0,-6,)

?i {0,"1’02)
0

(kr-amE+to) 0

0

!
1
|

(K t);-9M (IEI)i

i
2

0

A\

) - -

=0

(F-24)

If the determinant is truncated at 2 x 2, the same solution is obtained as before,

see Eq .

(F-5). However, if the determinant is truncated at 4 x 4, the solution
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differs from the one obtained with only one frequency component as given in \
Eq . (F-6). To illustrate the difference, assume first that Q2=Ql and !

Q3=0, i.e.,the magnetic force has two equal frequency components. The

corresponding solution becomes ‘
|
,
|
|
‘

2—%42’ K;O 4(’ {f \/lb’ (12w )*("‘”?%)L)O (mc)z) (F-25)
Q20,00

Next, assume that all three frequency components are present and that Q2=Q3=Ql.

The solution becomes

2’2)\1 R%go’%(/ éw 2“’5 +3(l‘7(2;)2)(l"(2%)l) (F-26) |

QZ»: Q; = Q, |

The four solutions may be compared numerically as shown in the following table:

Three
él. Method of Aver. One Frequency Two Frequencies Frequencie
W Eq .(F-22) Eq . (F-6) Eq . (F-25) Eq . (F-2

1.05 0.205 0.202 0.194 0.194
ILgdl 0.42 0.41 0.39 039
152 0.88 085 0.78 0.78
1.4 195492 19583 1.61 1.60

It is seen that of the higher harmonics, only the second is of any significance,
and even its influence is not too pronounced. Furthermore, when Q2> Ql it is

found that the stability threshold increases again such that the results from

the Method of Averaging in most cases gives the lowest threshold. On this basis

the Method of Averaging can be accepted as giving results with sufficiently good
accuracy for the present purpose. The next step, therefore, is to apply this method

to the complete rotor analysis.
Consider a small segment of the shaft where the magnetic forces are applied.

The shear forces to the left are VX and Vy’ and the shear forces to the right

are V; and V;. The rotor amplitudes are x and y, and the mass of the shaft
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section is m. With the electrical forces given as shown in Appendix E, the
X

n iv{T g

T”y matjncfuc forrce

equations of motion become

R V XZ[Qx,n(uS(?nwl‘) (j,,x,,s»n(?nwﬂ] 412[ ,’"(UJ(anT) ’,Yijns.n(?nwt)J e
(F-27)

rm] 7 Z [O,j,,,,(o,(&uof) YyanStn (?nwt] (72.1.0 7,,(.;5(2na)f) L,(,ﬁ,,Sm(?nwt)] l.]
(F-28)

Let the frequency of the vibration be VY and set
X=X, WSY ~ X5 Sin}Y

V= Yo cos ¥ = Vogsin ¥

(F-29)

where
Y=yt

Similar equations hold for the y-components. Following exactly the same procedure

as used to derive Eqs. (F-13) and (F-~14), four equations are obtained:
[v»;[ - VX]SM)V

X = [5m b —yx] wsy (F-30)

"\

X,

5 )
yc’l))my Vg]Sm]/

4= Lom by - vy sy
These equations are averaged as defined by Eqs. (F-15) and in this process it is
necessary to set Y =(u to get a non~trivial solution. Hence, only the magnetic
force components with n = 0 and n = 1 remain in the averaged equations. In

performing the required integration, the integrals from Eqs. (F-16) to (F-21)
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are used, and in addition the following integrals are encountered:

i [ j sint G5 Ydt ] = Lo [ { st [hasylde]- lim 5 [ Lsin2y(t+ D)-cin2b(-2)de] =0

T+ [t
(F-31)
T,m [T-J'bmﬂts:n v’d't] llm [zr}b h_m -wsW]dt] (F-32)
T n {r
lim Hj s'mﬂT*(osW’Siant]: [fm [5’-} gsinﬂf 5ind dt]
T4 v O ﬂr é%*’
{lm L’TJ I(US?‘I'V(I 2v>_(0) ZW(I*_ZlV)](‘H} = j,— (urzi)z,:-’ (F-33)
o £
4 ‘0"2»/’)
where 51 is the lowest magnetic force frequency, i.e.f} = 20 . Thus,??}zl

as a requirement results in V=W . By means of these integrals, averaging

Eqs. (F-30) yields

V,(C \/XC‘f’(VM 0,( xx)) Z Gxx1 X5 (0,70 20,(7,)% '}l?,,y, Ye (F-34)

V,“ s z7,,,,,x +(Vim-Q,, #iO,,,,) zﬂjyj, Lk-(é),,yL z(\),,‘],)% (F-35)
_V ‘(0 207’”) 2?7,, st + (v~ (,),770 20‘17,) (~‘z[?%l75 (F-36)

Vigs Vs =2 9ps0 X = (V™10 s $9ay e+ (V= Gy, 710, )5 -31

These equations can be used directly in the rotor stability analysis as described

in Appendix G.
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APPENDIX G: Method for Calculating Rotor response and Stability

The method employed to compute the response and the stability threshold of a
rotor with magnetic forces is an extension of the conventional Holzer method

for lateral vibrations (Prohl—Myk%Fstad Method). The rotor is divided up into
smaller sections such that each section has uniform diameter and the mass of each
section is lumped at the two end points of the section. In this way the rotor

is represented by a series of mass points, called rotor stations, connected by
weightless shaft sections of uniform stiffness. This idealized rotor model can
be brought as close to the actual rotor as desired by choosing a large number

of stations, but in practice a high degree of accuracy can be obtained with a

rather limited number of statiomns.

The described subdivision of the rotor necessitates that there are rotor stations
at each location where the shaft diameter changes, and at the two endpoints of the
rotor. Furthermore, stations are introduced where the rotor has concentrated
masses such as wheels, impellers, collars, etc.; at all bearing locations, at all
mechanical unbalance locations and at the locations where the magnetic forces

are applied. Thus, an arbitrary rotor station, can be assigned a mass m,,a
transverse and a polar mass moment of inertia: ITj and ij, respectivel%,

8 dynamic bearing coefficients: Kxxj’Bx ., K ., etc., a mechanical unbalance

X] Xy]
and magnetic forces. For any particular station, any or all of these quantities

may be zero.

The rotor vibrates with frequency Y radians/sec. and the amplitudes at station j

are xj and y. .

%
X, = X, cos(vt)=x, sin(vt) (6-1)

9_,' = Ye (‘35(V't)“i151 sin (vt) (G-2)
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The slopes of the vibrating rotor at station j are

1]
—
S
NIX
I

o

= (j.zi))

= e, (’os(vt)‘-esj sin(wt)

1

4)(} Gos(wt) “st sin(vt)

(G=3)

(G-4)

The bending moment is M with components Mx and My’ and the shear force is V

with components Vx and Vy which can be expressed as

Mx = Mx( co5(yt) ~ st sin(vt)

(G-

5)

and similarly for My’ Vx and Vy. The quantities to the left of station j are

called ij, Myj’ ij and Vyj and the quantities to the right of the station
9
are called M',, M',, V', and V',. Thus, a force balance and a moment balance
XJ Y3 X] Y3
can be set up for station j:
XJ Xjﬂ
‘[ Ae, 1 A4S
M ' /
7 'J( n, a,M"} )“m{, mj . 7""1)”(
El | T N (el Tj
\/’<] ,1;,.' ng. \/x/}"“ [?.,"f' X

Ko 1Ly Bex { IL
oS T By % T

mjxj :v"] - vxj - Kxx) Yj i Bx)x/ xj - KXw ljj . Bx” "1} + (Ej)u"ba'- +(Fxl)ﬂa-,n

“ A7 i B . B s . |
il /s Vg =Viy =Koy X, = B X, = Ky 4, = By 4 +“‘7j)unb«l*(5:)mqn
02 > /
IT} 6 + ‘*’IPJ ¢ = MXI—M,(}
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(G-6)

(G-7)

(G-8)

(G-9)




In order to express the unbalance force, let the mechanical unbalance at Station j
have the components qu and Uﬁj (lbs—secz) with respect to a g-ﬁ7-coordinate

system which is fixed in the rotor. Thus, the §~47— system rotates with respect

to the x-y-system: ////////Afllvj

The unbalance forces become

i

(Ej )“nbal c&un o5(wt) —of um 5in(wt) SEn:

(5

«7,-)1,(,,5,4 e ugj sin (wt) + u"U cos(cwt)

where W is the angular speed of the rotor.

The expressions for the magnetic forces depend on which frequency the vibration

has, and whether the calculation is for response or stability. Let the forces
be expressed as

(B /= Fee cos(vt) = K sin(v1) (6-11)

Ha1

(Ef)"”a.’., < F‘j‘ cos(vt) — Fi-jj 5in (vt) (G-12)

If Y=W as in a stability calculation or when calculating the response caused

by a mechanical unbalance, the magnetic forces have been derived in Appendix F

as Eqs. (F-34) to (F-37), i.e.;

For v=w
R = 000130 ) X — F X ~ (Bt 200y )y 19xy1 Y5 (E=22)
e = =% o X~ (Qus=# Qua )% =3 Gy Yo = (Quyo =200 )y (6-14)
Fye = (6),,“, 10«,‘,) %9‘1‘“ Xq “‘Q&,»*éowi)‘jc “%7973 Ys (G-15)
Fys = =290 X, = Qs =2 Q)% = % 94 Y ~(Qyo™ £y y, $616)
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If VFW (i.e.,'V"Z&),“’wl. etc.) as in the calculation of response due to the
magnetic forces, the forces are derived in Appendix E as Eqs. (E-8) and (E-9).
For a selected, fixed steady-state eccentricity between the alternator stator and
the rotor (i.e.,x and y in Eqs. (E-6) and (E-7) have given constant values),

An and Bn can be computed for a particular operating condition of the alternator.

Setting \)=2hcu n:lz -~-, and the corresponding values of A and B equal to

A, and B, , respectively, a particular frequency component of (F )M“?n and
(Fy)m,“ can be written
e B AzA, s B =B,
(G-17)
F=-B,=-B, Bs ==A, = A,

Having determined the mechanical unbalance forces and the magnetic forces, Egs.

(G-6) to (G-9) can be written, leaving out the index j:

ch Ve (Kxx“(w mas)x + (& )wB,, x, “ny Ye +(3,{)va? %+¢Ju§+ E. (c-18)
Vi= Vo= ()0 By X, = (Ko~ e, = @By o —Kug s+ ¥lUp TRy (6199
vljc V,c Kp(’( "’( CUBys( (Kyuj mw)y( ( )wB”%-fsz?TE" (G-20)
V=V ~(@)eoByyx =Ky ks = (ZhoByy = (Kyy = @mad) g, -l + £, o2
M;c = M'XC _(g)‘szT e, “(5)‘02[,; ¢ (6-22)
Miy = Mes = (&) L o0+ (%)L, 0, (6-23)
M.jc‘M "i-( )wI © ‘(%)wIT(p (G-24)
M"S M.’S (%)’ 16, = 2I vz (G-25)
These equations establish the change in shear force and bending moment across

a rotor station. They apply to a single frequency ¥ . In a stability analysis,

- Fxs’ ch and Fys are given by Egs. (G-13) to (G-16).

For such a calculation, U; and Un = 0. In a mechanical unbalance response cal-

W= (e o (}i =1) and F

culation, Uf and Un have specified values and the frequency p is equal to

(i.e.,3§ =1) so that EE ch and Fys are given by Eqs. (G-13) to (G-16).



In a magnetic force response calculation, the magnetic eccentricity is specified

and Fxc’ B nes ch, and Fys are taken from Eqs. (G-17) where An and B_ are computed

Xs
as shown in Appendix E. In this type of calculation,\)=2hw (i'.e_v/w =2hjn:ll2,--)
and t4§==L17: 0. 1t should be noted, that in performing the calculations,the 8

bearing coefficients depend on the particular frequency.

Referring to the above figure , the shaft section connecting station j and

station (j+1) is considered next. The section has the length,(j, the cross
sectional area Aj’ the cross-sectional transverse moment of inertia Ij and the
shaft material has a Youngs modulus E. From conventional beam theory, the
relationships between the amplitudes, the slopes, the shear forces and the bending

moments at the ends of the section become

¢ 0
= j —de iy e L
XJ+, )(] 1 [j O) +2EIJ Mx/ ST 6EI.J ij (G-26)
e, =0 + A M. + 4 /!
B0 T EL Y T 2ED VY (G-27)

) 7
Mm Lt 6\4 (G-28)
\,/J = \f (6-29)
These equations together with Eqs. (G-18) to (G-25) establish a set of recurrence

relationships by which the calculation can be performed step-by-step, starting

from the left rotor end where
M, =V, =0

or

"
&<
W
~
vi
AN
]
<

Mycs=Mygs = ye1 = M'/sf =Veer (G-30)

For a given frequency,several calculations are performed. In the first calculation,

set Xa =1 and Xﬂ:ij(1=q54 = G.:j = 9_51 = (P(1 :(PSl :0 and use the
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recurrence relationships to obtain the bending moments and the shear

force at the last rotor station (station m ):

M' = o M' =d M' M' = o Ve =

xem® 112> “xsmd 212 ycm i “31, ysm 41, "xcm s SECe

next set Xg =1 and Xeq = ‘1q =Yy = Beq =G5y 24)“ = (Pﬂ = 0 and compute
the quantities at the last station:
' /o r_
chm = °‘12 j MxSm =22 M‘,LM =00 ete.

] /

In the same way, calculations are performed for gk1 =1, V$1 =1, 6C1==11

etc. ,i.e.,a total of 8 calculations. In all these calculations, all the station
forces in Eqs. (G-18) to (G-25) which are independent of x and y, are ignored,
i.e.,set u}- Tu.,) =0, and set F*c = F,(s = F41¢ = ['—,75 (0 when performing a
magnetic response calculation (but not in a stability calculation or a mechanical

unbalance calculation where the magnetic forces are proportional to x and y).

As a result of these 8 calculations, the influence coefficients have been obtained
which relate the bending moment and shear force at the last rotor station to the

amplitudes and slopes at the first station:

. '
oA Kpg — ==~ ~ g | | Xt e
olaldl, — === = o X. M

P : ' ;
Ag;y Agg = =~ — ~ Xgg P54 Viysm

This influence coefficient matrix is valid for one particular value of the fre-

quency V .

In the further discussion,it is necessary to separate the stability calculation

and the response calculations.

In the stability calculation there is only one frequency value, namely Y=
Thus, there is only one influence coeffient matrix. Since at the last rotor
station,

! VL M M -\ i RV
Mycm - M)(Sm - Mtjcm‘ M‘]sm - vxc».': chm T Vysm ™ (G-32)

XS5m
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the right hand side of Eqs. (G-31) is zero. Hence, a non-trivial solution

for X¢q lﬁxs.,l““ (Ps.,only exists if the determinant & of the matrix vanishes.

oy Ay = — — ——olig
oy dgp— — — — —oly
A = : : : (G-33)
! J t
Bt Qo= = —F e

Thus, when A =0 the rotor is on the threshold of instability. Now, for a

particular rotor-alternator system operating at specified conditions, the deter-
minant will usually have a non-zero value. One way to establish if the rotor
then is stable or unstable is to determine if the rotor operates below or above
To this end,

the instability threshold. This requires finding the threshold.

4 . . . . A 2
normalize the eight magnetic force coefficients with respect to VQ,rffﬁsx,:

ul
0(1 f(fv:d

J Ved t4l,
=
)

Quey =

Yxx1 \/qu +?n1

Quyi [ T oy | VOt 0

T [ﬁ?] V Qs+ 42

A2 2
and the same for nyl’ 6"1” " nyl’ and 61,17., . Then vary \/quf‘j,xu

starting from zero, in steps, keeping the ratios in the brackets in Egs. (G-34)

(an G ‘}vxl

(G-34)

i

2
constant and maintaining the same rotor speed . For each value of /Ql,q‘f’Qfx, 5
the value of the determinant can be computed as described above and where the

determinant changes sign, is the instability threshold. If the attual value

of \/Q:., +‘ﬁfu is less than the threshold value, the rotor is stable, otherwise

it is unstable.
be stable when \/Q:,, *Qf(,“ =0 ) Le.
but this is already known to be the case

Turning next to the mechanical unbalance
Y 1is equal to W, the 8 by 8 influence

first computed as previously described.

is performed in which the mechanical unbalances UE p

In passing,it should be noted that this assumes the rotor to

in the absence of any magnetic forces,

for the rotor presently investigated.

response calculation where the frequency
coefficient matrix of Egs. (G-31) is
Thereafter,a ninth rotor calculation

and U 7j are assigned
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their actual values, and the amplitudes and slopes at the first rotor station

are set equal to zero (xc1=x3,=yu="" ‘=¢%,==O ). The corresponding bending

moments and shear forces at the last rotor station are computed as

!

\/ysn=°(8‘7 (G-35)

/

/ - _ _ /L o
MYCM = %4 J MXSM B 0(2(1 Y M‘1th' dyl J J

Then, in total,

. , .
O(n d:z e 0(.3\ XC‘I duq W M)}(cm}
oy Kpp— — — T‘ze X5 T‘zq i\qusin (6-36
1 | ! —

: | | T 1 | ( + ﬁ = t

i [ [ | | L
gy ogp— —— Olgg ) | P Keg Vism )

These 8 simultaneous equations can be solved for Xgq, Xy, ~ -4%1, and by

back substitution the amplitudes at each rotor station can be computed from

the relationships:

- ( \ [ (
rxq ,6u ﬁuz i ﬁ:s\ qu

B
ﬁZﬂ (G=37)

P Pa— —— Py : P
[ Ys) | /341 Pir— —=— /5‘-85 L §s1) Pas J

where the ﬁ 's have been obtained in the process of performing the nine rotor

<
—~"
1]

N
oo
&
=
~N
~
I
|
|
>
>4
——
A
_"x
-

calculations.

The calculation of the response of the rotor to the magnetic forces caused by

a magnetic eccentricity is analogous to the unbalance response calculation.
However, a complete calculation must be performed for each frequency present
(vrl’wl‘tcol.-—- 2Nw). At any given frequency, the 8 calculations previously
described are first performed in which u‘gj: qu:Fx(‘- x5 = F.-j( =y s 0]
Thereby, the 8 by 8 influence coefficient matrix of Egs. (G-31) is obtained.
Then a ninth rotor calculation is performed where F;C ) F;SJ Fg( / ng are
assigned their actual values at the selected frequency as defined by Egs. (G-17)
( ufj and uﬁj are of course, zero). Thus, the coefficients N‘q,
“aq,""‘ —-,dxq are obtained similar to Eq . (G-35), and the corresponding




values of X¢y , Xgy,~ - '—14}” can be found from Eqs. (G-36). Finally, the rotor
amplitudes are obtained from Egs. (G-37). Performing similar calculations for
all frequencies, n=12 ---N, the total rotor amplitudes can be found by super-

position:

2

X, = [‘xcj.n (05 (ant)-xsjn Sm(?nwt)] (G-38)
nz

-—

By plotting the equations, the maximum amplitudes can be found.

285




APPENDIX H

SPECIFICATION NO. P0055-1 (NASA) July 15, 1963

SOLAR BRAYTON CYCLE SPACE POWER SYSTEM
ENVIRONMENTAL SPECIFICATION

1750 SCOPE

I This specification covers the anticipated environmental conditions
listed below to which the Solar Brayton Cycle Space Power System
and components shall be designed to withstand without malfunction or
performance degradation.

This specification does not cover development and/or acceptance
tests.

1592 Environments
Environmental conditions specified are applicable to each of the
components and the complete solar space power system through
manufacture, storage, transportation, lift-off, boost, orbit, and
orbital transfer.

2.0 Environmental Conditions

2! Storage and Transportation
The components and their associated equipment shall be capable of

withstanding without performance impairment the following loads applied
along each of three mutually perpendicular axes of its container.

20l Shock - & G shock within one of the following times and-wave shape:
2.1.1.1 Triangular pulse of 10 milliseconds.

2.1.1.2 Half-sine pulse of 8 milliseconds.

2.1.1.3 Rectangular pulse of 5 milliseconds.

25002 Vibration:

2.1.2.1 2 - 10 cps 0.40 inches double amplitude

2.152.2 108 -1 500/ cps 2.0 G peak

22 Launch, Lift-Off, Boost

The non-operation system and components shall be capable of with-
standing without performance impairment the following simultaneous
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2020

24252

25233

28253

2.2.4

2.3

23851

232

launch loads applied at the system mounting points and in the
directions and magnitudes specified:

Shock

35 G shock along each of three mutually perpendicular axes within one
of the wave shape and pulse times in 2.1.1. above.

Vibration

Sinusoidal input applied at the system mounting points along each of
three mutually perpendicular axes

16 - 100 cps at 6 G peak

100 - 180 cps at 0.0118" double amplitude
180 - 2000 cps at 19 G peak

Acceleration

The non-operating system and its accessory components shall be capable
of withstanding the following launch accelerations for five (5)
minutes duration:

7 G - along boost vehicle lift-off axis.
3 G - along boost vehicle lift-off axis in opposite direction.
4.5 G - all directions in plane normal to lift-off axis.

Acoustic Noise

The non-operating system and its components shall be capable of with-
standing the induced vibrations while subjected to an acoustic noise
field with an integrated level of 148 d.b., Re 0.0002 micro-bar.

Orbital Operation

The equipment shall be designed to be capable of start-up and continuous
operation at rated power in earth orbits of from 300 to 20,000 nautical
miles without malfunction for 10,000 hours time.

Shock

Prior to system startup and deployment, the components shall sustain
up to 7 G shock (course correction) along the lift-off or flight axis
with one of the wave forms and time durations indicated in paragraph
2. Ll

Vibration

The system and components will sustain-vibrations in orbit while in
operation of 0.25 G peak over a frequency range of 5 to 2000 cps for
a time period of five minutes for each occurrence,
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2.3.

2538

253,

3

a3

38
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0o

Acceleration
Undeployed

The undeployed system and components will sustain accelerations of
3-1/2 G in one direction along the lift-off axis, and plus or minus

1 G in all directions in the plane normal to the lift-off axis. These

accelerations will be sustained individually for a period of five
minutes maximum for each occurrence.

Deployed

The deployed operating system will also be required to be capable of
sustaining a continuous, unidirectional acceleration arising from a &4
RPM spin rate of the spacecraft. The G loading on the system com-
ponents will be a function of their radial location with respect to
the spin axis. For the purposes of this application, the centerline
axis of the collector and system is located at a radius of 33 feet
from the spin axis and experiences an 0.18 G acceleration.




APPENDIX I

SPECIFICATION NO. 6359-A November 5, 1965

PRATT & WHITNEY AIRCRAFT SPECIFICATION FOR
ACCEPTANCE TESTING A TURBOALTERNATOR ROTOR DYNAMIC SIMULATOR

SCOPE

This specification covers the acceptance test for a turboalternator
rotor dynamic simulator incorporating hydrodynamic gas bearings.

REQUIREMENTS

General

The test specified below is intended to demonstrate satisfactory
operation of the dynamic simulator incorporating hydrodynamic gas
bearings.

Data

The following data within the accuracy shown, shall be continuously

monitored and any condition which indicates that the limits of para-
graph 3 have been exceeded shall be recorded.

a. Time of day =--~ceecmmmmm =
b. Rotation speed ~-------ccoo-o__- + 100 rpm
¢. Position of shaft relative

to bearing -----------comoo- + 0.00005 inch
d. Dynamic displacement of at least

one bearing pad in each bear-

ing =------mmmm e + 0.00005 inch
e. Journal bearing, housings and pad

and thrust bearing stator

temperatures ---------~-------- + 2 Farenheit degrees
f. Ambient gas pressure at each bear-

ing ==------mmmm e + 0.3 psi

g. Vibration at each bearing support- + 0.0005 inch
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Test
Run

2:53%

Il

Acceptance Test

The acceptance test shall consist of runs a. through f. of Table I.

The test runs need not be conducted in the order listed. The applic-
able test cycles are defined in paragraph 2.3.1. The forward direction
is defined as the axial direction from the thrust bearing toward the
turbine.

TABLE I
ACCEPTANCE TEST

Location Number of
Position of Rotor of Rotor Applicable Test Cycles
Rotor Axis Unbalance Unbalance Test Cycle Applied
horizontal Less than Not it 3

0.001 oz-in  specified

horizontal 0.005 oz-in 5.75 inches il 3

overhung forward
of front bearing

centerline
vertical Less than Not specified I 3
0.001 oz-in
vertical 0.005 oz-in 5.75 inches 1L 3
overhung forward
of front bearing
centerline
horizontal Less than Not specified 1E1E 1
0.001 oz-in
vertical 0.005 oz-in 5.75 inches IR il

overhung forward
of front bearing
centerline

Test Cycles

During each of the test cycles the bearing lubricant shall be dry, oil
free air or .inert gas. Ambient pressure at the bearing shall be equal
to or less than 10.5 pounds per square inch absolute. Gas at pressure
above ambient may be supplied to the bearings during acceleration,
deceleration or as specified herein. The following test cycles shall
apply as specified herein:




2.3k 1

230002

Test Cycle L

a. Accelerate rotor to 12,000 RPM and maintain 12,000 + 200 RPM for
a period of 10 minutes.

b. Accelerate rotor to 14,400 RPM and maintain 14,400 + 200 RPM for
a period of 5 minutes.

c. Decelerate rotor to a complete stop.

Test- Cycle II

a. Accelerate the rotor to 12,000 RPM and maintain 12,000 RPM + 500
RPM for a period of at least 10 minutes. While the rotor is
maintained at 12,000 + 500 RPM and while gas at pressure above
ambient is applied to the thrust bearing, apply the following thrust
loads: 100 + 10 pounds forward or reversed, O + 5 pounds and
250 + 25 pounds rearward.

While the rotor is maintained at 12,000 + 500 RPM and while no

gas at pressure above 10.5 psia is applied directly to the bearings,
apply the following thrust loads in the rearward direction, 85 +

5, 55 + 5 and 30 + 5 pounds. -

b. Decelerate rotor to a complete stop.

ACCEPTANCE

The tests shall be satisfactorily completed when the entire acceptance
test has been completed without changes to the configuration, except
as authorized by the Pratt & Whitney Aircraft program manager, and the
following conditions have been met.

a. There shall be no indication of bearing seizure or contact between
the rotor shaft and bearing at 12,000 RPM or above with no gas
at pressure above ambient supplied. With gas supplied at a pressure
above ambient there is no indication of bearing seizure or contact
above 600 RPM.

b. Vibration at the bearing mounts does not exceed 0.002 inches double
amplitude.

c. Maximum rotor excursion does not exceed 0.005 inch axially or
0.002 inch radially.

d. Bearing pad motion does not exceed 0.0005 inch double amplitude 1
at the free end furthest removed from the pivot. i

e. The thrust bearing axial vibratory motion at the outer rim shall.
not exceed 0.0006 inch double amplitude.
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APPENDIX J: REDUCTION OF BEARING DATA ACQUIRED DURING ROTOR-BEARING-ALTERNATOR
TESTING

During the course of the rotor-bearing alternator test program to determine the
rotor-bearing system response to electromagnetic forces, values of bearing film
thickness and temperature were tabulated for each of the 216 test points in-
volved. For each of the journal bearings,the data acquired consisted of a film
thickness dimension for each of the four pads which constitute a bearing and

eight temperatures. The film thickness dimensions were obtained from capacitance
probes mounted in the pads as shown in Figures II-23 and I1-24, readout being
obtained from CRO's. Temperatures were obtained from chromel-alumel thermocouples,
four of which were attached to one unloaded and one loaded pad in each bearing

in the positions shown in Figure II-26, readout of temperature being obtained

from temperature recorders.

During the course of the test program,it was not found convenient to permit the
temperature of the journal bearings to reach the values for which theoretical
bearing performance calculations had been made, To allow comparison of exper-
imental performance with calculated performance it was, therefore, necessary to
perform further calculations using as an input parameter the reduced value of
viscosity associated with the temperatures which were experienced during testing.
The value of viscosity used in these calculations was determined from the
average temperature (110F) of the 16 bearing pad thermocouples (8 per bearing)
over the 216 data points involved., The maximum and minimum valués of bearing

temperature observed during testing were as follows.

Maximum Minimum
Bearing Identity Temperature Temperxature
Degrees F Degrees F
Turbine end
Journal Bearing 12855 79
Thrust End
Journal Bearing 143 90
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The change in viscosity over this range of temperatures is + 4.47 of the average

value used for the purposes of calculation.

Further parameters used in both the theoretical calculations of bearing perfor-
mance and the evaluation of experimental data are the values of journal and pad
radii. The values used were obtained from the inspection records of the com-

ponents and are given as follows:

Inspection Radii Used In
Component Dimension Evaluation of test data

(inches) ~(inches)

Turbine end journal
in plane of pivots 3.49617/3.49613 Dia. 1.748075

Thrust end journal
in plane of pivots 3.49603/3.49591 Dia. 1.747985

Bearing Pad
(1 from each bearing) 157505 1557505

To reduce the number of calculations of theoretical bearing performance, an
average value of journal radius was used, i.e.,l.74803, the results being
approximately applicable to both journal bearings. The clearance ratio CP/R

at design speed becomes.

Cp/R =1.31 X 107

where C_ = Radial difference between the machined radius of the bearing pad and
P the radius of the journal at design speed.

Machined radius of bearing pad

Machined radius of journal + radial centrifugal growth.

The effect of differential thermal expansion on this ratio is negligible and is,

therefore, ignored.
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The theoretical bearing performance was calculated using a viscosity of 2.73 X
10-9 lb.sec./in.2 and a clearance ratio of 1.31 X 10_3,for a selected range of
bearing loads and diametral clearance values (preload), one set of calculations
being required at each ambient pressure involved, i.e., 10.5 PSTA and 7.2 PSIA.
The results of the theoretical calculations are shown plotted in the form of

loaded-pad film thickness versus preload in Figures VII-17, VII-18 and VII-19.

To superimpose the experimentally obtained data on the curves of theoretical
bearing performance it was necessary to determine an average value of preload

for the complete bearing. This was accomplished from the geometrical relation-

ship
HP
m=1 - C
P
where m = Preload ratio
HP = Average film thickness of 4 pads
Cp = Radial difference between the machined radius of the bearing pads

and the radius of the journal at design speed.
Also required was an average value of loaded-pad film thickness. To reduce the
considerable amount of experimental data accumulated during test a computer

program was written which performed the following calculations:

a. Modified the experimentally obtained readings of film thickness to

allow for instrumentation calibration factors.

b. Calculated the average film thickness HP for each bearing from

hpl + hp2 + hp3 + hp4

HP = A

where hpl .... hp4 are the corrected values of film thickness for the

4 pads comprising each bearing.

c. Calculated the average film thickness HPL of the two loaded pads

from

_ hp3 + hp4
HPL 5
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Calculated the value of preload m from

HP
m=1 ~ C
P

where Cp values of 2.26 X 10_3 and 2.35 X 10_3 were given the turbine
end and thrust bearing end respectively, these values being determined

from the inspection records of the journal and pads.

In addition to the calculation of the above quantities, calculations were per-

formed to permit comparison of the sum of the film thicknesses in one loaded and

one diametrally opposed unloaded pad,with the sum of the film thicknesses of the

remaining two pads comprising a bearing. Also performed were calculations to

determine the eccentricity and the change of eccentricity of the journal within

the bearing assembly. These calculations are described as follows:

e,

Calculate the average film thickness of the two unloaded pads from

. bpl + hp2
HPU 5

Calculate the sum of the film thicknesses of one loaded and one

unloaded pad

HPULL = hpl + hp3

Calculate the sum of the film thicknesses for the remaining loaded

and unloaded pads

HPUL2 = hp2 + hp&4

Compare the sum of the pad film thicknesses of one loaded pad and one

unloaded pad with that of the sum of the remaining pad film thicknesses from

HPULD = HPUL1 - HPUL2

Calculate and define the direction of the eccentricity of the journal

within the bearing assembly.

Eccentricity in the direction between the loaded pads EBL from

HP-HPL

DR T
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Eccentricity in the direction between the unloaded pads (EBU) from

j. Calculate the change and direction of change in eccentricity from the

eccentricity observed at the zero excitation test point.

An' increase in eccentricity (AEBL) denoted +VE
A decrease in eccentricity (AEBL) denoted -VE
An increase in eccentricity (AEBU) denoted +VE

A decrease in eccentricity (AEBU) denoted -VE

The results of these calculations for each of the 216 test points are contained

in Table J-1.

Certain of the experimentally obtained values of film thickness and preload
are shown superimposed on the curves of theoretical performance shown in
Figures VII-17, VII-18 and VII-19. The experimental data in these plots were
obtained from the tests of Configuration D (Figures VII-17 and VII-18) and
Configuration F (Figure VII-19). The experimental data for the remaining test

points were also plotted.

The test conditions relating to the configuration and test point numbers referred
to on these pages can be obtained from Tables VII-2 through VII-5 inclusive. It
should be noted that the first test point number in each group is the zero
excitation test point number. The duration of the short circuits (5 secs. max.)
did not permit the aquisition of data; therefore, the data contained in those
lines identified by a test point number which relates to a single or three phase
short circuit condition are for conditions immediately prior. to the initiation

of the short circuit.
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BRGe NOe 1
TEST
POINT
NO e HP HPU
3 le314 1440
LT VRS 1 hl%e 3T 9.
2 TGS 15319
4 lelbs le256
5 leUBT lel65
6 leCGUB le044
2:50 ke 1 SRy 1162
) 1050 16037
33 14021 06978
BRGe NOe i
TEST
POINT
NO e HP HPU
11 16190 le288
il 0990 leD44
8 1005 1074
9 1036 lelN4
10 16021 1¢074
L2 1iei)5 ] 1¢135
26 1159 lelb?2
30 06973 0978
34 06975 06948
BRGe NOe 2
TEST
POINT
NO e HP HPU
3 leldsd 16222
1 le248 le338
2 le248 le328
4 l1e143 15e' 2031
5 le278 le367
6 le247 1ie36iT
25 16247 16367
2.9 le232 le367
33 112071 1367
BRGe NUe 2
TEST
POINT
NO e HP HPU
ikl 1.054 lelb4
7 14187 1308
8 14158 1279
9 14039 lel163
10 ke 1e251
12 lo218 1¢308
26 1158 le:279
30 leléd2 1308
34 1e 1557 1308

Taple J-1

Tabulation of Bearing Performance Data Acquired
During Rotor-Bearing-Alternator

Simulator Testing

CONFIGURATION A AMBIENT PRESS 1045PSIA

DELTA
HPL HPUL1 HPUL2 HPULD M EBL EBU EBL
1e187 26647 24608 06040 06419 06179
1032 24286 24416 ~0e130 06480 04203 0025
1032 26286 24416 ~0e130 06480 04203 0025
1e032 24286 24290 ~0e004 0494 04159 ~-0e020
0e969 20106 24162 =~06056 06528 04139 -0¢040
06967 16988 24035 ~0eU47 06555 0.054 ~0e125
1e22]1 24408 24358 04050 06473 0e042 00221
1e062 24287 14911 06376 04536 0017 06196
1064 24107 14976 06131 Je548 0e061 06240
CONFIGURATION A AMBIENT PRESS 7e2PSIA

VELTA
HPL HPUL1 HPULZ HPULD M EBL EBU EBL
1e092 24408 24353 0055 06473 0.138
00935 16988 1971 06017 0562 04077 =-0e061
0e937 1987 2¢035 -00)48 0e555 0097 -0e041
06967 24107 24035 0eC72 0542 04097 -0e042
0e967 2048 2035 0013 00548 0e075 =De ()63
0e967 26107 2eU0%8 06009 06535 0e119 =0e019
1lel57 26408 26229 06178 06487 06000 0138
06969 26046 1847 06199 0569 04006 =0e 113 2
16001 16987 1e911 06075 06569 0e¢038 0Del76
CONFIGURATION A AMBIENT PRESS 10e5PSIA

DELTA
HPL HPUL1 HPUL2 HPULD M ES EBU EBL
16067 20138 26439 —0301 06513 06110
lel58 26376 24616 -0e240 06469 04128 0018
1e158 26376 20616 —0e240 04469 06128 0018
14036 26138 26435 =0e297 0514 06152 De042
1¢188 2376 2735 -0e359 06456 06126 0e017
1e128 26316 2673 -0e357 06469 04159 D060
16128 26316 26673 -0e357 0s469 06169 0060
16097 26316 26612 =0e296 04476 04191 0e081
16036 24256 26550 -0e294 04489 04234 0e125
CONFIGURATION A AMBIENT PRLESS 742PSIA

DELTA
HPL HPUL1 HPULZ2 HPULD M EBI EBU EBL
06945 14959 26258 -0e299 06551 04155
1e067 26138 24612 -0e473 04495 04171 0016
16036 24138 24492 -0e354 04507 0e172 0+018
0e914 16900 26254 —0e353 0558 0176 0021
06975 24078 2373 -0e295 06526 0195 0040
lel28 20198 24673 —0e475 04482 0e128 -0e027
1e036 20138 20492 -0e354 06507 0a172 0018
06975 2078 24488 -0e410 06514 04236 0¢081
16006 24078 24550 =0e472 04508 0.214 0059

DELTA
EBU

DELTA
EBU

DELTA
BB

DELTA
EBU

297




BRGe
TEST
POINT
NOe. HP
15 Le657
13 1363
14 1le425
16 1503
17 1363
18 1379
35 1348
27 1e518
31 1.285

BRGe
TEST
POINT
NOe HP
23 le765
36 16301
19 1l.316
20 1362
21 leb4l
22 le440
24 leu487
28 1.518
32 1301

BRGe
TES
POINT
NOe HP
15 1le247
13 1l.425
14 14380
16, 1e271
17 1e425
18 1le425
35 l.484
27 leu84
31011529

BRGe
TEST
POINT
NOe HP
23 1291
36 le438
19 1.409
20 1395
21 1.306
22 1le395
24 le544
28 16529
320 15513

298

NO e 1

HPU
14656
letl2
lettts2
1503
1713513
1384
14353
1e535
le321

NO. l

HPU
] .840
l1e323
le353
letl2
1505
1503
1565
1596
a3 2]

NOe 2

HPU
1309
1.484
1le455
1.338
1513
1513
le571
1571
1630

NOe. 2

HPU
1368
1571
1513
1.484
1397
1.484
1629
1600
1630

CONF IGURATION

HPL
1e659
le314
14407
1502
14373
13013
le343
14502
1250

CONFIGURATION

HPL HPUL1
14690 34431
14280 2471
1280 24531
1e312 24650
1e377 24709
16377 24769
1409 2.829
1e439 24890
1e282 24470
CONFIGURATION

HPL HPUL1
1185 24557
14366 24973
16306 24914
16215 24676
1e336 24972
1e336 26972
16397 34091
14397 34091
le428 34150
CONFIGURATION

HPL HPUL1
1e215 20735
1306 36031
1306 20972
1306 26914
1215 24135
1306 20914
14458 30151
1458 34151
1397 34150

HPUL1
3191
20589
210
30191
26652
26652
20592
2891
24470

A

HPUL 2
36438
2863
29928
30438
2799
2862
20799
3182
2672

A

HPUL 2
3628
24135
2735
2799
3.054
24991
3.118
3.181
24736

A

HPUL 2
2431
2727
2607
2431
2101 201
26727
2846
24846
2965

A

HPUL 2
2¢431
26722
2665
2665
2488
24665
34023
20965
2903

AMBIENT PRESS 10.5PSIA

HPULD
"00247
~-0e274
-0e157
-0e229
-0e147
-0.210
-04208
-0e292
-0+202

AMBIENT

HPULD
~-0e197
-0e264
~0.204
"0. 1‘09
—0e344
"00222
~0+289
-0e292
-0.266

AMBIENT

HPULD
0.126
0e247
0306
0e245
06246
0e246
06245
0e245
01185

AMBIENT

HPULD
0304
0309
0308
06249
0e247
06249
0129
00186
0e247

M
06267
06397
0370
0e335
Ce397
04390
Oet04
0e328
Qe431

PRESS

M
0.219
00“24
0e418
0397
06362
0363
Qe342
0.328
Oe&24

EBL
0000
04069
0025
0000

0008
0007
0023
04050

Te2PSIA

EBL
0e106
0030
0051
0071
0091
04090
00110
Oelll
0028

PRESS 10e5PSIA

M
0e469
0e394
Oe413
Oe457
0394
0394
0.368
0368
0e349

PRESS

0e451
0.388
0400
0407
Oelb4ts
0e407
0e343
06349
06356

EBL
0088
0083
0«106
0087
0el25
06125
Oel23
06123
0el42

Te2PSIA

EBL
0.108
0.188
06147
06126
0e129
0e126
0e121
0100
Oelb4

DELTA
EBU EBL
0069
0025
0000
0.015
0+008
0007
0023
0050

DELTA

EBU EBL
’00076
-0e055
-0.036
-0.015
-0e017
0004
0005
—00079

DELTA

EBU EBL
-0.005
0018
-0+000
0037
0037
0035
0035
0055

DELTA
EBU EBL
0080
00038
0.018
0020
0018
0012
-0008
0056

DELTA
EBU

0015

DELTA
EBU

DELTA
EBU

DELTA
EBU




BRG.
TEST
POINT
NO« HP

3 14024
1 04838
2 04884
4 04899
5 04837
6 0.822
33 04760
25 1.009
29 04992

BRGe
TEST
POINT
NO. HP
11 l1e179
34 0714

7 Qeylil
8 0915
9 14008
10 0977
12 1.023
26 14024
30 04946

BRG.
TEST
POINT
NOs HP

3 Qe THT
1 0e817
2 0.832
4 04615
5 0.846
6 04846
33 0.816
25 04905
29 1.054

BRG.
TEST
POINT

NOe HP
11 04832
34 04742
7 Owl42
8 0.816
9 0,801
10 0.861
12 04920
26 04890
30 14038

NOe. 1

HPU
0951
0767
0829
0860
Oe767
0738
Oe676
0922
0951

NOe 1

HPU
1106
0646
0.738
0860
0983
06922
0.983
0983
0e922

NO. 2

HPU
0814
0e843
0873
0501
0901
06901
Q0e873
06960
lel34

NOe 2

HPU
04873
Oe814
O0e814
0873
0873
06931
0960
0960
lel34

CONFIGURATION
HP L HPUL1
1.096 1928
04908 16567
0939 14688
04939 1.688
04906 14628
04906 14568
Oe844 1e448
14096 1869
14033 1.868
CONFIGURATION
HPL HPUL1
1251 . 2230
Oe781 1327
Oe844 1507
06969 16748
1¢033 14868
1033 1808
1le0€4 14928
1065 14868
0e971 1e747

CONFIGURATION

HPL
0e760
0e790
Oe79C
0730
0e790
0e790
Ue760
0e851
0973

CONFIGURATION

HPL
0e790
0669
0669
0760
0.730
0790
0881
Ue820
0e942

HPUL1
le546
1606
1665
Oe862
1e665
1e665
le665
le783
2080

HPUL1
1e665
le486
le486
1665
1.605
le724
1e843
1783
20080

B AMBIENT
HPUL2 HPULD
20166 =-04238
le784 -0e217
1e847 =-0e160
16910 -0.223
1le72C -0.092
1¢720 -0e151
l1e592 ~0e145
26166 -04297
20102 -0e234

B AMBIENT
HPUL2 HPULD
2484 ~0e254
1e528 ~0.201
le656 ~0e148
14910 ~04162
20165 =06297
20102 ~0e294

20165 =-0.236
20229 ~0e362

24038 ~0e290
B8 AMBIENT
HPULZ2 HPULD
1e604 ~04058
le662 -0.056
leb662 0003
16600 =04738
1le719 =06055
1e719 =-06055
1600 06065
1-838 ‘0-055
2¢134 -0.054
B AMBIENT
HPUL 2 HPULD
le662 0.003
1480 04005
1480 04005
1600 04065
1.600 0005
1e719 06004
1838 06005
1le777 06007
2073 04008

PRESS 10e5PSIA

M
0e547
04629
0609
0e602
0e620
0636
0e664
0e554
0e561

PRESS

M
Oe&79
0e684
0e650
0e595
Oe554
Ce567
Oe547
0e547
0e581

EBL

Te2PSIA

EBL

PRESS 10e5PSIA

M
06665
0e652
0e 646
0e¢738
0e640
Ce 640
Qe653
Ceb615
0e552

PRESS

Qe 646
0e684
0e684
0e653
0e659
Oeb634
0e608
0e621
0e558

EBILL
0.038
0037
0058

0«C78
0078
0080
06077
Oell4

Te2PSIA

EBL
0058
0103
0103
0080
0s101
De099
0055
04098
0e136

EBU
06102
0100
0+078
0055
0098
06119
00119
06123
06058

EBU
0103
06095
0075
06077
0036
0079
04057
0058
0035

EBU

0e161

EBU

DELTA
EBIL

DELTA
EBL

DELTA
EBL

-~0.001
0020
0200
0040
0040
0e042
0038
0076

DELTA
EBL

0045
04045
0022
0043
0e041
=0003
0040
0078

DELTA
EBU

-0003
-0e025
-0e¢047
-0004
0017
0016
0021
—01044

DELTA
EBU

-04008
-0.028
-04026
-0s068
-0e024
-00046
-0e¢045
-0.068

DELTA
EBU

DELTA
EBU

299




300

iTE ST
POIN
NO.
185
153
14
16
17
18
311!
27
35

T ESiT:
POIN
NO
23
32
19
20
21
22
24
28
36

TES
POIN
No.
15
13
14
16
17
18
31
2
35

TEST
POIN
NOe
23
32
19
20
21
212
24
28
36

BRGe

T
HP
1781
let72
1518
16565
1V 3119
1380
l.364
le426
le271

BRGe

T
HP
1.858
14349
16410
lett72
le214
1518
1e410
1e363
1379

BRGe

T
HP
1.308
le455
le440
l1e321
le455
14410
le41l0
1e515
leb574

BRGe

T
HP
1e262
14395
1365
1410
1.306
16365
16529
1500
le514

NO e 1

HPU
1810
1503
1535
le565
1382
1e¢353
1353
le&l2
1230

NOe. 1

HPU
14899
1.323
le4ls
1.“74
04926
1,565
1.503
1e442
1.353

NOe 2

HPU
1309
le512
le484
le367
le513
l.484
le484
le542
16630

NOeo 2

HPU
1309
le484
le425
le484
1397
le425
1600
le542
1600

CONF IGURATION

HPL HPUL1
1752 36432
lebd] 2769
1e502 20891
le564 3011
1375 24651
16407 2592
1'e:37:5 2592
1e439 26711
le312 20411
CONF IGURATION

HPL HPUL1
1816 36611
1375 2532
16407 26651
1e470 2831
1e502 1609
le471 24890
1.316 26647
1¢284 24588
14405 2652

CONFIGURATION

HPL
1306
16397
1'e397
16276
1397
1336
1336
1.489
1e519

CONFIGURATION

HPL
1ie12:1:5
1306
1306
l1e¢336
16215
1306
le458
le458
le427

HPUL1
24677
269173
2973
2736
3032
2914
20914
3092
36270

HPUL1
2617
2914
2855
2914
24735
2855
30151
3092
36151

B

HPUL2
34692
3leli1'9
3.182
36247
2863
2928
2863
24992
2673

B

HPUL 2
34820
2863
24991
3.055
3e246
3.182
24991
24863
2863

B

HPUL 2
2554

2846

2.788
2550
2.788
2727
2727
2970
3.027

B

HPUL2
2431
2665
24607
2727
2.488
20607
24965
24908
2903

AMBIENT

HPULD
-0e260
-0350
=0e292
‘00236
-0e212
-0e336
=0 2il:2
-0.281
-04262

AMBIENT

HPULD
‘0-210
-0e332
-0e340
=0e224
-1.636
-0e293
-0e343
-0e276
-0e211

AMBIENT

HPULD
0e123
0.128
0.185
0.186
Oe244
00187
0.187
0.123
0243

AMBIENT

HPULD
0186
0e249
0e247
0.187
06247
0247
0.186
0185
0e248

PRESS 10e5PSIA

M
0e212
0349
0328
04308
0390
0389
06397
0369
0e438

PRESS

M
06178
0e403
0e376
0349
0e463
0328
0«376
0397
0390

EBL
0.041
Oe 044
0023
0000
0005

Te2PSIA

EBL
0059

0005
0000

0066
0133
Oell2

PRESS 10e5PSIA

M
Oeb44
0e381
0387
0e438
0381
0400
0400
0e355
0330

PRESS

0e463
06407
O0e419
0+400
Qe b44
0e419
0¢349
Qe362
0e356

EBL
0000
0081
0.061
0065
0.082
0e.104
0104
0037
0078

Te2PSIA

EBL
0067
0126
0.085
0104
0e129
0085
04100
0059
06122

EBU

0039
04016
0019
0058

EBU

0037

0407

0037

EBU

EBU

DELTA
EBL

0003
-0e018
0041
—-0036
0079
0057
0060
0099

DELTA
EBL

0096
-0e054
0059
Q0e466
0007
0074
0053
0096

DELTA
EBL

0081
0061
0065
0082
Oe 204
0¢104
0037
0«078

DELTA
EBL

0059
0018
0037
0062
0018
0034
-0«007
0056

DELTA
EBU

DELTA
EBU

DELTA
EBU

DELTA
EBU



BRGe
TEST
POINT
NOe HP

30 = lie 14
1 1.004
Zi =ilte 0159
4 1.034
5 04988
6 1.00¢4
215001 019
29 0.881
313, 016 95T

BRGe
TEST
POINT
NOe HP
1 %3 18]

7 06988
8 14065
9 115t
10 1.080
12 1065
26 14018
30 04849
34 00879

BRGe
[ EST
POINT
NO«. HP

308 0119257
I 1059
2 1.030
4 06928
5% 14001
6 0971
25 0.986
29 1.+059
33 1044
BRGe
TEST
POINT
NOe HP
11 04941
7 06912
8 04897
9 0.839
10 0,941
120 1le15
26 1.014
30 04954
34 06925

1

HPU
1le754
le477
1507
1507
le475
1.507
1507
1.293
le477

NOe 1

HPU
24060
14538
le661
1.784
14691
le661
1568
le354
le4l6

NOe 2

HPU
1338
LeSi1
le512
1.308
le454
le425
le425
le571
le542

NOe 2

HPU
le425
le367
1367
le221
le425
le745
1e542
16513
le455

CONFIGURATION

HPL HPUL1
0e594 24098
053 16799
0e531 1859
Oe561 1920
0e501 1le798
0501 1798
06531 1859
0468 1560
0+438 1678
CONFIGURATION

HPLE HPUL1
0e561 24396
0e438 1767 3T
O0e468 14917
00531 2097
0es68 1977
00468 1e917
0e468 1858
0e343 16497
0e343 176/5517
CONFIGURATION

HPL HPUL1
0e517 Ve Tl 7
O0e547 20073
06547 24014
0e547 1778
0e547 1e¢955
Q'e:511 7 1895
0e547 1955
Qe547 2073
06547 2073
CONFIGURATION
HPL HPUL1
0e456 1e835
0el456 17756
0426 1e 71T
0e456 14600
0¢456 1e835
O0e486 26131
Oe486 24013
0e395 14893
0e395 14834

@

HPUL 2
2596
26217
26217
26217
2154
26217
221
1.963
2152

C

HPUL 2
20847
2215
2.3“2
2532
2342
26342
2215
1898
11961

(€

HPUL 2
le932
2162
2104
1932
24047
1.989
1989
20162
20104

C

HPUL 2
1928
1.870
1870
1teili55
1.928
2330
24043
1923
1.866

HPULD
-0e498
-0.418
-0e358
=0 9:2.97
=0e356
-0e419
-~0e358
-0+404
-0e475

AMBIENT

HPULD
=-0e451
-0e478
-0e424
-0e435
=0e365
-0e424
-0e358
=0¢400
=0e¢404

AMBIENT

HPULD
=0e¢154
-0089
-0090
=0e153
-0.092
-06094
=0034
-0+089
-0031

AMBIENT

HPULD
-0e092
—00094
-0e154
=0e155
~-0092
=0e199
=0029
-0.030
-0.031

M
Oe481
0556
0e549
06542
0e563
0e556
0549
0610
06576

PRESS

M
0e420
0e563
0529
0«488
06522
0e529
0e549
0e624
0e611

AMBIENT PRESS 10e5PSIA

EBL
06821
0669
0e¢690
0669
0e689
0e712
06690
0+583
0e735

Te2PSIA

EBIE
14060
0778
0843
0886
0e864
0e843
0778
0e715
0e758

PRESS 10e5PSIA

M
0605
0549
0e562
0+605
0e574
0587
0580
0e549
0556

PRESS

0600
06612
0618
0e643
0600
0e525
0e569
06594
0606

EBL
0580
Oe724
0683
0e538
0e642
0e642
0e621
Oe724
0e 704

Te2PSTA

EBL
0e686
Oeb44
0e666
0e541
0e686
0890
Oe 747
0e791
0e 749

EBU

EBU

EBU

EBU

DELTA
EBL

=052
~0e¢130
=0ie:l 52
=0el131
=0¢109
-0e130
-0e237
~0086

DELTA
EBL

~0e282
=027
-0el174
~-0e196
=0 e 24
~0e282
-0e345
~0e¢302

DELTA
EBL

0144
0e¢102
~-0e042
0«061
0062
0041
Oelty
0e¢123

DELTA
EBL

-0041
-0020
~0e1l44
0«000
0205
0061
0105
0«064

DELTA
EBU

DELTA
EBU

DELTA
EBU

DELTA
EBU

301



BRGe«
TEST
POINT
NOe HP
15 14696
13 1e294
14 1373
16 16465
1570 1ier2:32
18 1.185
31 1le234
27 1le542
35 1264

BRGa
TEST
POINT
NOe. HP
23 14632
32 1.062
19° 1217
20 16279
21 1le3id2
22 1e356
24 1.418
28 1479
360 1e219

BRGe
TEST
POINT
NOe HP
15 16221
1 30 1¥e13/:8:2
14 1338
16 16280
17 1.468
18 14396
31 1.381
27 1.381
35 16353

BRGe
TEST
POINT
NOe HP
231 14233
32 1.291
19 16277
20 1335
21 16233
22 16335
24 14510
28 1.437
36 10305

NO. 1

HPU
2674
1994
20152
26244
1903
14903
1938
2460
24029

NO. 1

HPU
2703
1750
2029
2152
20244
20244
2367
2460
20152

NO. 2

HPU
1804
2126
20036
1891
20298
20154
20124
20124
2067

NOe. 2

HPU
1920
2095
2037
20154
1949
20154
2473
2327
20154

CONFIGURATION

HPL
0719
0594
06594
0687
0e561
Qo467
0531
Qe624
Ve499

CONFIGURATION

HPL HPUL1
0e561 36052
O0e374 26035
06406 24214
06406 26333
0e499 26514
Q0e468 20454
0e468 24573
0e499 24693
0e406 2333
CONFIGURATION

HPL HPUL1
06639 26369
06639 24841
00639 26605
06669 20547
0639 24841
0639 26782
0e639 24723
06639 20723
06639 20723
CONFIGURATION

HPL HPUL1
0e547 20427
0e486 20603
0e517 26544
0517 2662
0e517 26426
0e517 26662
0e547 2957
0e547 20781
0e456 20602

HPUL1
3el14
2516
24516
2697
2396
2336
24216
2815
2336

C

HPUL 2
36671
20659
2975
30165
205312
24403
2ieili21
3353
2720

C

HPUL 2
3478
2213
20656
2782
2972
26972
34098
3e¢224
2782

C

HPUL 2
2¢515
2688
20745
24573
3033
2803
2803
2803
24688

C

HPUL 2
24507
2560
2564
2679
24507
20679
34082
20967
20618

AMBTIENT

HPULD
-0.556
-0e144
-00459
-0e468
-0e135
-0.068
-0+505
-0+538
-0e384

AMBIENT

HPULD
-0e426
-0e178
-0e442
-0e449
~0e458
-0e519
-0e525
-0e531
-0e449

AMBIENT

HPULD
-0e146

0153
—00141
-0.026
-0e192
-0.021
-0.080
-0080

0035

AMBIENT

HPULD
-00080

0043
=-0e021
-0.018
-0.081
‘00018
-0e124
-0e186
-0.016

PRESS 10+5PSIA

M
0e249
0e428
04393
04352
06455
0e476
O0e454
0.318
Oet4l

PRESS

M
06278
0e530
Oe461
Qe434
0e393
0400
06373
0e345
Qe 434

EBL
1.383
0990
1.102
1102
0e949
1.016
0995
1.298
1.082

T«2PSIA

EBL
15:511(5
06974
le148
14235
le234
le256
le343
1387
1e235

PRESS 10e5PSIA

M
06480
0e412
0e431
0e455
0375
0¢406
0e412
Oe424

PRESS

06475
0e451
0e457
De432
06475
Oe432
0358
0389
0e445

EBL
0824
le052
0e988
0.865
lel74
1071
1.050
1.050
1010

Te2PSIA

EBL
0971
1138
1.075
lel57
l1.013
1157
1e362
1.259
1.200

EBU

EBU

EBU

EBU

DELTA
EBL

-0e392
~0e281
-0e281
-0e434
-0e367
-0.388
~-0084
-0300

DELTA
EBL

~0e541
-0e367
-0e280
-0e280
-0e259
-~0e172
-0e128
-0e280

DELTA
EBL

0228
0e165
0«041
0350
00248
06227
06227
0.186

DELTA
EBL

0167
0104
De186
06042
0186
0391
0,288
06229

DELTA
EBU

DELTA
EBU

DELTA
EBU

DELTA
EBU




\ BRGs NOs 1
TEST
‘ POINT
} NO. HP HPU
3 45164 1163
1. 0%957 1,071
1 208989811 s O7)
| 4 14006~ 1102
! 5 04926 14041
| 6 04833 04950
J 25 04989 14072
| 29 04818 0950
33  0.802°10.918
BRGe NOo 1
TEST
POINT
NOe HP HPU
11 04989 1.041
7 04803 04950
! 8 04804 04950
‘ 9 04834 04950
10 04818 04950
12 04895 1.041
26 | G927 :11.072
30 04756 0950
34 04787 04979
BRGe NO. 2
TEST
POINT
NO. HP HPU
3 04951 1.018
1. 0¢979 . 14105
2 04994 14105
4 04950 14047
5' 099G -9 ed 34
6 1.038 1192
25\ L402%: - 1el63
2817 1 4038 < 14192
BB 1 1s088 <L e192
| BRGs NO. 2
i TEST
f POINT
NOe HP HPU
| 11 0e891 06960
w 7 04949 14105
; 8 0e949 14075
j 9 04875 0.988
‘ 10| 05920+ 1+047
| 12 14084 -1.163
26 11e0Bk! 1.163
30 . 1.00%" 1192
: 34 0998 16162

CONFIGURATION

HPL
1125
0844
0906
06906
0e812
06717
06906
0.687
04687

CONFIGURATION

HPL
0937
0e656
0«658
0e719
0e687
Qe749
Ue781
Oe561
0e594

CONF IGURATION

HPL
O.884
0853
0.884
0853
0854
O.884
0884
0.884
0«884

CONFIGURATION

HPL
0823
06793
0823
0e762
Ce793
0e884
0.884
Ce823
0e823

HPUL1
24348
1984
20045
2045
le¢925
le745
1986
le684
1e684

HPUL1
20046
le623
1562
1684
1e684
le864
1864
le562
leb622

HPUL 1
l1e¢723
1.781
le781
l1e723
le722
1840
1840
1840
1840

HPUL1
14604
le662
1663
le544
14603
14840
1840
1780
l1e722

D

HPUL 2
20228
1845
1909
1092
1780
1589
1e972
1589
le526

D

HPUL 2
1909
1589
l¢653
le653
14589
le716
1843
le460
le524

D

HPUL 2
20081
20134
2196
24077
2254
2311
20254
20311
2311

D

HPUL 2
1e962
20134
2134
1958
2077
26254
26254
26249
26249

AMBIENT

HPULD
0120
06140
0136
0073
Oelbl
0e156
06014
0095
0158

AMBIENT

HPULD
0e137
0034
=-0091
0.021
0095
0e148
0020
0e102
06097

AMBIENT

HPULD
~0e359
~0e353
~0e415
~0e354
~0e532
~0e471
~0e413
~0.47].
~0e471

AMBIENT

HPULD
~0e358
~-0e473
~0e&472
~0e414
~0e474
~0e413
=~0e413
~0e469
~0.528

PRESS 10e5PSIA

M
0e494
0e576
0e563
0e556
0590
0631
06562
0.638
0e645

PRESS

M
0e562
0e645
Oeb44
0e631
04638
0e604
0590
0e666
0e652

EBL
0027
0e160
Oell6
0.138
0el62
00165
Oell?
0e186
Oelb4

Te2PSIA

EBL
0073
0208
0206
0el63
0186
0206
0206
0e275
0273

PRESS 10e5PSIA

0595
04583
06577
0e596
0577
0558
0e564
0e558
0e558

PRESS

0e621
0596
0e596
0628
0609
0e564
Oe564
0e571
0e578

EBL
0095
0178
Cel56
0el37
00198
0218
Cel97
0e218
0e¢218

7e¢2PSIA

EBL
04096
0220
0178
0el60
0179
0197
0197
0261
0e240

EBU

EBU

EBU

EBU

DELTA
EBL

0e133
0089
Oelll
0e¢135
06137
0090
0e159
0136

DELTA
eBl

0134
Ce133
0090
Oell3
0133
0e132
0«201
0199

DELTA
EBL

0083
0062
0e042
0103
0123
0¢103
0123
0e123

DELTA
EBL

0el24
0.082
0063
0.083
0101
0.101
0elb64
0e143

DELTA
EBU

DELTA
EBU

DELTA
EBU

DELTA
EBU




BRGe NOe 1
T ESiT
POINT
NOe HP HPU
15 14652 14805
13 1388 1743
14 14389 1.714
16 16497 1e743
17 1310 14682
18 1249 1623
27 16420 16745
31 1e264 1e682
35 1lel72 1530
BRGe NOe. 1
HiE ST
POINT
NOe HP HPU
23 1606 14805
19 1202 1621
20 14233 1.621
21 1296 1591
22 10295 1652
26 14356 1805
28 133 eilil5
32 14186 1682
36 16186 14682
BRGe NO.o 2
HEST
POINT
NOes HP HPU
15 16277 1e366
113 1 e513" 115
14 16484 16657
16 16291 1e453
17 1e¢438 1e657
18 16423 1e657
27 L1e379 1569
31 1e452 1686
35N 1ol 3] fe 624
BRGe NOo 2
TEST
POINT
NOe HP HPU
23 14336 1le453
19 14408 16657
20 1408 1657
21 14291 1e453
22 1438 1657
24 14572 1802
28 le424 16627
32 1407 1686
36 14258 1e511

CONFIGURATION
HPL HPUL1
16500 34428
1.033 24821
1.064 24822
1e251 34065
0939 26701
0e876 24521
1¢094 24883
06846 20579
0e813 26400

CONFIGURATION

HPL
1407
0783
0.846
1.001
0939
0908
0971
0690
0690

CONFIGURATION

HPL
1188
14310
16310
1e128
1e219
1.189
1.189
16219
1128

CONFIGURATION

HPL
1219
1158
l¢158
le128
16219
le341
1220
1128
1,006

HPUL1
3307
2e459
2+519
20642
2641
2759
2760
2396
24396

HPUL1
24317
2732
24673
2316
2553
24493
2375
2553
20434

HPUL1
20376
20493
20493
24316
20553
20791
260434
2493
24196

D

HPUL 2
34181
2732
2ieili372
2925
2541
24476
2795
24476
24286

D

HPUL2
3jerl 157,
2349
24413
2542
24541
2667
2731
26348
20348

D

HPUL 2
2793
34319
3261
24846
3200
3200
30142
3257
3.076

D

HPUL 2
2970
3138
30138
2846
3+200
3496
36261
34133
2837

AMBIENT

HPULD
Qo247
0.089
0090
0.139
0160
Q0044
0.088
00103
Oell4

AMBIENT

HPULD
0190
00110
0.106
0100
04100
0092
0029
0049
0.049

AMBIENT

HPULD
-0-476
-0e587
-0e589
"00530
-0e647
-0.707
=076
-0e704
-0e642

AMBIENT

HPULD
-0e594
'0.6“5
-0e645
-04530
-0.647
-0e705
~-0e827
-0e641
=0e641

PRESS 10e5PSIA

M
06269
0386
0+386
0337
06420
Qe 447
06372
Qettl
0e482

PRESS

M
00289
0e 468
Qe 454
06427
0e427
0400
06393
0e475
0475

EBL
0e215
0e502
06460
0e348
0526
04528
0460
06592
0507

Te2PSIA

EBL
0.281
0592
0+548
Oe&17
0505
0634
06569
0702
0e702

PRESS 10e5PSIA

M
0e456
0e356
04369
0e451
0«388
06394
0e413
0e382
0e414

PRESS

0e431
0e¢401
0e¢401
06451
0.388
0e331
0394
0e401
09465

EBL
0e126
0.286
0e245
06230
0309
0e331
06269
0330
0353

Te2PSIA

EBIE
0e166
0e352
0e352
06230
0309
0e326
00288
0395
0357

EBU

EBU

£BU

EBU

DELTA
EBL

0287
0e244
06132
0310
Q0e312
0245
0376
0291

DELTA
EBL

0311
0267
0136
00223
0e353
0287
04420
0¢420

DELTA
EBL

0160
0119
0105
0.184
0206
0el143
0204
0228

DELTA
£BL

0187
0187
0065
Oelbé
0160
0el122
0e229
0e192

DELTA
EBU

DELTA
EBU

DELTA
EBU




BRGe
TEST
POINT
NOo HP

38 W06
1 0958
2 06974
4 00989
5 06943
6 0.864
25 511096
290 082
33 04849

BRGe
TEST
POINT
NOe HP
11 1128

7 06657
8 0972
90 988
10 0.988
12 #0335
26 Hlisi081
30 0.849
34 04802

BRGe
TEST
POINT
NOe HP

3 00846
180905
2 00920
4 00831
SN 1052
610 98
25 106919
29 06965
33 1.008

BRGe
TEST
POINT
NOe HP
1815 S R0t I 2.1

7 0.978
8 1.053
G 019315
10 06950
12 1.038
26 04934
30 0e888
34 00933

NO. 1

HPU
l1.134
1.072
1.072
1.072
1104
1.011
1.286
1072
l1.011

NOe. 1

HPU
le256
04981
lel163
1163
14163
14256
14286
1072
1.011

NOe 2

HPU
0960
1.047
1e047
0960
LTe221
le162
14075
1075
10163

NOe 2

HPU
16017
lel62
l1e191
1075
1.075
lel191
1e104
1075
lel34

CONFIGURATION

HPL
0999
0e844
0876
0906
00781
0717
0906
Ceb492
0687

CONFIGURATION

HPL
06999
e 333
0e781
0.813
Ce813
0e813
0876
0626
0594

CONFIGURATION

HPL
0e732
0e763
0793
00701
0.884
Ce794
06763
Ce854
0.853

CONFIGURATION

HPL
0e824
0e794
0915
0e794
0824
0.885
00763
00701
Ce732

HPUL 1
2167
16925
16925
1.986
le864
1804
20224
1.864
le743

HPUL1
20286
16562
1983
1983
1983
20043
20163
l.681
le622

HPUL1
le484
16543
1.603
le484
1840
16602
le543
le663
1840

HPUL1
le544
14602
16781
le543
14603
le722
le543
le543
1e¢602

E

HPUL 2
2099
1.908
1e972
16972
1906
le652
20161
1265
le652

E

HPUL 2
2225
1.067
1906
1E 71
15e 9701
2097
20161
le715
1e587

E

HPULZ2
1900
2077
2077
1.838
2369
2311
20134
2196
2192

E

HPUL 2
24139
24311
20431
2196
2196
26431
26192
2011
24130

AMBIENT

HPULD
0067
0017
~0e047
0014
~0e043
0el152
06063
0599
06092

AMBIENT

HPULD
0061
0495
Ce077
0.012
06012
~0054
0002
~0034
0034

AMBIENT

HPULD
~0e416
~0e534
~0e474
=~0e355
‘0.528
=0 710
-~0e592
-~0e534
-0e352

AMBIENT

HPULD
=01e:595
=0e 710
-0e649
~0e654
-0e594
-00709
=0e649
-0e468
-0e529

PRESS 10e5PSIA

M
0.528
Ce576
0569
Ce562
0583
0e618
0e515
Ceb654
0e624

PRESS

M
0501
0e709
0e570
0563
0e563
0e542
06522
0624
0e645

EBL
0095
Oelb2
0e139
0el17
0e228
0208
0268
O0e410
06229

Te2PSIA

EBL
0182
0e458
0270
00248
0e248
0e¢313
0290
0e316
0295

PRESS 10e5PSIA

0640
06615
0609
06647
0e552
Ce584
0.609
0589
0¢571

PRESS

0608
0e584
Ce552
0+602
0+596
04558
04603
00622
0e603

EBL
Oel61
0200
0e179
0¢183
0238
06260
0221
0el56
0219

Te2PSIA

EB|IE
0e136
0¢260
0e195
0¢199
0178
0+216
0e241
00264
0284

EBU

EBU

EBU

EBU

DELTA
EBL

0067
0044
0022
00133
0e113
0174
0e316
0135

DELTA
EBL

0277
0«089
0066
0066
0el1l32
0108
0134
Oell4

DELTA
EBL

0040
0018
00022
0077
0100
0060
-0004
0058

DELTA
EBL

0e124
0059
0062
0041
0080
0105
00128
0el47

DELTA
EBU

DELTA
EBU

DELTA
EBU

DELTA
EBU

305




TEST
POIN
NO .
115
13

iTeE Sili
POIN
NOe
23
19
20
21
22
24
28
32
36

LEST
POIN
NOe
15
13
14
16
L7/
18
27
31
315

TEST
POIN
NO e
23
119

306

BRGo

T
HP
1,668
1¢358
1.404
le481
1266
1,203
le312
lel26
le126

BRGo

T
HP
le452
lol41
1.188
le24¢
1,203
10249
1281
1.125
1.079

BRGe

T
HP

1'ei32:2
1.513
l.484
1e321
le438
1¢438
let24
le454
14423

BRGe

T
HP
1le277
1.380
1397
1305
1.380
1458
1e469
1,408
1.392

NOe. i

HPU
1.836
lo745
1.745
10743
1593
10561
1593
lo439
1439

NOs 1

HPU
1623
1500
1.500
1530
1530
1623
le623
1500
1500

NOe 2

HPU
1¢425
le716
1657
16483
16657
16657
l1.628
1657
16657

NO. 2

HPU
1396
1570
1,605
14483
1.570
1686
1657
16657
1657

CONF IGURATION

HPL
1500
06971
1.064
1,219
06939
00844
1,032
0.813
0.813

CONFIGURATION

HPL HPUL1
1¢282 24947
0783 24280
0876 20401
0969 24583
0876 26461
0e876 20521
00939 20582
0e751 2.280
0658 24158
CONFIGURATION

HPL HPUL1
16219 26376
1310 @ 2791
1310 20673
1e158 24375
1/e:21:902:155 3
121 9026:553
14219 £2+553
16250 2553
1189 20493
CONFIGURATION
HPL HPUL1
1e¢158 20316
10189 26434
14188 26553
14128 24375
14189 2.434
19330 4 26132
1280 20613
1158 24493
16128 2¢493

HPUL1
36428
20701
20822
36065
2522
20461
20644
24281
22281

E

HPUL2
36244
20731
2795
2861
2541
2349
2605
20223
2223

E

HPUL 2
2862
20286
24350
2¢415
20350
24476
2¢541
24222
2157

E

HPUL 2
2912
36261
36261
26908
3200
34200
36142
3261
3200

E

HPUL2
20793
3.085
3.034
20846
34085
3e¢261
30261
30138
30076

HPULD
0184
=0+030
0.027
0204
-06019
0s112
0039
0.058
0058

AMBIENT

HPULD
0+084
-0.006
0051
0+168
00111
0044
06041
0+058
0,001

AMBIENT

HPULD
-0e536
"0.‘)71
-00589
~-0e533
-0e647
-00647
~0e589
=0e709
-0e«707

AMBIENT

HPULD
=0e477
~0651
=-0e481
=0:471
=0e651
=0e530
=0e649
~0e645
-00583

M
0262
0399
0379
0e345
0e440
0468
0e419
06502
0502

PRESS

M
0357
06495
el 74
0e&47
Qe 468
Qe 447
T 233
0502
06523

AMBIENT PRESS 10.5PSIA

EBL
00238
06548
00482
06371
0e463
0507
02397
Qo442
Qe 442

Te2PSIA

EBL
0s241
0507
Oet&ttsl
0396
00462
0528
0e484
0530
0e595

PRESS 1005PSIA

M
06437
00356
0369
00438
00388
00388
0394
0381

»0e394

PRESS

00457
Qo413
0:406
o445
0e413
Ce362
0375
0«401
0¢408

EBL
00145
0287
0e245
06229
0309
0309
0289
0288
0e331

To2PSIA

EBL
001568
0269
04295
Qez251
0269
Ceib6
00266
0e352
0374

EBU

EBU

EBU

EBU

DELTA
EBL

06310
0e244
0133
0225
0270
00159
0204
0204

DELTA
EBL

0266
0200
00156
0.221
00287
0243
0+289
0355

DELTA
EBL

02142
0100
0.084
00164
Qe 164
Qeléh
Qel42
0185

DELTA
EBL

0e1Q1
00127
0+083
0101
0:098
0098
0185
0206

DELTA
EBU

DELTA
EBU

DELTA
EBU

DELTA
EBU




BRGes NOs 1
TEST
POINT
NOe« HP HPU
3 1080 14503
1N Q9728 10400
2. 106941 1349
48k 0103 e 28l
5. | 1e064 . 11596
610 oL 1402
251 | 1065 w1 e565
29 0000 06000
33 04926 1.381
BRGe NOo 1
TEST
POINT
NOo HP HPU
TR, 17 7o
T 106956 1442
BEH0/<|9817ik ke 503
9' 11 ¢ 01 8% 1503
10 06956 1le442
Ton 1ls 017 S Hel565
21614 11095 = wlls 721
341 10.910 14381
BRGe NOs 2
TEST
POINT
NOe HP HPU
3 Qe95 1 1132
I G910 N 1is36%
2 L0880 M. 334
4R QG195 Wil e 132
Gl S e At o)
6 060999 1e511
255 0o 910" 114393
2.9 " 00004 10000
33 06895 14364
BRGe NOe 2
TEST
POINT
NOs HP HPU
11 0e838 14249
T b 06939 4Hilet52
8 U939 114452
9 (04838 16249
110, 1\0ls 93(9:: 81 « 4512
12 00969 14511
26 0e895 14393
34 00880 1364

CONF IGURATION
HPL HPUL1
0e656 2.100
0e533 1,858
06533 10798
00626 14920
0e533 14977
O0e501 1.858
0e565 1977
0.000 0.0C0
00472 1676

CONFIGURATION

HPL
0626
0470
0e470
0e533
0470
0e&70
O.a7o
00440

CONFIGURATION

HPL
0e457
0457
0426
0e&57
0e548
0et87
0e426
0e0C0
0.426

CONFIGURATION

HPL
0.426
Cel26
0et26
Oe425
0e&26
Oe426
0396
0396

HPUL1
2158
1o 197
1856
1917
1e797
1916
1976
14676

HPUL1
1304
16422
1e363
1¢304
24013
LESTATE)
1e481
Ce00C
lo422

HPUL1
le481
1529
1¢599
le481
1e599
LT
le421

le362-

F‘

HPUL 2
24219
20029
1966
2.093
24281
24028
20282
Ce000
26029

F

HPULZ2
2¢534
24028
24091
24155
2028
26154
20406
10965

AMBIENT

HPULD
-0e120
=0iel71
-0e168
=0l 73
-0e304
-0e170
-0¢305

0,000
~0e353

AMBIENT

HPULD
~0376
=0le: 231
~0e234
~0e238
~0e231
~0.238
~0¢430
~0.288

F AMBIENT

HPUL 2
1.874
24219
2.158
14874
2.281
2+219
24158
04000
24158

HPULD
=0+570
~0e798
=06 795
=0e570
-0e268
-0e443
-0e677

0000
-0e736

F AMBIENT

HPUL 2
1870
20158
24158
1870
20158
24158
20158
2158

HPULD
-0.389
=0e559
=0/s:559
-0.389
=0e559
=0e441
=03
=0+796

PRESS 10e5PSIA

M
0e522
0570
06584
06556
06529
0570
0e¢529
1,000
0590

PRESS

M
Oe481
0e577
0e563
Qe 550
0.¢ 577
0550
0e515
06597

EBL
0599
06621
0e577
0e534
0e752
0666
0e707
0.000
0e643

Te2PSIA

EBL
0774
0687
0e731
0686
0e687
0e774
0884
06665

PRESS 10e5PSIA

M
06662
0e613
0625
04662
0543
0e575
0e613
1000
06619

PRESS

0ob44
0600
0600
0s644
06600
00588
04619
0626

EBL
Qe&77
0eb41
0e642
Ce477
Qe 744
0e724
O0e684
0000
0e663

Te2PSIA

EBL
0e582
0e726
0726
0e582
0726
0767
0+705
0684

EBU

EBU

EBU

EBU

DELTA
EBL

0022
=0e022
-0e065

00153

0067

0108

0599

0044

DELTA
EBL

-0¢087
=0+044
-0+088
-0e087
-00000

02110
-0¢109

DELTA
EBL

00164
06165
0000
0266
0e247
0206
Oe&77
0186

DELTA
EBL

0143
0143
0000
Oe143
0e185
0123
00102

DELTA
EBU

DELTA
EBU

DELTA
EBU

DELTA
EBU

207




BRGe
TEST
POINT
NO e HP
15 1416
13 1¢277
14 16247
16 14263
17 1.140
18 14169
27 1.232
31 le168
35 14031

BRG
TEST
POINT
NOs HP
23 14355
19 1.138
20 14200
21 1.246
22" 14169
24 14200
28 1,201
32 04000

BRG e
TEST
POINT
NO. HP
15 lelbs
13 14395
14 14324
16 1.207
17 1.308
18 1.308
27 1279
31 14395
35 14323

BRG.
TEST
POINT
NOs HP
23 1204
19 14220
20 1234
21 14132
22 1e249
24 14496
28 14336
32 04000

208

NOo 1

HPU
24146
2022
1.901
1.901
le747
1.838
1.901
1.866
1tei5:9:3

NOe 1

HPU
2 11T
1.806
1899
16992
1.868
1929
1,931
00000

NO. 2

HPU
1690
2184
20010
1 16
20010
2010
10952
2214
2039

NOo. 2

HPU
1893
1.893
1922
10748
1.981
2476
26155
0000

CONFIGURATION

HPL
0.687
00533
0594
0e624
06533
06501
0e563
06470
0e470

CONFIGURATION

HPL
0e594
0470
0e501
06501
0e470
0e&470
06470
0000

CONFIGURATION

HPL HPUL1
0e638 24547
0607 24959
0e638 24842
06637 24607
0607 20842
06607 20842
06607 24783
0e577 36017
06608 24782
CONFIGURATION

HPL HPUL1
0e516 24545
0e546 24664
Qe546 24664
06516 24486
06516 26722
06516 34252
06516 24840
04000 00000

HPUL1
24816
24513
2456
265157
264215
2334
2395
2393
20035

HPUL1
24635
26274
2394
20454
2333
20393
20333
0«000

F

HPUL 2
2850
24596
24533
2533
2344
2343
2533
24280
2091

F

HPUL 2
2.785
24280
24406
24532
2343
24406
24469
04000

F

HPUL 2
24109
26622
20454
24219
20392
20392
2334
24564
2511

F

HPUL 2
2w 23
20215
2273
2043
2273
24733
24503
0000

AMBIENT

HPULD
-0.034
’00083
-0077
-0016
=0 1:2:9
-0.008
-00138

0e113
—00056

AMBIENT

HPULD
-0.151
-04006
-00012
-0.078
-0.010
-0013
-00136

0000

AMBIENT

HPULD
0e438
0.338
0.388
0387
00450
06450
Oe448
0e453
0270

AMBIENT

HPULD
06272
0449
0391
0e443
0e449
06520
0337
0000

PRESS 10e5PSIA

M
06373
0e435
Oeb&48
Oebtl
0496
0483
0e455
0483
Oe 544

PRESS

M
0e 400
0496
00469
00448
0483
0469
00469
1.000

EBL
1.032
14053
0925
0903
0859
06946
0946
00987
0e794

Te2PSIA

EBL
1.077
06945
00989
1.055
0988
1,032
14033
0000

PRESS 10e5PSIA

M
0505
0+ 406
0e437
0487
Q0443
Oe443
0e 456
00406
0e437

PRESS

0e488
Oe481
Qe&75
0.518
0e 469
06363
0e432
1,000

EBL
Qe 744
1Verl 145
06970
0806
06992
06992
0¢951
1158
le012

Te2PSIA

EBL
06974
0953
0973
0871
1036
1.386
1.159
06000

EBU

EBU

EBU

EBU

DELTA
EBL

00021
~0+108
~0e129
=0 174
~0087
~0+086
-0¢045
‘0-238

DELTA
EBL

-0e132
-0.088
-0e022
-0¢089
-0e045
-0044

1077

DELTA
EBL

0371
0226
0062
00248
002%8
06207
Oe41l4
0+268

DELTA
EBL

-0e021
-0000
-00102
00063
Oe4l3
0186
0974

DELTA
EBU

DELTA
EBU

DELTA
EBU

DELTA
EBU




APPENDIX K: REDUCTION OF ROTOR POSITION DATA ACQUIRED DURING ROTOR-BEARING -

ALTERNATOR TESTING

During the course of the rotor-bearing-alternator test program to determine the
rotor-bearing response to electromagnetic forces, the data describing the position

of the journals in the plane of the bearing pivots was tabulated for each of the

216 test points involved. This data was obtained from the two capacitance probes

mounted in each of the bearing supports (see FiguresII-23 and II-24). Readout

of the distance between these probes and the journals was obtained from the

distance meters incorporated in the microdynes.

To determine the eccentricity of the rotor pole faces within the bore of the
alternator stator,the experimentally obtained data was adjusted to allow for
instrumentation calibration factors, centrifugal growth of the journals and
differential thermal expansion between journals,bearing supports and capacitance

probes. The eccentricity in the pole face planes was then determined by geo-

metrical relationships.

A computer program was written to reduce the considerable quantity of data

accumulated during test. The output from these calculations is shown, for each

of the data points taken,in Table Kl. Column 1 entitled '"RUN'" is the test

point number, the conditions for which are contained in Tables VII-2 through

VII-5. The second column, entitled PLNE, describes the axial plane along the

length of the rotor to which the line of data applies. These planes are located

as follows:

Plane 1: In the middle of the large diameter labyrinth positioned

upstream of the turbine buckets.

Plane 2: In the plane. of the turbine end journal bearing pivot center-

line.

Plane 3: Half way along the axial length of the pole face adjacent to

the turbine end journal bearing.
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Plane 4: Half way along the axial length of the pole face adjacent

to the thrust-end journal bearing.

Plane 5: In the plane of the thrust-end journal bearing pivot center-

line.

Columns three and four,entitled H and V,give the calculated distances in mils
between the tip of the horizontal and vertical probes and the journals for con-

centric operation at the speed and temperatures observed at the test point under

consideration.

Columns five and six,entitled DH and DV, give the differences between the cal-

culated values of H and V and the measured values, obtained during test, corrected

for calibration effects.

Columns seven and eight entitled E and DE, give the eccentricity in mils of the
rotor to the stator in each of the 5 axial planes and the change in eccentricity
from a reference point (See Figure K-1). The selected reference point is the
zero excitation test point appropriate to the particular configuration, ambient
pressure and bearing diametral clearance under test. The evaluated data con-
cerning the zero excitation point appears as the second to the sixthline

inclusive on each of the pages of data presented in Table K-1.

Column nine,entitled EREL,gives the distance in mils between the journal center
at the zero excitation test point and the journal center at the test point under
consideration. Column ten,entitled A ,gives the angular position of the rotor

center at each of the axial planes relative to the geometric center of the

alternator stator.

Column eleven,entitled DA,gives the change in angular position of the journal
center between the zero excitation test point and the test point under considera-

tion, relative to the geometric center of the alternator center.

Column twelve, entitled AREL,gives the change in angular position of the journal

center between the zero excitation test point and the test point under considera-

tion yrelative to the angular position of the journal center at the zero excitation

test point.




Column thirteen gives the angle of inclination of the rotor axis to the geometric
axis of the turboalternator. Consequently, this angle of inclination is also
the amount of misalignment between the thrust runner and thrust stator when the

stator has been set up on assembly to be perpendicular to the turboalternator

axis and not the rotor axis.

Figure K-1 gives the terminology and sign convention wused to describe the

position and change in position of the rotor during test.
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Plane 1

Plane 2 Plane 3 Plane 4 Plane 5

1t

hrust Runner

Turbine ’
Wheel ‘(//Ax1s of Rotor
et
R Axis of
! Turboalternator
Angle of | !
e e Journal Bearings
(Rotn) g
(4)
DV ‘
Rotor Center O_ In Plane +VE Angle A In Plane Numbered
Numbered at Zero 7 | 0 Between Rotor Center and
Excitation Test Point T Turboalternator Geometric
Only Center
DH 0 DH
= = - Origin of

Turboalternator "’:YE”’,,,,,,,—————17/
Geometric Center

Rotor Center On In
Plane Numbered at Any
Test Point Other Than
Zero Excitation

Angles A

Eccentricity E in
Plane Numbered at
Zero Excitation
Test Point

DV .
—VE ' (Mils)
(B)
DE
(Mils)
e EREL (Mils)
-\\7i>\0 Origin of
N % }  ngles (avEL)
r AREL
Rotor Center Oy In Plane
DA Numbered at Zero Excitation
Test Point Only
|
(9]

Fig. K-1 Terminology and Sign Convention Used in the Tabulation
of Data Describing the Rotor Eccentricity During Test
of the Rotor-Bearing-Alternator Simulator
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Table K-1

Tabulation of Data Describing the Rotor Eccentricity
During Test of the Rotor-Bearing-

Alternator Simulator

TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION
REDUCTION OF TEST DATAe. CONFIGURATION A

CALCULATED DATA

RUN“PLNE H % DH bv E DE EREL A DA AREL

GMLIE R 887 Tels 6.0l 4e51

165 1 0e37 0e01 0e37 179

(ECIRE) 723 Te49 0e34 0e09 0635 0600 0600 165 O¢ 180,
EHENES 0630 0616 0634 152

15 4 0e28 0022 0635 142

55 5 6607 4057 025 029 0e38 0600 0000 131 Oe 1800
sl Ue36 —0e01 0436 181

e 2 Tel9 Te45 0e32 007 032 ~0602 003 168e 3¢ 314,
13 73 0e27 0Cel3 0631 154,

13 4 O0e24 0e18 0630 143

13 5 6012 4e62 OIZO 0025 Oe32 ~-0406 0-06 130 =1l 315.
14 1 Ce31 -0e06 0632 190

14 2 Te22 Te48 029 (0e04 0629 ~0606 007 172 T« 314,
14793 Ce27 0el3 0630 155

14 &4 Ce25 0Cel9 0632 143,

14 5 6e09 459 0623 0627 0036 ~0602 0602 1320 =0lel 3150
P65 Oe25 —-0el2 0428 206

P2 Te23 Te49 0622 —0604 0022 =0e13 0Cel7 190e 246e¢ 315,
16" '3 0el8 0e04 0619 167

16 &4 JOe¢l6 010 0619 148

16 5 6605 4655 (0el3 0el8 (Ce22 ~0el6 Qelb6 127 —4e 316
1R/ Oel3 =0e07 0el5 207

iy 7e30 7456 0el5 0602 0el5 ~0e20 0621 174 S« 339,
17T 3 Oelb 0609 0el8 149

17 4 Oel6 0Vel5 022 138

17" 5 606 4055 0el7 0e22 0e28 ~0e10 0610 129 ~2e¢ 316
18 CeC5 -0e13 Delé4 2500

180 2 Te35 Teb1l 0609 —-0e04 0el0 ~0e25 0e27 202 36« 333.
183 Cel3 0e05 0el4 158

18 4 0el6 0el2 0620 144,

18 5) 6003 4.53 0620 0020 0028 ~0e10 O'].U 1350 Ge 295.
35N 0e09 —-0e20 0e22 245

B2 7¢33 7659 0ell =008 0el4 ~0e21 0628 215 49 224,
35 3 Oel3 QJe03 OQCel4 166

35 4 0el5 Oell 0Oel9 143

35 5 6eCl 4651 0617 0e21 0627 =-0e11 0e1l1 128 -2« 316.
ATl Cel7 -0el0 0620 210

ZAT Te34 Te60 0el7 —0e02 0el7 ~0e18 020 188e 22¢ 327
20003 Oel7 0e05 0el17 164

27 4 Celé6 0610 DQel9 150

27 5 6616 4066 Delb 0616 0623 ~0e15 0615 1356 5¢ 303
31 1 0e23 "'0.14 0027 211-

31 2 7625 T7e51 0620 0405 0621 ~0el4 0619 194. 29¢ 315
31 3 Oel7 Ce03 0617 170

31 4 Cel5 0609 O0el8 149

315 6606 4656 0el2 0el7 0021 ~0el7 0Qel7 126 =5lel " 3i1i6le

ROTN

0«001
0001
0001
0001
0001
0.001
0001
0001
0001
0001
0.001
0001
0001
0e001
0.001
0e001
0«001
0e0N1
0001
0001
0.001
0001
0001
Ne 001
04001
0001
0001
06001
0¢001
0001
0001
0001
0001
0001
D001
0001
0001
0001
0001
0001
0001
0001
0«001
0¢001
0001

313



314

RUN PLNE -

0
23
23
23
23
23
36
36
36
36
36
19
akts)
i)
19
159
20
20
2V
20
20
24
21
2L
21
23l
22
0
22
22
22
202
24
24
24
24
24
28
28
28
28
28
32
32
312
32
32

TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

HUPSPWLUNHFUOPLONRFRFUPLPLOLNNHE UL FEYPWNEC

VP VLVUNFUVMPLUNFUMPEWNRULSEWN

H
6+838

4068

Te56

4e54

DH
6+01
0e33
0e28
Oe24
0e21
Oel7
-0005
002
0e08
Uel3
Oel8
010
Oe11
Jel3
Oel5
Gelb
021
Ue20
0620
0019
Oel8
0e04
007
009
0610
Gel2
Co36

0430
Qe24
0,20
0el5
Oetlt
0e37
030
0626
0620
0627
0e23
0620
Oleili
Oel4
Oel5
0el5
Oelé
Oel4
Ool4

CONFIGURATION

CALCULATED DATA

DV E
4451
-0e21 0039
—0«09 Ce30
003 0624
0«1l Qe24
Ce22 028
-0e22 0022
-0e11 Ooll
-0e02 0408
0e05 0Oel4
Oell 0023
-0e26 0628
-0el4 0418
-0e02 0613
0«06 0elb
Oel6 0623
—0e23 0631
—-0e11 023
0eCO- 0620
008 De21
Cel8 0626
-0031 0032
-0e19 0420
-0e07 0Ooll
0e01 0610
Oel2 017
-0027 Qe45
=013 033
-0e01 Qe24
0e08 0622
0e20 0625
-0e34 0655
~0e18 0e4l
-0e04 0631
0e06 06027
0el19 0028
"0‘34 O0e&3
-0e20 0631
-0e07 0e21
0e02 0Qel7
Oel4 0020
-0e21 0026
-0e¢ll O0Oe.1l8
-0e01 0015
0.06 0el6
0015 0621

DE

~=0e05

=0e12

-0405

-0e07

-0.02

-0e10

=011

-0.08

-0.12

~0607

A

EREL

000

0.09

Oelé

008

A

213
W7
173
152
129.
282
261
192«
158
143
250
2300
190
158
135
227
208
180
157
135
262
251
219
172
135,
216

204
182
158
128
218s
207
188
166
135
231
221
200
173
1356
235
216
185
158
135,

DA

Oe

63

140

33

6o

141te

53

6e

-1la

9e

Te

23

Te

19.

6e

AREL

180

180.

355

264

343,

283

346

259

335/

29396

248

317

228

225

294,

293

352

292,

ROTN

0001
0001
0001
0+001
0.001
0001
0001
0001
0.001
0«001
0001
0001
0.001
0001
0.001
0.001
0.001
0001
0.001
0.001
0001
0«001
04001
0001
0,001
0001

0+001
G.001
0001
0.001
00002
0.002
0002
0002
0002
0001
0.001
0001
0001
06001
04001
0001
0001
0001
06001




TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF "TEST DATA.

RUN PLNE H

MU WWLWWWLWWOOOCOO W WU Ui FEEEPLPNONNONN S WWwWwWwwo

NN WWWLWW

NN N
O U W»

)

) T
0 O

P

NN
O 0

SLUNHOD>LONHU SN HUPLPWLUNFUOUPLPLONRRUOPFON O

MHEOUNHULE WNE UL WN U

688

672

\Y
Tell

DH
6401
Ce21
0021
0e21
0620
Ce20
Ue21
0e21
Ce21
Je21
021
0e21
Ce21
0e22
Ce22
0e22
Oe(C8
0609
010
Oell
Del2
Vel 9
Oel9
0el8
D618
elli8
009
Qel2
Oel5
0el7
Cel9
0e07
009
Cell
Del2
Oels4
Oe34
Qe 21
029
0e27
DieiR5)
Oels
Celb
Cel8
Cel8

Ce20

CONFIGURATION

CALCULATED DATA

Dv
4e51
Q0«05
Del15
0e25
De32
Ce40
-0e01
0e10
0e2C
0627
Ce37
-0.01
0e¢10
0e20
Ce28
Ce37
-0.08
0e03
Del4
0022
Ce32
-0e03
0607
Oel7
Ce24
Ce34
-0e05
0e07
Cel7
Oe25
Ce35
-0.10
0403
O0e15
0e23
Oe34
Dol
0e20
Ce26
0e30
Ce36
=012
~0.01
0e09
Cel7?
0e26

E DE

Ce22
0e26 0400
0e32
038
Oe45 0400
0622
0e24 -0402
0629
De35
0.43 ‘0003
021
O0e24 -Co02
0630
0e35
Del3 =0602
Oell
0610 =0416
0«17
Je25
Oe34 -0611

e 19

0620 =0406
Q:Z%
Ce30
Ce38 -0407
Dell
Cel4 =0al2
Ce23
0e¢30
0040 ”0006
0el2
0e09 =0617
0s18
Ce26
0e37 -0.08
De36
OB 0101
0639
Oetl
Oe44 =002
019
0el6 -0610
Ce20
Q025
0033 -0012

B

EREL

A

166,
144,
139,
123.
13 Te
183.
155
137
128,
120,
lolds
155.
137
128,
120
226+
159,
125,
116
110.
190
15G.
137,
127
118,
297
151
130
124
119.
236,
161,
126,
117,
112
158,
147
1328
132
125,
218
183
152
138
127

DA

186

_5,

39

10

AREL

180

180

264

254

264,

241

314,

316

234,

289,

315,

283,

314,

31ile

1155

224,

285

273

ROTN

0001
0001
0+001
0.001
0001
0.001
0001
0001
0001
0001
0¢001
0.001
0.001
0001
0.001
0001
0001
0.001
0001
0001
0001
0«001
0001
0001
0001
0001
0001
0001
0001
00001
0001
0+001
00001
0001
0001
0«001
0001
0001
0001
0001
0001
0001
0.001
00001
0001
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316

TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATAe.

RUN PLNE H

0
1L
11
1.1
1
11
34
34
34
34
34

> C OOV OOV VOO ®EN~N~NNN

[ R e e e e
NN NN C =)

—
¥}

w RN NN N
cooooo o

30
3C
30
30

0

U'\J-\WT\J)—‘U‘J-\L»NH\J"bmf\)b—-‘\NL\WN)-‘\N#\L\)NH\DDWNH\D,\\»N)—‘\J‘J—‘ul’\Jr—‘U’J—\WNr—‘

688

v
Telt

DH

6601
0e28
Oe25
0e23
0621
0619
Oe04
008
Uel2
Cel5
Oel9
O0el3
Qeil5
Delb
O0el7
0e19
0el2
0014
Oel6
0e18
0«20
0el7
Celb
Oeld
Oeld
0el2
Oelts
Oeld
(/\.14
0el5
Oel5
0626
0e23
0el9
Oel7
Deld
0s28
Ce26
Oe24
0e23
0e22
0e23
Ge21
020
0.19
0e18

CONFIGURATION

CALCULATED DATA

bV
4.51
-0.11
002
Oelé
0e22
0e34
~0e¢19
-0.04
Oell
Qe21
Oe35
-0.18
-0e03
Oell
0e22
Ce35
-0e19
-0e072
Oel2
0622
0«36
=022
"0008
CeC6
0016
0.28
-0e19
-0-03
Oell
0622
0e35
-0021
-0.06
0«07
0el7
Ce30
-0.09
0«03
Oel4
0e22
0e33
-0e21
-0e08
004
013
0e24

£

Ue30
0e25
0e27
Ole 31
0e39
020
0609
Oelb
Q0«26
0e39
0e23
O0elb
020
0e¢28
0639
0e22
O0el5
0620
0e28
Oe41
0e28
0e18
0el6
0e21
0e31
0e23
0el1l5
0el8
0626
0.38
Qe34
Qe224
0021
Qe24

‘0e33

0429
0.26
0.28
0432
0e39
0e31
0.23
0420
0.23
0430

DE

0400

B

EREL

A

202
176
148
132
119
259
205
138e
125
118.
234
191
145
129.
118e
237
192
145
129
119.
232
206
158
131
114
233
192
142
124
113
219
196
160
135
115
198.
173
150
136
124
222
200
168,
145
126

DA

Oe

(@]
.

29.

“Qe

15

30

=Hie

17

200

-3

-3

AREL

180'

180

342

94 .

335.

99.

335

130

314

317

335

15

285

315

132

205

291

276

ROTN

0.001
0.001
0001
0.001
0001
06001
0.001
0.001
0001
0.001
0001
0.001
0.001
0.001
0001
0001
0.001
0«001
0001
0.001
0.001
0001
0001
0.001
0.001
0.001
0.001
0,001
06001
0001
0.001
0001
0001
0.001
0.001
0001
0.001
0001
0001
0001
0001
0001
0001
0.001
0001




TURBU ALTERNATOR ROTOR POSITICN TEST DATA REDUCTION
REDUCTION OF TEST DATA. CONFIGURATION B

CALCULATED DATA

RUN PLNE H \ DH DV = DE EREL A
@ 0 6e88 Telbt 6001 451
195 i Ce49 0el6 051 162
15" = 2 7e33 Te59 0e4l 0el8 0645 0400 0600 157
1’5 3 Ce34 (el9 0639 151
LIS g4 Ce29 0620 035 1460
15 5 610 4660 Ce22 De21l 0e31 0e¢QO0 000 137
Pas] 0e55 0612 0656 168
113" .2 7¢28 Te54 0645 0el6 0e48 003 0605 1610
1. 3853 Ce37 (Uel9 O0e4l 152
130 i 0e30 (Ce22 0637 144
13555 6610 4660 0Ce22 025 0633 003 204 131e
14 11 Oe50 CeQ7 050 ) 172
14 2 7e32 7458 0642 0el2 0043 -0601 0606 1640
14 3 Oe34 Qel7 Qe30b 1546
14 4 0e29 0e21 0635 145
14 55 6el0 4660 0622 0625 0633 003 004 131e
16" 1 0e27 000 0627 179
16 2 7e¢32 Te58 (e24 006 024 -0e20 0021 1660
L6 3 0e20 0ell Qe23 152
16 4 Cel8 Oel4 0e23 142
65 6607 457 0el5 Cel9 0Ve24 =006 007 129
%7, 1 0e25 —0e01 0e25 1820
LT 7e32 758 0623 0606 0e24 —-0e21 0621 167
17 =3 0622 0612 0e25 151
167, 4 0620 Celb 0e26 141
17 5 6604 4L4e54 0619 0e22 Ce29 —0eC2 004 130
18 1 Ce25 0e17 0630 145
18 2 7e32 Te58 0623 0018 0630 =0el5 018 143.
18 = 3 0e22 0619 0629 140
18 4 0e22 0l 029 139
18" 5 5002 G052 (o2l 0020 0629 -0602 002 1360
3L 1 Cellt Ce05 0el5 160
SN2, Te33 7659 Celb6 QCell 0619 =025 0026 147e
31 3 0el8 0Celb De24 139
31 4 0el9 0el9 0627 134
23t 5 598 4e48 0420 0e24 0631 0601 0604 130
27" 1 O0e34 Qel6 0638 155
27 2 7621 Tet47 0e29 0017 0034 =0ell 0e1l2 149
A O0e24 0e18 0630 143
27 4 0e21 0el9 0.28 138
27055 6el6 4e65 0Velb6 0620 0026 =005 0606 130e
25 1 Del6 009 0619 151
25 2 7¢32 Te58 0el8 0612 0622 -0e23 0624 146e
35" 3 019 0615 0625 141
35 4 0e20 0e18 0e27 139
35 W5 6606 4455 0622 0621 0e30 =000 000 137

DA

Oe

-6

Te

=6

=Til{e

AREL

180

180

203

85

264

358

347

347

330

ROTN

0001
0001
04001
0001
0001
0001
0001
0001
0001
0001
0.001
0001
0.001
0001
0001
0001
0001
0.001
0001
0.001
0001
0001
0001
0001
0001
0000
0000
0+000
0000
0000
0001
0001
0001
0001
0001
0000
0000
04000
0000
0000
0000
0000
0000
04000
0000

317
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TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

RUN PLNE H

0
283
23
23
23
23
312
32
372
32
32
L)
1)
L)
19
19
20
20
20
20
20
21
21
201
21
21
22
22
22
22
22
24
24
24
24
24
28
28
28
28
28
36
36
36
36
36

VMPEFUNHUPFLONFIPOLONHUUPLPONHFHFUPONFUPLPOLONFHFUDPLPONHUPRPWLONFUDWNRFO

6488

Tebt

DH

6001
Oe51
0042
0e33
0.27
0620
O0el2
Oel4
Qelb
0e17
Oe18
0e29
O0e25
0e21
Oel18
Qe 5
0/e23
0021
0«20
0.19
0018
0e32
0e26
0.21
Oel7
0el2
0e46
0e38
0e32
0627
0.20
0637
0e32
0e26
0e22
0e¢18
037
0430
0e25
0e21
0s15
0s12
0s13
0«15
0016
0018

CONFIGURATION

CALCULATED DATA

DV
4051
=001
Ve06
0e13
0e17
0e23
005
0«08
0el2
Oel4
0017
-0e05
0«01
0«06
0«09
Oel4
‘0010
-0e02
005
0e¢10
O0el7
=001
003
0+06
0e08
0e11
=-0e¢13
-0e04
005
O0s11
0e¢19
~0e24
=)l
0«01
0e¢10
0e21
-0e¢16
-006
003
Qe10
0«18
0e13
Oe14
0¢15
0e16
Oel7

E

051
Dets2
0e36
0e32
0630
0¢13
0e16
020
0e22
0e25
0029

025

0e22
0620
0620
0e25
0e22
0e21
0.21
De24
Q0e32
0e26
Qe22
019
0el6
0e47
0039
032
0e29
0.28
Qetth
0633
Qe26
Oe24
0e27
0e40
0e31
0225
0623
Qe24
Oel7
0019
Qe21
0022
Oe24

DE

0600

-0e10

=0le 271

-0.06

=0e16

=014

~0004

-0-02

=009

=003

-0-11

-0.07

~0e23

-0006

B

EREL

0600

A

181e.
172
159
148
131.
159,
149.
143
1400
136
189
178
165
153
137
204
187
167
152
137
182
175
165
154
137
196
185
171,
1557 e
136
213
199
178
157
130
203
191e.
172
154,
130
132«
134,
135
136
137

DA

19.

-1le

—~38e

6e

AREL

180

180.

5e

2876

343

299

337

289

347

303

290«

259,

301

313 ¢

313,

31l4s

156

288

ROTN

00001
0.001
0.001
0001
0001
0000
0000
0000
0,000
0000
0.001
0001
0001
0001
0.001
0001
0001
0001
0.001
0.001
0.001
0001
0001
0001
00001

0.001.

0.001
0001
06001
0001
0001
0001
0.001
0001
0001
0001
0001
0.001
00001
0001
0.000
0000
0.000
0.000
0000




RUN PLNE H

(0.
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TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST

6488

%
Talb

699

4.20

TeCl

4e22

7400

DH
6601
Oell
0e20
0e28
0e34
0e42
007
0018
Ce28
0e35
Oel45
0«00
O0el2
Ce23
(Ue31
C.al
-0.10
0e03
CelS
Ce24
Ce35
0eC7
Celé6
Ce24
0e20
0638
O0el5
Ce24
0#30
Ce38
-0e06
007
Del?
0e27
Oe38
0e01
Oel2
Oe21
0e29
0e38
-0e17
-0e03
Oell
Ce20
Oe32

DATA.

CONFIGURATION

CALCULATED DATA

Dv
4e51
-0e34
~0e19
-0405
0e0¢
Oel€
-003/4
-0s20
=008
0601
0el12
-0e34
-0e20
-0e08
0s0Q1
Cel3
-0e31
“C'.l7
-0e035
0004
0e¢16
-0e46
-0e28
-0e12
-(Ce01
Oeld
=0e72
—0010»7
~0e24
-0e07
0615
-0e40
~Ce25
—'Ou 12
-0e02
UelO
-0e42
-0e27
-0e13
=003
0e1l0
-0e87
-Ce59
~-0e33
-0e15
0«09

E

0635
0627
0029
0435
0646
0434
0627
029
0635
0ot
Ce34
Qe24
0024
0e31
0eti3
0.33
0e18
Oelb
OI24
0439
Oetb
0e32
027
030
040
0073
0450
0e34
0e31
0e61
0e4l
0e27
0e22
0e27
0440
0e42
0429
0425
0629
0439
Ce89
0e59
0635
0625
0e34

DE

@

EREL

A

253
223
189.
170
157
258
229-
196
178
165
269
239,
199.
178
163,
238,
2610
197,
170
1556
261
2404
207,
181,
159
255,
252
225
193.
159,
279
256
213,
1854
165.
269
247
211
186
1656
281
273
253
2160
164

DA

Oe

5e

8e

16

370

-1

17

AREL

180

180

315

282,

bo

343

291

317

279

318

331

2976

299«

31€e

ROTN

0002
0.002
0002
0002
0002
0+002
0002
0002
0002
0002
0002
0002
0+002
0002
0002
0002
0002
0002
Je002
0002
0002
0002
0002
0+002
0002
0002
0002
0002
0002
0002
06002
0002
0002
0002
0002
0002
06002
0e002
0002
0002
0003
0003
0003
0003
0003

319
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TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

RUN PLNE H

0
1.4
1.1
11
11
16

DOV OVOVE®ODOO O~~~

=

MPULNHFHFUVPAPLVLVNNFEFUMPLONHFHFUVPEOVLONFEFUVDEAELWN-H P OLONHUOPWLONNEDIPPLONEUMPAEWN-O

Vv
Teldk

DH
6.01
-0.02
Oel2
Oe24
O0e34
Oe&45
-0e02
010
0e21
0«29
0e40
0«09
018
0e25
0e31
0.38
-Ge05
0e06
Oel7
Oe24
Oe34
-0.00
0Dwell
0e22
Ce29
0e39
-1l.38
-0e85
“0036
-0.01
Oet &
-0607
0.06
0.18
0627
0«38
0«05
Oeld
0e22
0e28
0e35
-0e17
-0.03
010
020
0e32

CONFIGURATION

CALCULATED DATA

DV
4.51
-0e74
-0e50
-0e28
-0e12
0.08
-0e89
-0e58
-0e30
-0.10
Oelb
-0e94
-0e63
-0e34
-0e13
0el5
-0e77
-0450
—0025
-0.08
0el5
-0.85
-0057
—0-31
-0e13
011
-0e72
-0e52
-0e33
-0020
-003
-0e55
_0038
-0e23
-0e13
0.01
-0e63
-0e43
"0.24
-0.10
0.08
-0e94
-0e65
-0439
-0620
Ce 04

E

0.74
0e52
0e37
0e36
0e46
089
0e59
Q0e37
0«31
0e43
0e95
0e65
0.42
0e33
0s41
Qe 77
050
0«30
0e25
037
0«85
Ce58
0«38
0e32
040
155
1.00
0e49
0e20
0e44
0e55
0e39
0«30
030
0«38
0eb4
0e45
0e32
0e29
0e36
095
0e65
0e¢40
028
0e32

DE

-0.06

Oet8

-0.02

-0e13

'0.08

-0.07

=0010

Oel4

=0014

C

EREL

0400

A

271
257
229
200
170
271
2600
235
198,
158.
264
254
233s
202
159.
2740
263
237
197
156
2700
259
236
204
164
3320
329
318
274
183
278
261
232
205
178
2660
252
228
200
168
280
273
255
226
172

DA

)

3e

=12

=2

=11

6e

=14

AREL

180

180

283

57

245

41

33,

277

24

359.

279

64e

316,

103,

357

315

344,

ROTN

0003
0003
0003
0003
0003
0003
0.003
0003
0003
0.003
0.003
0003
0.003
0003
0.003
0003
0.003
0003
0.003
0003
0003
0.003
0«003
0003
0003
0005
Q.005
0005
0005
0005
06002
0002
0002
0002
0002
0002
0.002
0002
0.002
0002
04003
0003
0003
0003
0.003




RUN
15
15
15
15
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TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

PLNE

L“bull’\)“—‘\n.’>L»l\)*-‘\f‘-(>b)i\)"\!‘4>\»l\)>—‘m5—*\»?0!-‘\}1~P\»\-’\Jr~‘\ﬂ'PNNP—‘\DDWT’JH\T‘#WNH(J

w
.

[69]
-~

=
.

O
0

\%
Teld

DH
601
Celb
0018
Ce30
Je39
0650
Oell
0e21
Ce31
0438
0e46
008
Oel9
:).30
D637
Celb
-0Cel6
Ce07
0e20
Je29
Cetrl
Ce09
020
Ce30
Ce37
Qetsb
Cel7
0617
Ce26
De32
Qedtl
—O-C&
Je21
De30
Jebl
0«05
Del5
Ue264
Je30C
Ce39
0e08
Je19
0629
Je36
Ce&5

CONFIGURATION

CALCULATED DATA

DV
4e51
-le34
-1.C0
-0e68
—0e45
-0e15
-1.50
-lel4
_0081
-0e58
-0e27
—-1le40
_1-05
-Ne72
-00’59
-0el8
"‘1-33
~Ne99
-Ceb67
“.;.44
-0e15
=153
«]sl6
=0e 81
-Ce56
-Ne23

—-1e49

“'101?'
"C‘.-IL)
-0Je55
—Uel4
~-1le&>
-1-09
=075
e 50
-0e19
_1083
_1-39
-0.98
-0e68
-0e30
-1e65
~-1e¢23
-Ce83
=Ce55
=0«19

E

le34
101
OeT4
0e59
Ce52
150
le16
0«87
069
0e54
le40
leCét
Ne78
Qeb1
0e50
1e33
099
De7C
0.53
Oe&?Z
l1e54
1e18
086
Deb7
F.Sl
1.49
1.14
0e82
NDeb 4
0047
le&?®
1.069
Ne78
De58
Ce45
1e¢863
1e40
1.01
Qe75
Oe&?
l1e65
1e24
Ne88
0e66
De49

DE

C

EREL

A

268
260
246
229
197
266
259
249
237
211
267
259
248
233
202
273
266
254
237
201
2566
26Ce
250
237
2G7 e
267
262
252
2394
210.
271
265
254
239
205
268
264
256
246
218
267.
261e
251
237
203

DA

13

-Oe

AREL

180

180

259.

285

259

306

269

319.

ROTN

0003
0003
0003
0003
0003
0003
0003
0003
0«003
0003
0003
0003
0003
0003
00073
0003
Ce003
0.003
0003
0003
0004
0004
0004
Ce0C4
0004
0«003
0003
0003
0003
0003
Ce004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0004
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RUN PLNE H

9]
23
23
23
23
23
32
32
22
32
32
19
19
19
19
19
2C
20
20
20

2V

6]
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TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

688

\
Teldb

Telt

DH
601
-0002
013
0e27
Qe36
0.49
De04
Celd
Ue23
0«30
039
0«06
Cel?
0e27
0e34
Cettts
0.03
Oel6
Oe28
Ce37
049
-0e07
0.06
Oel7
0e26
0e37
Oe04
Oel6
0e26
Ne34
Delts
0e09
0e21
0e32
0e40
0e5C
Ce05
0e16
0e27
Ce34
Oeb s
Ce04
0el15
0e.26
033
Oet2

CONFIGURATION

CALCULATED DATA

LV
4e51
-1-68
-1¢29
-0-93
"0067
-0e33
-1l e67T
"1.27
-0e90
-0e64
=030
-le74
-le31
-0.91
-0e62
-0e25
_1082
_1037
-0e96
‘0067
"0029
=162
~le24
_0089
-0e64
=032
-le72
=1e32
“0095
-0e68
-0e34
_1-86
-lett
-1405
—0077
-0e41
-1e¢93
-1e49
-1.09
-0.80
-0e43
-1.98
=150
-1.05
—0072
-0e31

F

€

le68
130
096
Q076
059
le67
128
Ne93
0e71
0e49
lo74
le32
095
Oe71
0650
le82
le38
101
077
NDe57
1e62
le24
091
0e69
0e49
le72
1433
0.98
076
0e55
187
le&4b
le10
087
0e65
193
1«50
l1e12
0e87
0eb62
198
1651
1.08
079
0e52

C

A

271
264
254
241
214
269
264
255
245
217
268
263
254
241
210e
269
263
254
241
211
273
267
259
248
221
269
263
254
243
218
267
262
253
243,
219
269
264
256
247
224
269
264
256
246
2160

DA

=] »

3

—2e

—4e

-1

=4

Te

~1e

-3

5e

-1le

10

“Qe

AREL

180

180

132

20'

208

57

249

86

34,

225

355

242

262

261

298

263

22

ROTN

0004
0004
0004
0004
0004
0,004
0004
0004
0004
0004
0004
0.004
0004
0004
0004
0004
0004
0004
0.004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0.004
0004
0004
0004
0.004
0004
0004
0004
0004
0004
0004
0004
0005
0005
0.005
0005
0005




TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

RUN PLNE H

O*O‘O\O‘C‘U\U‘U’U‘U'\J.\J-\J—\J.\L\!\)l\)l\)l\)l\)b—‘b—'b—"—"—‘wwwuuo

U"#‘u)N'—-‘\J’\'L\wf\)ﬁ-—'mbwl\)r—'kﬂb\.ﬂi\)r—‘\h#\\.\)NH\J\J:'\))N‘—‘UWJ.\WND—‘LH‘L\\»N?—‘WVDU)NHO

688

440

0
LN

4439

DH
601
Ce35
0+25
Oelb
009
0«00
0.46
Ce32
0e19
Del0
-0.03
Cets7
0e33
0«20
CelO
-0s02
0e36
Ce23
Oell
0e02
-0e09
Ce34
Ce22
Oell
De03
=007
0e39
0e26
Cel5
Ue06
-0e04
Cet2
Ne29
C‘ol7
0408
_0004
0e37
Ce25
Jeld
Ce06
-0e04
0ie:3'9
CDZQ
Cell
001
~0el2

CONFIGURATION

CALCULATED DATA

bv

h.sl
-3e45
_2.96
=250
_2018
=175
-4618
=351
-2.89
—2e44
=1 o 8
-3+78
=30 25
=2e71
-2e24
~1e86
-3.66
-3¢14
—2e67
=2ei 32
-1.88
—3.75
=322
=22
-2¢36
=i1%er el
"4092
~3e34
-280
“2.42
=192
"3.41
_2098
‘2-58
_2029
—1le92
-""0010
-3e47
—288
_2046
-1.92
-4e13
",u53
-2¢96
-2¢56
-204

E

3.47
2697
2051
218
le7H
4e21
353
2090
2e44
1.87
3¢81
3e24
272
234
1.86
3e67
Fiellh5
267
2032
188

3676

31022
2072
236
1e91
3694
3e35
2081
2042
1le92
Fel 4y
2499
2458
2629
l1e92
4e11
348
289
2e46
et 2
4.15
3e54
2097
2056
204

DE

D

EREL

A

264
265
266
268
270
266G
265
266
268
2l le
263
264
266
268
2l 1%
264,
2660
268
269
575,
265
2660
268
269
272
264
265
267
268
2 e
263
264
266
268
297 e
265
266
2670
269
271
265
266
268
270
273

DA

AREL

180

180

263

284

254

283

276

305

277

295

268

285

205

283

270

284

271

293

ROTN

0005
0005
04005
0005
0005
04006
0006
0006
0006
0006
0005
0005
0005
0005
0005
0.005
0005
0005
0005
0005
0005
0005
0005
0005
0005
04005
0005
0005
0005
0005
04004
0004
0004
0004
0«004
0006
0006
0006
0006
0006
0006
0006
04006
0006
0006
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TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

RUN PLNE H

0
11
11
1Ll
11
18]

Vo IRV IRV JRVo IRVo I o e « Mo < e < Jo JRENRENEEN EEN EEN

WLWLWWLWWLWLWLWLLWWWLWNNRNNNFE
PP PPEPPOCOODODOOOOOONNNNNCCCOO

VP WNHUALAPLONHUAWLONHFHUALAWBNFEFUPLPWONHUDEWONFRULLONEDESWNHWU S LOUN = O

6488

587

6679

590

6485

\
Teld

706

4636

DH
6401
Qe24
016
0«09
0e04
-0403
0e40
027
0«15
0«06
-0e05
038
O0e24
Cel2
0.03
-0.09
0e20C
0e11
0.03
-0403
—0.10
0e35
0e23
Oell
0.02
—0009
Oetbts
0e29
0e16
0«06
-0.06
Oett
030
0el6
0607
-0.05
0«39
0«26
Oelé
0«05
-0.06
035
022
Oel1
0e02
‘0-09

CONFIGURATION

CALCULATED DATA

DV

4651
=359
-3.10
—-2¢63
-2¢30
-1.87
-4407
‘3045
—-2.88
246
=193
4,01
_3-42
—287
—2-47
—1097
-3¢85
=3'e1311
—2¢81
—2045
-1.98
+3¢95
-3438
-284
-2e46
=197
-3671
-3420
—2le 1:3
-2638
=195
=3leili2
-3620
=22
_2038
=193
-4e30
-3e63
-3.01
—2456
-1.99
4626
=3e6/1
=300
—2e97
-2.01

&

360
310
264
2430
187
4409
3e46
288
246
193
4402
3e42
287
247
1«9
386
3¢31
2481
2045
1.98
3696
338
284
246
1697
3674
3e22
203
239
195
3e 74
Bei 22,
213
2438
193
4632
3eb64
3.01
2456
1.99
4027
3061
3.00
2051
2.01

DE

D

EREL

A

266
267
268
269
271
264,
266
267
269
272
265
266
268
269
273
267
268
269
2L
273
265
266
268
269
273
263
265
267
269
212
263
265
267
268
2T le
265
266
267
269
272
265
266
268
270
272

DA

2e

—1e

-2

le

-2

Qe

-1le

AREL

180.

180

254

290.

255

300

283

304

257.

300

219.

292

219.

286

260

285

263

292

ROTN

0.005
0005
0.005
0005
0005
0006
0006
0006
0006
0006
0006
0006
0006
0006
0.006
0005
0.005
0005
0005
0005
0005
0005
0005
0005
0005
0005
0005
0005
0005
0005
0.005
0«005
0005
0005
0005
0006
0.006
0006
04006
0006
0.006
0006
0.006
0006
0006




TURBO ALTERNATOR RCTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATAe.

RUN IPLINE S

(¢}
15
15
15
135
1)
1)
143
13
113
13
14
14
14
14
14
16
16
16
16
16
LT
174
167
Lo
Ly
18
18
18
18
18
2
2T
27
21
200
371
21
il
31
31
35
315
35
35
35

NMPEPOLNNHUVPLELOLNNFEFVPSPLNNHEFUVLEOUNHUPLPOLONRFREUODPLPLOVNFEFVPAPLONFEF VD VONHVPWNRRO

CONFIGURATION

CALCULATED DATA

Vv DH DV

Tellt 6601 4e51
0e52 —-370

7.55 0032 -3.18

Oel5 =-2470
0e02 -2436
4.71 _0014 -1092
Ce7l —4e66
Te58 0e47 —3.88
0e25 -3e16
O.lC -2e64
4e72 =001l =197
0e86 —4o&7
Te54 0657 =374
Ce30 -3.05
O.IO _2056
4el2 =015 =193
Oe54 —-4411
ifae 52 W0 635K =3¢50
Celb —-2493
0603 -2452
465 —0elt —1e99
0e72 —4e56

7e51 0(oe48 -3.82
O0e2€ —-3ell

0e1C -2464
4e63 =0ell —-2401
Deblt —4eb62
Te45 0Oet2 =-3487
021 —318
0e056 —2468

4e61 —0el4 —2403
0eb63 =4e49
Te58 (o4l -3478

0021 ‘3.11
0607 -2e64
4eb4 —0012 -2.02
0e7C —4482

Te52 0De4l -4405
Oelld =333

-0e05 -2481

472 —0e30 -2615
0069 —4075

Tets2 Coells -3e96
0020 -3e24

0e03 -2071

4-57 —0019 “2004

E

3ie 7.3
320
2ell
236
192
4e72
3491
3ol 7
264
1.97
4456
378
3607
256
[5e:9:3
L4ell
3e51
2092
252
200
4eb61
3685
3l 2
2¢65
202
4e66
3690
3018
268
204
4453
3¢80
3el12
2064
203
4687
407
3633
281
217
4480
3699
3624
2ol
2405

DE

D

EREL

A

262
264
267
270
274
261
263
265
268
273
259
261
2664
268
275
262
264
267
269
274
261
263,
265
268
273
262
264
266
269
274
262
264
266
269
273
262
2640
268
271
278
2620
264
266
269
275

DA

Oe

Oe

—0De

-1e

=0«

-1l

=0e

=le

=0

ARELL " 'ROTN

0005
180« 0005
0005
0005
180« 04005
0007
2584 0007
0007
0007
2344 06007
0007
2464 06007
0007
0.007
315« 04007
0006
266+ 04006
0006
0006
263« 06006
04007
257« 04007
0007
0007
250 06007
0007
262+ 0007
0007
0007
265+ 04007
0007
262+ 04007
0007
0007
257« 04007
0008
264e 064008
0008
0.008
303« 0008
0008
262« 04008
0.008
0008
289« 04008

325




326

TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION
REDUCTION OF TEST DATAe.

RUN PLNE H

0
23
23
23
23
23
19
19
19
19
19
20
20
20
20
20
21
21
21
21
21
22
22
22
22
22
24
24
24
24
24
28
28
28
28
28
32
32
32
32
32
36
36
36
36
36

VMPEPLONFULPUOUNFHFUVDPLPLONFUDPLPWONFUPRPONHFHFUPRPONFULRPLONFEF VLWLV LAWNDHO

6088

Te34

6402

DH
601
0e46
0e27
0e10
-0e03
‘0.19
0e63
0¢40
0.19
004
-0e15
0e58
0e37
0el7
0.03
—0015
Oe46
0626
0.08
-0.06
-0023
0e63
0e40
0618
0.02
-0e18
078
0e51
0625
0eC6
=017
Qe61
0e38
Oel7
0.01
-0.18
0e62
0e39
0018
0e03
—0016
0e63
0e40
Oe18
0.02
-0e18

CONFIGURATION

CALCULATED DATA

DV

4e51
-393
-3e35
-281
-2e42
~1¢92
-4e71
-394
-3e23
-2e71
-2e¢05
-4468
=31092
-3e21
-270
-2¢05
-4633
-3.68
-3.08
—~2e64
-2¢09
-4458
‘3-84
-3e16
—-2e67
-2¢04
~4e82
-4.03
-3e29
-2e76
-2.08
467
-3e92
~3e23
=2¢713
-2.08
-5.08
-4e23
-3e44
-287
=2e14
-5410
-4e23
-3e42
—-2e83
-2.08

E

3495
5436
281
2062
1.93
4e75
3.96
3.23
2ls 1)
2,06
4e71
3.94
S
ok 1.0
2406
4436
3669
3408
2465
2010
bab2
3486
3416
2567
2404
488
4406
3430
Do lb
2409
4u 70
3.94
3023
273
2409
5412
4425
3e45
2:87
2415
Selé
4e25
3e42
2483
2409

DE

000

000

061

0e13

0«58

013

0e34

D

EREL

000

023

089

0el6

A

263
2650
268
271
276
262
264
267
269
274,
263
265
267
269
274
264
266
269
271
276
262
2640
267
269
275
261
263
266
269
275
263
2640
267
270e
275,
263
265
267
269
2740
263
2650
267
2700
275

DA

Oe

-2

-1e

-1e

AREL

180

180

258

256

260

255

272

285,

256.

265

251

265

260

269.

262

263,

262

269,

ROTN

0006
0006
0006
0.006
0006
0.007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0006
0006
0006
0.006
0006
0.007
0.007
0007
0007
0007
0.008
0.008
0008
0.008
0008
0007
0007
0007
0007
0007
0008
0.008
0008
0.008
0.008
0008
0008
0008
0008
0008




TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

RUN PLNE H

COOOOUVUVUNUULLLPLEEPNNNNMNNNHEMHEBHEWWLWWWO

U\«PL})I\)D—'U\&\L.\JND—‘U‘ImeH\ﬂbNNH\DL‘wNHU‘PwNHWPNNHmbWNH\hbuNHO

6088

6078

585

6677

586

678

DH
6401
0420
Del2
0e05

-0401

-0408
0e28
0e19
0410
0404

~0403
0e29
0.18
0408
0460

-0409
Bel T
0409
0402

=0503

-0409
0629
0420
0ell
0405

~0403
0409
0407
0405
0003
0402
De32
0e 28
0e15
0409
01602
0426
gl
0409
0404

-0404
0e22
0012
0e03

-0403

-0e12

CONFIGURATION

CALCULATED DATA

DV

4651
-3e¢27
—-2e85
~2e46
=217
-1e81
-3e56
-3.07
-2e61
2428
-1+86
=3655
-3.08
—2e64
2032
=192
-3e52
-3.04
-2e¢60
-2-28
=187
=387
-3e29
‘2.75
=236
‘1.86
-3.98
-3e36
=277
—-2e35
-1l.81
-3e76
_3020
—2e67
-2e30
-1.81
-3+98
=13 61317
—2080
=239
-1e86
-3642
—-2e86
=245
-1¢94

E

3627
2485

2e46

217
le81
3o D1l
3.08
2461
2028
186
356
308
2064
232
1692
3le!5,2
3.04
2660
228
187
388
330
Afe)
236
1.86
3099
336
277
235
le81
3478
3621
268
230
181
3099
3637
280
239
186
4602
3e42
2486
2046
1e94

DE

E

EREL

0.00

Oe13

A

266
268
269
2700
272
266
267
268
269
271
265
267
268
270
273
267
268
269
271
2130
266
267
268
269
271
269
269
269
269
269
265
266
267
268
270
266
267
268
269
271
267
2686
269
271
273

DA

Oe

le

Oe

=1

=1le

AREL

180

180

254,

230

2:5il%e

279

278

285

261

228

276

L it

2.5 2

179

264

230e

270

289

ROTN

0004
0004
0004
0004
0.004
0005
0005
0005
0005
0005
0004
0004
0.004
0004
0.004
0004
0004
D004
0004
0004
0005
0005
0005
0005
0005
0006
0006
04006
0006
0006
0005
0005
0005
0005
0005
0006
0006
0006
0006
0006
0006
0006
0006
0006
0.006

ko i e s

S2i




328

TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION
REDUCTION OF TEST DATAe.

RUN PLNE H

0
1L
Lt
1
bt
8l

7

OO0V OOV OVO®O®OW®O®ONNNN

VMPAPLNF UVEVLNHFUPFPONFUPAPOLNHFUUPRPWLVNFULPOLONFHFUPONFRE, OO PON-O

6088

\
Teld

Tell

DH
6601
0.23
Oel7
Oe11
0s06
000
027
019
Oel2
0«06
-0001
0«40
029
0e19
0e11
0.01
0622
013
0«04
-0.02
-0e10
C.28
0e19
0.10
0e04
-0e04
Ce38
0e27
Oel6
0.08
-0.02
0e29
0e21
013
007
-0.00
Ce27
Ce18
009
Q0e03
=005
0el19
Oell
0«04
-0e02
-0.09

CONFIGURATION

CALCULATED DATA

DV

4451
—-3e56
-3+03
254
'2.19
-le74
-4403
3041
_2083
‘2-41
—1.88
—'14.08
~-3e43
‘2082
-2¢38
~-1e82
~3¢93
=3035
-2481
-2042
=1%93
~-396
—3e35
_2-79
-2e39
“1087
-4e02
=339
~2e81
-2e39
"1085
-Lell
-3e45
"2'84
-2¢40
-1e83
—4e23
=3 ¢59
=299
—2¢56
=200
—-4el7
=354
“2095
—-2e53
=199

E

3e57
304
255
2019
le74
4004
3041
2483
2041
1«88
4010
3eb44
282
2438
1.82
394
3035
281
2042
1.93
3697
3e36
279
239
1«87
404
3¢40
281
239
1.85
4al2
3e46
284
240
183
4624
3459

299

2456
2400
4el7
3e54
295
2453
1«99

DE

=

EREIS

A

266
267
268
268
270
266
267
268
269
270
264.
265
266
267
270
267«
268
269
270
273
266
267
268
269
271
265
265
267
268
271
266
2670
267.
268
270
266
267
268
269
272
267
268
269
270
272

DA

2e

le

3e

AREL

180

180

267

275

253

265

20l

300

266

289

254

283,

264,

276

269.

282

276

290,

ROTN

0005
0005
0005
0005
0005
0.006
0006
0006
0006
0006
0006
0006
0006
0006
0006
0005
0005
0005
0005
0005
0006
0006
0«006
0006
0006
0006
0006
0006
0006
0006
0006
0006
0006
0006
0.006
0006
0006
0006
0+006
0006
04006
0006
0006
0006
0.006




TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATAe

RUN PLNE H

0
15
15
L&)
15
1:5
13
1°3
153
13
13
14
14
14
14
14
16
16
16
16
16
17
it
17
17
1Ly
18
18
18
18
18
241
27
200
24
241
31
il
31
311
311
35
35
35
315
35

VPLONHUPLPWLUNHFUPEONEUPRSWN~WM FOLONFUPONFEFUVPELNFEVLEWNHWM SPULN~O

688

Vv
Tell

750

4ok

Teb3

475

Tebb

4468

Telb

DH
601
0e57
0e37
0020
0e07
-0.10
0«85
0657
0e31
013
-0e11
0.81
0e55
030
0e12
—0010
039
0e24
0010
=000
_0-13
Oeb4
0e42
0e22
0.08
_0011
0«50
0632
0e15
0e03
-0e13
0«53
0e32
0el13
-0.01
-0.18
0e61
Oe41l
0e23
0.09
=007
O.h4
0es28
Oels
0.04

CONFIGURATION

CALCULATED DATA

Dv

4e51
-3e59
=319
—2e63
-2029
-1.86
"}032
—3e64
-3.01
=255
=197
’4019
-3e55
=294
-2e51
=196
-34¢56
=311
—2.68
=237
~198
—4e42
=3ef2
=307
=260
~2400
“4.55
-3e82
-3e14
-2e65
—-2.02
“2-55
-2¢40
=2:026
—-2e16
-2403
-4e¢58
-3e84
=3el5
“2.65
-2.01
—bel]
=3eil3
"3'10
=265

L4e64 —0409 =207

E

3e64
3011
263
229
186
4640
3.68
3602
205D
1«97
4627
359
2696
251
196
3458
3el11l
2468
PACSHT
1¢99
4.47
3e75
3.08
260
200
4458
3.83
3el4
2665
202
2e61
2042
2026
2016
2.04
4e62
386
3016
2665
201
L4e43
3e74
3611
265
207

DE

E

EREL

A

261
263
266
268
259
261
264
267
273
259
261
264
267
273
264
266
268
270
274
262.
264.
266
268
203l
2640
265
267
269
274
258
262
267
270
275
262
264
266
268
272
264,
266
267
269
273

DA

Oe

-1le

3e

=0fe7

AREL

180

180.

250

279

249

274

354

287

266

275

274

282

86

297.

267

261«

278

269.

ROTN

0005
0005
0005
0005
0005
0007
0007
0007
0.007
0007
0006
0006
0006
0006
0006
0004
0004
0004
0004
0004
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0002
0002
0002
0002
0002
0007
0007
0007
0007
0007
0006
0006
0006
0006
0.006

329




330

TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATAe.

RUN PLNE H

0
23
23
23
23
2.3
189
19
19
19
19
20
20
20
20
20
21
21
21
21
21
22
22
22
22
22
24
24
24
24
24
28
28
28
28
28
32
32
32
32
32
36
36
36
36
36

VMPWNHFULPWLUNHULWLONFULAPWONHUPLPWLONHFHUPLWUNFHFUPLONFRFUVPLELONFEUPWLNEO

6488

\
7‘ 14

Telb6

DH
601
0e37
0e24
0e11
0.02
-0.09
0e52
0e35
0619
007
—0008
0e52
0e33
0e15
003
-0.13
0s40
0e22
0e06
-0405
-0.20
Oet&tl
0025
0.1l
-0000
“0.14
059
039
0619
0406
-0e12
0e42
027
0e13
0603
-0.10
0e56
0435
0el5
0.01
-0e17
0e48
030
0e13
0.01
-0e14

CONFIGURATION

CALCULATED DATA

DV

4.51
—-3e85
‘3027
-2074
_2035
-1.86
-4659
—3.84
-~3el5
=266
=202
-4455
-3e81
=3¢l 2
=2.062
-198
-4418
-3e57
=299
—-2e58
2604
—4e4l
=3 il
-3606
—259
-1.98
445
—3-76
=D e2
-2665
—-2.06
4645
-3e76
=3el1l
—2e¢64
-2¢04
-4.71
-3496
=3ei25
=275
=210
~4668
-3.95
=327
=219
-2e16

E

3687
3628
274
235
1.86
L4eb2
3.86
3e16
2066
202
4058
382
3el 2
20662
1e¢98
4620
35l
2499
258
205
L4et3
3672
306
2459
Ye99
4e49
3.78
3el12
2¢65
206
4ol
3e77
3ell
2¢64
2604
4Tl
2091
326
275
2011
4070
396
328
2479
2617

DE

E

EREL

A

264
2660
268
269
273
263
265
267
269
272
264
265
267
269
2740
265
266
2690
271
276
265
266
268
270
274
262
264
266
269
273
265
266
268
269
273
263
265
267
2704
2750
264
266
268
270.
274

DA

=1'e

2o

-O.

AREL

180

180

259

267

260

288

273

300.

268

289

253.

278

266

273

261

288%

265

280

ROTN

0005
0005
0005
0005
0005
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0006
0006
0006
0006
0006
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0«007
0007
0007
0007
0007
0.007
0007
0007
0007
0007




TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

RUN PLNE H

0

COCOCCOVVUVULURELEEDPENNNNN o= W WwWwWwWw

0

VEPEONFEFUPLPONFUPLPONHFUPLLONHFUPLAWNE U PRWN — VMEHE LNV WN

Y
Telb

427

CONFIGURATION

CALCULATED DATA

DH bv
6601 4451
0e2G% —4482
Oel7 -4418
Ce07 -3e59
-0e01 =-3417
”Utlo —2.62
0043 —-5409
0e28 =4e4]
0014 —3.78
Ce04 -3e32
—0.09 —2074
0e38 -5.08
Oe24 -4439
@eill =375
0002 =329
-0010 —2!70
Oe33 -4495
0el9 —4.28
0e06 —-3465
-0e04 =220
=0el5 =2462

Oeb62 —-5e45
Oe40 —=4469

0e20 ‘3099
Ce05 -3448
—0el4 -2483
Oie:5 58 =5¢315
0e36 —4462
Oel8 -3.93
Oe05 —-3e44
=0el2 =2+80
Oeb61 -5437
0e40 -4.59
0620 ‘3.86
0e05 -3433
-0el14 -2-65
0e43 -5461
0e25 =476
0409 -3498
—0e03 -3e42
~0el8 —-2+69

E

4483
419
3459
2k 1/
2662
Seil 1
L4ael2
3¢78
332
2.74
509
4640
e lD,
o129,
270
4096
4628
365
320
263
548
4e71
3699
3e48
284
5#38
4e63
3694
3eb44
281
541
40061
3486
3633
266
5062
el
3.98
3042
270

DE

F

267
268
269,
270
272
265
266
268
269
272
266
267
268
270
272
266
267
269
271
273

263

265
267
269
273
2640
266
267
269
272
263
265
267
269
273
266
26T
269
271
274.

DA AREL
O. 180.
Dieih + 1180/

-1le 246,
—0e 264-
=% 252.
—0e¢ 269,
=0 262
1NN 355 ¢
—~3e 246
le 280
~2e 2ille
Oe 275
~3e 241,
le 315
=lle 1L 2:63's
2 318

ROTN

0006
0006
0«006
0.006
0006
0006
0006
0005
0.006
0006
0.006
0.006
0006
0«006
0006
0006
0.0056
0.006
0006
0,006
0007
0007
0.007
0007
0007
0.007
0007
0007
0«007
04007
0+007
04007
0007
0007
0007
0008
0008
0.008
0+008
0«008

331




332

TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION

RUN PLNE H

0
11
11
11
11
11

VOV OVOVOVODOOOOO®~NNNNN

—
(S el il )

10
112
12
12
12
12

26
26
26
26
34
34
34
34
34

0

VMEPWUNHUPLAPLONFRFUPLPWLWNFHFUPLPWONFUALALNFUPLPLONHUPLPONRFEULPFWLUNH

6488

OF TEST D

" DH
Tellt 6401
Oe40
Te09 0e24
0«08
_0003
4e39 —0e17
0437
7e1l3 0020
Oe04
x —0007
4e34 —-0621
Oe54
Tell 0634
Oel4
0.01
4435 —-0e17
0e36
702 0619
0e02
-0e10
4'37 "0.25
Oe46
705 0428
Oell
=001
4634 —-0016
0e52
Tel2 033
0el5
0e02
4e42 —-0e15
0e53
7¢21 0e35
0619
008
4029 _0.07
0e42
7.08 0625
0.09
-0003
4¢21 -0e17

ATA. CONFIGURATION

CALCULATED DATA

Dv

4e51
_5-07
‘4-40
-3.78
-3e34
=21
_5.48
—4.71
"3.99
-3e47
—-2e81
-5e45
4469
-3.98
-3.47
=2's'8i1
=5ie}l 7
-4e49
-3e87
-3e42
=284
-5e29
457
-390
-3e42
=281
=5le:0/l
‘4075
4604
-3e54
-2.88
-5.71
-4e85
-4.04
-3e46
—2e72
-5469
—4e82
-4601
-3e43
-2668

E

508
4ot
3.79
3434
2le Tl
5449
4471
3499
3el47
2482
5e48
4470
3498
3eb7
2482
5418
450
3487
3e42
2485
531
4458
3.91
3042
281
5454
4476
4405
3454
2.89
5¢74
4486
4405
3e46
2072
5470
4482
45011
3e43
2.69

DE

000

F

EREL

004

Oell

Oell

0018

A

265
267
269
270
273
266
268
269
271
274
264
266
268
270
273
266
268
270
272
275
265
266
268
2706
273
265
266
268
270
2113
265
266
267
269
272
266
267
269
270
274

DA

Oe

Oe

le

le

=0

=0

e )

=0

=1le

Oe

Qe

AREL

180

180

277

319

251

276

299.

317

255

266

255

262

255

151.

268

85,

ROTN

0006
04006
0006
0006
0006
0007
0007
0007
0007
0007
0007
0007
04007
0007
0007
04006
0006
0006
0006
0006
0007
0007
0007
0007
0007
0007
0007
0007
0007
0007
0008
0008
0008
0008
0008
0008
0008
0008
0008
00008




RUNTRENET S

0}
1L5]
15
15
15
15
13
185
113
113
13
14
14
14
14
14
16
16
16
16
16
L
187
Ly
17
157
18
18
18
18
18
20
24
27
2.0
2
31
31
3il
31
34l
315
35
315
35
25

0

VPELNHFUPLPONFRFURELONEULSEWN-UL D WN = VMEWNFEP U PLPWNEUMPLWONFU LS WN

TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION

REDUCTION OF TEST DATA.

6488

Vv DH

Teld 6401
0e15

7433 0408
Ue01

-0.04

4.48 —O.lO
Celb

Te37 0610
CeO4

-0.00

Le49 —0e06
Oelt

T7e34 0607
0.00

—0e04

4649 =011
-0e03

7e¢31 -0409
-0elé
-0el17

boetT —-0e22
Ce34

7e¢21 0420
Ce06

—0e03

4e4U —0elb
0e38

Te36 0e23
0609

-0e01

438 -0e14
Oel?

7¢39 0408
=-0e01
-0007

L4elh -0e15
Oel7

Te¢40 0406
"‘3.03
-0e10

4eb44 —0619
Oel5

T¢28 Ca06
-0-02
—Q.OB

4e40 —-Coalb

CONFIGURATION

CALCULATED DATA

DV

4e51
—3e33
—2ie93
=255
~2028
~1e¢94
~3e43
~3402
=265
~2e38
~203
~3e62
~3e16
~2e73
~2e43
=203
‘3037
~256
~259
=2 131!
~1'e91
-3e61
~3el4
‘2.71
—2039
~1e¢99
"4.45
~3e74
-~3409
—~2e52
=201
-4409
-3e49
—-294
"2-514
‘2-03
—4e47
=3 el 9
—3015
=2 ¢ T0
=2leil ]
-‘&-18
—-3e56
—-2e98
_2057
—2¢03

E

3¢33
2493
255
2028
l.94
3643
3603
2065
2438
203
3e62
316
2473
2.43
203
3.37
2097
2459
232
198
3¢63
315
271
239
1.99
Lel6
SIOAE)
3409
2662
201
4409
3649
294
254
204
LaelT
319
315
2470
2ol 2
4018
356
2098
20ei5i
2404

DE

F

EREL

A

267
268
270
271
273
267
268
269
270
272.
268
269,
270
271
273
271
272
273
274
276
265
266
269
271
275
265
266
268
270
274
268
269
270
272
274
268
269
271
272
275
268
269
270
272
274

DA

AREL

180

180

26Ce

244,

212

348

241

319

259

296

270

300

271

298

271

302

ROTN

0004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0004
0008
0e00¢

0«0C4
0004
0004
0eQ04
0004
0004
0004
0004
0004
0004
0e004
0007
0007
0007
0.007
0007
0006
0006
0006
0006
0«006
0006
0.006
0006
0006
0006
0006
0006
0006
0006
0006
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TURBO ALTERNATOR ROTOR POSITION TEST DATA REDUCTION
REDUCTION OF TEST DATA. CONFIGURATION F

CALCULATED DATA

PLNE H v OH DV = DE EREL A DA AREL
0 6e¢88 Tel4 6601 4651

il —0e08 —-3e95 3495 271

2 710 T7e36 —0408 =3e41 341 0400 0400 271 Oe 180
3 —0e08 =291 2691 272

4 —0-08 -2055 2056 2720

5 5097 4e46 —0608 —-2¢C09 2610 000 0,00 272 Oe 180
il 0el8 =4e31 4e32 268

2 7006 T7e32 0608 =3e65 3666 0424 0629 269 =3e 236
3 —0e01 =304 304 270

4 —0e07 =260 2460 272

5 5086 4.‘36 ‘0016 ‘2'03 2004 —0006 0010 274- 2e 406
1 021 —4e37 4637 267

2 7¢10 7636 0ell —3e¢69 369 0028 0633 268e -3¢ 236
3 0e02 =3¢05 3405 270

4 ~0e05 =260 2460 271

5 50688 4038 —0el4 —2¢01 2001 —-0.08 06410 274e 2e 59e
1 -0el12 -4ell 4elb 272‘

2 7ell 7e37 —-0e15 =353 3654 0612 0el&4 272 le 299,
3 — Qe 1T =297 216917 273

4 ~0e19 -2e56 2457 20T 0%

5y 5¢87 4437 =0421 =204 2005 —0e04 0el4 2760 bGe 220
1 Oe04 —4a2]1 4e21 269

2 7¢08 T7e34 (a0l —3e61 3661 0620 0e22 2700 —le 246,
3 -0e02 =305 3.05 270

4 ~0e04 =264 2064 271

5 5091 4e41 —0e07 =212 2012 003 003 272 -0e 249
1 Oel2 —4e23 4e23 268

2 7e¢13 739 0607 —=3¢67 3667 025 0630 269 -2¢ 239
3 0e03 —3el4 3el4 269

4 -000 "2.76 2-76 270

5 6602 4052 —0e05 =228 2028 0018 0619 271 -le 259.
1 0e07 —=beb4]l 4Lo4l 269

2 7el3 739 0602 —-3¢78 3078 0636 0038 270 —2e¢ 255
3 -0e03 =-3¢19 3619 271

4 -0e07 _2076 2076 271

5 6600 4650 —0e12 =221 2022 0e12 0013 273 le 286

NASA-Langley, 1969 —— 15

ROTN

0005
0005
0005
0005
0005
0006
0006
0006
0006
0006
0006
0006
0.006
0006
0.006
0006
0006
0.006
0006
0006
0006
0.006
0006
0006
0006
0005
0005
D«005
0.005
0.005
0006
0006
0006
0006
0.006

E-4753




