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PREFACE

This document is the historical technical record of the design,
development, fabrication, and testing of a synchronous condeﬁser prior to
. its installation in the trackéd'levitated research vehicle. Numerous
photographs supplement the detailed textual descriptions to provide a
clear visualization of this machine. Engineering assembly drawings are
also included.

The program was accomplished under the sponsorship and guidance of
the Office of Research and Development, Federal Railroad Administration,
U.S. Department of Transportation, Mr. Matthew Guarino, Jr., Manager for
Electrical Traction R&D. |

Overall propulsion system program responsibility throughout the
period of time covered by this report was vested in the Ground Transportation
Group, headed by Mr. K. Chirgwin; and in the Electricél and Electromechanical
Project, Chief Engineer, D. Moeller. Program guidance was provided by
Mr. C. Weinstein, Program Manager; Mr. W. J. Hanlon, Program Administrator;
and Mr. G. P. Kalman, Technical Manager. Significant technical contributors
to the synchronous condenser work described herein were: Mr. T. E. Brown,
Engineer-in-Charge; Mr. R. F. Grahl, Design and Development; Mr. F. B. McCarty,
Electromagnetic Analysis; Mr. F. E. Faulkner, Thermal Analysis; and

W Dr. A. Hammoud, Stress and Dynamics Analysis.
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SECTION 1

INTRODUCT I ON

This report documents the design, development, fabrication, and testing
of a wound-field, nonsalient-pole synchronous machine (hereinafter called a
synchronous condenser) built to operate in the tracked levitated research
vehicle (TLRV) propulsion system. The work was sponsored by fthe bffice of
Research and Development,. Federal Railroad Administration, U.S. Department of
Transportation, Washington, OC.

The synchronous condenser electrically parallels the linear induction
motor and power conditioning unit, propulsion components of the TLRV, and
is operated as an overexcited synchronous motor to provide reactive power for
(1) line commutation of the power condifioniné unit inverter thyristors, and
(2) power factor correction of the LiM. The overall TLRV propulsion system has
been documenfed(l)* for DOT by AiResearch.

The TLRV synchronous condenser is similar in physical size and speed
rating to a wound-field, nonsalient-pole synchronous alternator developed by
AiResearch for a previously produced ground transportation vehicle, the linear
induction motor research vehicle (LIMRV). Detailed documenTaTion(z) is avail-
able. The LIMRV was delivered to the DOT Transportation Test Center, Pueblo,
Colorado, in early 1971, and has undergone extensive testing since that time.

Table 1-1 compares major characteristics of the TLRV condenser and the
LIMRV alternator. While the LIMRV alternator is extremely |ightweight and
compact for its rating, it is obvious that the TLRV synchronous condenser

reflects an even more significant improvement in power-to-weight ratio.

*Numbers .in parentheses designate References at end of report.



The TLRV machine provides high-voltage capability with very low weight.

goal was met by incorporating direct water cooling of stator and rotor windings,

and all adjunctive machine elements (bearings, brushes, sliprings, etc.).

TABLE 1-1

MAJOR CHARACTERISTICS, TLRV CONDENSER AND LIMRV ALTERNATOR

This

Rated speéd, rpm

Rated power

Voltage (line-to-line), VRMS
Total weight, Ib

Power density, kVA/Ib

Rotor diameter, in.
Mounting

Cooling

TLRV Condenser

LIMRV Alternator

4950 (4-~-pole)

7 MVA continuous,

10 MVA over load

(0 power factor,

165 Hz)

7150

4202

1.7 at continuous
power rating

2.4 at overload
power rating

21.46

Vertical

Direct water-cooled

5200 (4-pole)

3 MVA

(0.6 power factor,
173 Hz)

1000

3600

0.8

20.0
Hor izontal

Forced air-cooled




SECTION 2

SUMMARY

The final design configuration for the synchronous condenser was a 4-pole,
3-phase, 4-wire, water-cooled, nonsalient-pole, wound-field synchronous
machine with damper winding, rated at 7 MVAR continuous duty at 560 amp, 4950
rpm, and 165 Hz.

The primary design goal was an overali TLRV propulsion sysTem with an
acceptabie vehicle perfqrmance factor.

To meet these objectives required the highest practical rotor speed,

combined with reliable dielectric, mechanical, and temperature capabilities.
To assure machine compatibility with the temperature requirements, a very effec-
tive cooling system was devised; deionized wafter as the coo!ant was pumped under
relatively high pressure through the entire machine, including the rotor, bear-
ings, brushes, and sliprings.

The design and fabrication of such a machine presented many engineering
challenges in the application of materials. Where material information was
nonexistent, ftests were conducted fo substantiate material integrity and adapt-
ability.

The machine successfully demonstrated conformance to the design criteria
at the AiResearch test facility, Torrance, California.

Upon completion of component testing, the machine was shipped to the DOT
Transportation Test Center, Pueblo, Colorado, for installation in the TLRV

and subsequent system checkout, test, and evaluation.



SECTION 3

SYNCHRONOUS CONDENSER CONCEPT

DESIGN REQUIREMENTS

Table 3-1 lists the major synchronous condenser (SC) design criteria, which
were established from initial TLRV system studies.

As previously stated, the SC electrically parallels the LIM and the power
conditioning unit (PCU), and is operated as an overexcited synchronous motor to:
(1) line commutate the PCU inverter thyristors by providing a sinusoidal back-
emf and leading reactive current, and (2) correct low power factor of the LIM
over the range of operafing frequency and thrust.

Two synchronous condensers are utilized in a full TLRV propulsion system,
one for each LiM. The stator is four-wire wye-connected with neutral grounded
through a high resistance. The rotor field is a conventional brush/slipring-fed
series (four nonsalient poles) connection. The machine is operated at essentially
constant flux density (fixed voltage per cycle) down to zero frequency and speed.
The rotor is capable of safe overspeed operation to 6000 rpm.

- The SC is completely water cooled, including both rotor field and damper
windings, stator windings, bearings, seals, sliprings, brushes, and field pro-
tection diode. |In addition, provisions for water cooling of the stator core and
lower end-be!l 0D are also incorporated. Relatively higii temperatures (up to
350%F) and high pressures fup To 450 psi) are utilized, These severe operating
constraints required innovative design approaches with reépecf to electrical
insulatiori, sealing, and deionized water connections.

The machine rating of 7 MVA (continuous) is the sum of the reactive power
for the LiM and that required for the inverter, including phase-back and over!ap

considerations.

v
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TABLE 3-1

SYNCHRONOUS CONDENSER DESIGN CRITERIA

Type

Coolant

Rating

Speed/frequency
Temperature/class

Voltage
Reactance
Losses

Field power
Mounting
Weight

SC/power supply
relationship

Excitation

Overspeed capability

Field protection

NonsalienT-polé, Wound-field synchrbnous, with damper

winding, in parallel with LIM across inverter output
terminals

Deionized water

Qutput, MVAR 7 10
Duty Continuous 90 sec
Output current, amp 560 809

4950 rpm/165 Hz
356°F/1EEE Class H

7150 VRMS (L-L), 3ph, 4-wire (wye-connected), neutral
resistance grounded

X (negative sequence) not to exceed 0.32 per unit
(unsaturated)

Total full load (continuous duty) losses not to exceed
500 kW ‘

2670 Adc at 127 -Vdc (max.), 90-sec duty

Vertical

Minimum

Power supply is grounded to vehicle body, which is
floating. The emf of the SC and the power supply
voltage can be additive through the PCU, (providing
an equivalent 15,900 V, line-to-line, steady-state
maximum operating value of the machine; this excludes
transient voltage effects, resulting in a line-to-
ground voltage of approximate 8900 V)

From static phase delay rectifier/brush/slipring unit

125 percent

Freewheeling diode




DESIGN |MPLEMENTATION

The SC assembly (shown in Figure 3-1 after completion of component testing)

was designed to meet the technical criteria épecified in Table 3-1, The prﬁmary

goals are: ({) low weigHT and volume at very high power rating, (2) combined
high-voltage and high-temperature capability, and (3) minimum losges proportioned
for ease of cooling. |

Meeting these objectives required the use of.The highest pra;Tical rotor
speed, development of reliéble high-dielectric, mechanical, and temperature
capability, isulation systems for rotor and‘s+a+or windings, and the use of
extremely effective cooling techniques.

A general relationship for the machine weight, rating, and elecfrohagnefic
and mechanical factors may be expressed as:

) 0.75

_ C-kVA(R)
Weight e

(BON)

where C a constant (relating the winding and magnetic

form and distribution factors and units)

kVA(R) = +the rating (in this case specified by the propulsion
system reactive power requirements)
B = flux density (magnetic loading of the machine)
Q = current density (electrical loading of the machine)
N = speed (a measure of mechanical capability of the

machine)
Very generally, the values for B, Q, and nare limited by the inherent
capabilities of the materials used and how effectively they are handled and
modified in the design (e.g., the techniques used to miniﬁize losses, reduce

heating effects, and achieve reliable and efficient electrical insulation for

.



Figure 3-1. Synchronous Condenser



the windings). Also, to a degree, the manufacturing processes avaflable modify
the above considerations and must be treated by the design.

An exfensive analytical development éfforf was made, consisting of separate,
detailed electromagnetic, thermal, and mechénfcal (stress) analyses. The design
process relied heavily upon existing and proven digital compgfer programs and
was iterative, using successive results from the separate ahalyses made in the
above three areas. Supporting manual calculations were also made to develop
certain of the machine losses and mechanical factors. Table 3-2 presents the
ma jor parameter description of the machine as calculated in the final design
iteration.

The digital computer program used may be set up either to develop a
machine geometry and resulting parameter and performance conditions based
upon selected major input electromagnetic assumptions, or to develop eiecfro-
magnetic and other parameters and performance conditions based upon a selected
machine geoméfry. The former program input mode was used initially to develop
trial machine geometries, which were then treated and successively modified by
supporting mechanical and thermal analyses. From these iterations and material
selection and manufacfﬁring process tradeoffs, the final machine geometry was
developed and used to calculate the electromagnetic and performance results
shown in Figure 3-2.

kA detailed weight analysis was made after design completion. The computed
total drylweighf for the machine is 4221 Ib. The machine's center of gravity
is approkimafely 2 in. lower than its physical center.

During the program design phase, formal preiiminary and final design
review meetings were attended by AiResearch design team members, outside con-
sultants, and representatives of the contracting (DOT) office. Pertinent action

items resulting from these two reviews were incorporated in the SC design.



TABLE 3-2

SYNCHRONOUS CONDENSER DESIGN PARAMETERS (CALCULATED)

System Rating Factors

Thrust, Ibf
Vehicle speed, mph
Load condition
Load duty cycle

Total operating life (goal), hr
Electromagnetic Specifications

Rating, MVA

Power factor

Armature voltage, VRMS

Field voltage, Vdc

Armature current, ARMS

Field current, Adc

Armature phases

Rotor poles

Speed, rpm

Frequency, Hz

Total weight, Ib

Outside diameter, in.
(excluding flanges)

Overall length, in.

Total volume, cu ft

Total losses, kW

Rotor diameter, in.

Active (magnetic) length, in.

Radial airgap length, in.

Specific weight, Ib/kVAR

Specific volume, cu ft/kVAR

Mechanical Specifications

Overspeed, rpm (percent)
First critical speed, rpm
(includes vehicle data)
Peripheral velocity,
ft/sec at 4950 rpm:
Rotor corte
Slipring
Outer water seal
Inner water seal

Value
0 to 10,000 0 to 15,000
0 to 250 0 to 300
Nominal Max i mum
Continuous 90 sec (max.)

1000
6.94 10

0

4130/7150

85 128
560 809
1795 2664

3

4

4950

165

4202

33

45.5

22.5
495.4 932.6

21.46

13.60

0.40
0.605 0.420
0.00537 0.00225

5940 (120)

2700

465

155

195

46




TABLE 3-2 (Continued)

Rotor unbalance limit, in.-oz
Rotor angular momentum, in.-lb-sec
Rotor mass moment of inertia,
in.-Ib-sec
Rotor acceleration limit, sec
(0 to 4950 rpm)
Gyroscopic load, Ib
At mounts
At bearings
Gyroscopic moment, in.-Ib
Weight, Ib
Rotor assembly
Stator assembly
Lower end-bel| assembly
Upper end-bell assembly
Included water '

Thermal. Specifications

Coolant
Coolant electrical resistivity
I'imit, megohm-cm at 70°F
Inlet pressure, psi
Stator (max.)
Rotor (max.)
Water flow, gpm
Stator, total
Armature conductors
Backiron (closed for
6.2 mile duty)
End-bell and diode
Brushes and mounts
Rotor, total
Field conductors
Damper bars and rings
Sliprings
Bearings

Temperature' (max. for 3 min, 6.2-nile

Stator
Copper (armature)
Tooth
Backiron
Housing
Diode
End-bel |

Value

16
158,000
- 297

1.5

476
190
6070

1745
1950
288
202
22

Triple-distilled deionized water

duty,

1.0

450
" 360

110°F start), °F

322
378
204
260
255
255




TABLE 3-2 (Continued)

Value
Internal ambient . 300
Brush . 346 -
Water inlet 224
Water outlet . 320

Rotor

Copper (field) 349
Damper 303
Core 293
Tooth 313
Top bearing 286
Bottom bearing 252
Stipring 335
Internal ambient 300
Water inlet 224
Water outlet 342

Supporting mechanical and thermal analyses were performed for the final design
iteration. : '

11
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Stator Winding Reactance

Provision of a low-reactance machine is of direct benefit to the input
source, overall propulsion system, and inverter sizing. An amortisseur wind-
ing was incorporated in the design to aid in reducing machine reactance values
(e.g., negative sequence). For the same reason, stator winding design was
emphasized to minimize reactance values. Table 3-3 lists calculated data on
the electrical windings.

Rotor Mechanical Strength

Obtaining a mechanically rugged rotor was a major design consideration,
since this allows confident selection of a high rotor speed with attendant
weight benefit. For this reason, use of a high-strength machine-steel forging
was most attractive. Section 4 provides details on material selection.

Rotor Winding Excitation

The machine utilizes a |ightweight, compact brush and slipring for rotor
field winding excitation. This approach allows full field excitation (forcing)
during system startup and avoids additional design and manufacturing complexity
associated with an integrated or companion rotating exciter machine by making
use of a more readily available low-voltage, high-current, static power supply
technology.

Stator Lamination Design

A conventional single-piece concentric stator lamination concept was
adopted. This approach has several advantages over a segmented (multiple-piece)

approach, including:

® Greater mechanical strenth and rigidity
@ Tighter dimensional control possible
° Better stacking factors and control



TABLE 3-3

ELECTRICAL WINDING DATA (CALCULATED)

Parameter Value

Load Condition Nominal Max i mum
Armature density, A/in.2 18,667 26,973
Field current density, A/in.2 15,885 23,578

Armature
Phase resistance, ohms (356 F) 0.218
Base impedance, ohms 7.38
Synchronous reactance, per unit (unsaturated) 3.44
Transient reactance, per unit (unsaturated) 0.496
Subtransient reactance, per unit (unsaturated) 0.316
Negative sequence (Xp) reactance, per unit 0.316
Stator leakage reactance, per unit 0.174
Field leakage reactance, per unit 0.358
Zero sequence reactance, per unit 0.102
Damper l|eakage reactance, per unift 0.142
Mean turn length, in. 82.56
Strands per turn 2
Turns per phase 72
Turn per slot 5]

Field
Resistance, ohms (356°F) 0.0431
Inductance mH (unsaturated) 16,9
Mean turn lenath, in. 61.43
Strands per turn 1
Turns per pole 20
Turns per slot 5

14




@ Improved electrical and weight characteristics due to elimination of
parasitic airgaps between segments (refer to Section 4 for additional
information on material selection)

Conductors and Windings

Use of hollow copper conductors directly cooled by deionized water is the
single most advantageous weight factor of the design. By further proportioning
the design so that most of the machine losses are produced in the windings
(i.e., in the area most attractive from a heat transfer and cooling standpoint)
the maximum benefits of this approach are achieved.

1 Stator

Selected stator conductor size results from various tradeoffs made in the
design, including stranding requirements to minimize eddy current losses,
number of turns required to meet the specified voltage, insulation thickness
requirements, and maintenance of reasonable cooling passage size. The result-
ing conductor sizing is shown in Figure 3-3 with the corresponding stator slot
sizing. Figure 3-4 provides stator winding design data. Design parameters
are specified and connection details shown. The connection was arranged to
provide minimum length buses that did not require active internal cooling and
also to permit minimum size terminations for the winding.

2. Rotor

The rotor conductor selection was heavily influenced by the need to
provide a rugged construction capable of high-speed operation that required
relative minimum of cooling connections. These considerations generally lead to
a low number of winding turns and the largest practical conductor size. Fig-

ures 3-5 and 3-6 show the selected rotor conductor and slot sizing. Figure 3-7

15
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Figure 3-3. Stator Slot and Coil
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POSITIONS OF COIL GROUPS, JUMPERS, AND
INTERCONNECTIONS BY SLOT NUMBERS

Figure 3-4,



b}
~

OPERAT IONAL DATA

RAT ING 0-7000 KVAR (CONTINUQUS)

VOLTAGE 0-4130/7150 YRMS {8900 VRMS LINE-TO~GROUND)
CURRENT 0-565 A PER PHASE (RATED)

FREQUENCY 0-165 Hz

TEMPERATURE +32 TO 350°F (COIL AVERAGE)

WATER INLET PRESS 450 PSI

WATER FLOW RATE 36 GPM (TOTAL)

LIFE 1000 HR

WINDING DATA

COILS AND SLOTS 72

POLES 4

PHASES

COIL GROUPS 12

COIL GROUPS PER PHASE L

COILS PER COIL GROUP, & REQD -1 PN: 1 EA, -2 PN: 3 EA, -3 PN: 2 EA
(REF: DWG 2045175)

COIL GROUPS PER POLE 1

TURNS PER COIL 3

SERIES COILS PER PHASE 2L

PARALLEL COILS PER PHASE 1

WINDING CONNECT(ON WYE (FOUR WYE)

PHASE BELT 600

COIL THROW SLOT 1-16 (15 SLOT OR 5/6 PITCH)

NUMBER OF STRANDS PER TURN 2

PHASE/ROTATION (LOOKING AT ABC FOR CCW
LEAD END)

SLOTS PER POLE 18

SLOTS PER POLE PER PHASE 6 (INTEGRAL)

SKEW NONE

JUMPER BARS 10 (INCLUDING NEUTRAL)

SERIES ELECTRICAL CONNECTIONS AND 60
QUADRUPLE-BRAZE WATER FITTINGS

END ELECTRICAL CONNECTIONS AND 24
DOUBLE-BRAZE WATER FITTINGS

$-86568 -B

Stator Winding Design Data
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0.56 (16 SLOTS, DAMPER BAR)
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NOTES:

1. DRAWING NOT TO SCALE
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Figure 3-5. Rotor Slot and Damper and Field Conductor Configuration
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Figure 3-6. Rotor Core Slot and Coil Configuration

19



POLE AND JUMPER
BAR CONNECTIONS
BY SLOT NUMBERS

: /
POLE 1
40 POLE &
. \12

NEGAT IVE

SLIPRING

CONNECTION 36

POLE 2 16
POLE 3
Ve
32

L8

20
28
24
\ POS ITIVE
SLIPRING
CONNECT{ON
OPERATIONAL DATA
VOLTAGE 0- 140 VOC
CURRENT 0-1750 AMP_DC (CONTINUOUS)
TEMPERATURE 320 TO 350°F (CONTINUOUS)
WATER INLET PRESSURE 360 PS1 (AT SHAFT INLET)
WATER FLOW RATER 36 GPM (TOTAL)
LIFE 1000 HR
. WINDING DATA

FIELD COILS i6
DAMPER BARS 48
SLOTS 48
POLES (NONSALIENT) I
COIL AND POLE GROUPS 4
COILS PER POLE OR COIL GROUP A
TURNS PER COIL 5
SERIES €OILS PER POLE L
PARALLEL COILS PER POLE 1
SERIES COILS TOTAL 16
STRANDS PER TURN 1
JUMPER BARS 3
FIELD WINDING CONCENTRIC COIL
DAMPER WIND ING SQUIRREL CAGE

COOLANT (COILS, DAMPER BARS, SLIPRING) L1QUID (DEIONIZED WATER)

$-86567 -A
Figure 3-7. Rotor Winding Design Data
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rotor winding design data. Design parameters are specified and connection
details shown, Rotor bus bars are solid conductor style to obviate the need

for cooling connections.

CoolingAWafef Connections

Both the stator and rotor windings are series-connected electrically and
parallel-conneéfed hydraulically. The connections to the Qafer system must
accordingly be electrically nonconducTivé. The number of such connections
was kept to the practical minimum. The connections are made in both cases by
special design, high-strength sections.

Stator and Rotor Insulation

Rather high stator voltage requirements (i.e., above normal corona

producing levels) and the desirability of operating at fairly high temperature
\

- obviously necessitated careful attention to the area of stator-winding elec-

trical insulation selection and coordination. The problem was further com-
plicated by the requirement for a very compact machine and the resulting need
for precise dimensional control. During the jafe'des}gn and early manufacturing
phases of the program, the selected insulation was successfully endurance tested
at maximum anticipated operating temperature and in excess of both the maximum
operating voltage and life. The basic need was a very rugged rotor insulation
sysfém with low creep properties under mechanical loading due to high-speed
operation.

Machine Losses

Table 3-4 lists machine losses under rated load and overload conditions.

"t is evident that the winding losses represent a high portion of the total

machine losses.
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TABLE 3-4

MACHINE LOSSES

Rated Load, | Overloéd,
Source kW | I kW

Stator copper | 192.2 401.4
Rotor copper 155.1 341.7
Stray - | 69.4 ' 100.3
Pole surface 48.0 46.0
Friction and windage 10.5 10.5
Stator core 9.5 10.8
Stator teeth 4.2 4.7
Brush friction 4.9 4.9
Brush (electrical) ' 1.4 2.1
Seal friction ' 0.2 0.2

Total 495.4 922.6

Damper Windings

In the TLRV application, the SC operates in parallel with the LIM at the
terminals of the variable-voltage/variable-frequency inverter. Six times per
cycle, during inverter commutation, overlap occurs, which in effect is a |ine-
to-line short circuit. The damper windings compensate for the negative sequence
current and resulting mmf developed during such asymmetrical operation.

A conservative approach was used to prédicf the magniTude of this mmf.

The SC was assumed to be single-phasing during such operation. On this basi§,
the mmf that musTvbe compensated is equal to one-half of the single-phase mmf.

Under this assumption, the current in each damper bar will be two and one-half
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times the SC current. At the overioad condition, with 800-A armature current,
the damper bar carries 2000 A. This corresponds to a damper bar current

density of 15,000 A/sq in.



SECTION 4

MATERIALS -

APPLICATION AND SELECTION

Evolution of the SC presented many unique, rigorous challenges in the
area of materials application. |In addition fo high-voltage requirements and
compact size with low weight criteria, it was also necessary to devise a
reliable cooling system using deionized water as the coolant at 225 F inlet
temperature. Selection of materials was a very important part of the SC
design, involving considerable ftradeoff in candidate materials, careful
desc?ipfion of material properties, and close comparison and evaluation of
_ material treatments and pfocesses. Where sufficient information was not
available o evaluate a material with respect to the requirement of the
machine, tests were initiated to provide data for selection.

Selection Criteria

Table 4-1"lists critical maférials used, identifies pertinent specifica-
tions, and describes special handling requirements. Each listed component
or material is discussed in detail below. Paragraph numbers are keyed to
Table 4-1.

1. Stator Laminations

Stator laminations were fabricated from 0.014-in.~thick M=19 silicon steel

with C4 surface insulation. Use of this electrical grade steel was based upon

its proven electromagnetic capability and manufacturing technoliogy. The

material has excellent and reliable properties for both magnetic induction and

mechanical capability. In addition, its superior hfgh-resisfance surface coat-

ing provides a high inferlaminar resistance that aids in minimizing losses of
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TABLE L4-1

SYNCHRONOUS CONDENSER MATERIALS

Component/| tem

Description

[Speci fication

Special Handling

Selection Basis

Remarks

1 Stator lamination 29 gage (0.014 sheet) Al'SI M-19-C4 Heattreat per 1) Noncritical heat treatment Vanadium permendur
silicon steel (fully AiResearch HT59 2) Mechanical and electrical considered
processed, single- properties
piece core plated 3) Available in large sizes

4) Proven technology
2. Stator housing Aluminum alloy forging 6061-T6 per Heattreat to T6 1) High strength Lower cost than
QQ-A-367 comp per AiResearch HT3 2) Low weight weld fabrication
6061 cond T651

1" Stator conductor Boron deoxidized copper CDA No. 109 Add 7 to 10 oz 1) High conductivity
0.0548-0.0594 1b/ft si lver per ton 2) Excellent braze
0.141 x 0.141 cross sec- properties
tion (hollow)

4. Stator conductor 1 layer Kapton, 2 layers Hot-pressed, vacuum |1) High-temp capability Li fe tested (accel)

insulation Dacron-glass (ground wall: impregnation 2) Good dielectric ‘at 150 VRMS/mi |,
5 layers loaded epoxy 60 Hz, 356°F, for
mica paper with glass 2500 hr
cloth and Dacron mat)
e Stator coolant Thermoplastic Astrel Machined from 1) Water compatibility Test-proved over
transfer tube (pulyarylsul fone) 460 plastic round stock 2) Temp capability Teflon Nomex at
3) Good dielectric rated conditions
L4) High strength
6. Rotor core High-strength alloy HP 9-4-20 Heattreat to 1) High strength Three pieces
steel forging Rc 41-45 per dwg 2) Magnetic properties E-beam welded
3) Previous experience together
L4) Good thick section
properties after heat
treatment

v Rotor conductor Boron deoxidized copper CDA No. 109 Add 7 to 10 oz 1) High conductivity
0.483-0.495 1b/ft si lver per ton 2) Excellent braze

properties

8. Damper bar 0.28 x 0.56 cross section
(hollow)

9. Rotor coil Mica ring layup 15 percent 1) Minimum deflection

insulation shroud fiber glass, 14-17 percent and creep
epoxy resin, balance mica 2) Good dielectric
10. Winding support Forged ring, nickel base |AMS 5663 Heattreat to 1) High strength
ring alloy (INCO 718) Rc 38 (min) per 2) Low thermal expansion
AiResearch HT7! 3) Previous use
treatment B

11. End-bell Cast aluminum alloy MIL-A-21180 Lower end-bell has |1) Low weight, high

comp A356-T61 cast-in-place CRES strength
coolant line 2) Good thick-section
properties

12. Brush Copper graphite (75 1) High conductivity
percent copper by weight) 2) Low specific resistance

3) Low contact drop
L) Low friction
13. Ccllector ring Forged ring, chromium- RWMA, Class 2 Age 2-4 hr at 875°- High conductivity and
copper (Mallory 3) 9259F in a pro- strength
tective atmosphere
14. Damper bar Forged ring, chromium- RAMA, Class 2 Age 2-4 hr at 8750- High conductivity and
mari fold copper (Mallory 3) 925°F in a pro- strength
tective atmosphere
15. Rotur winding Stainless steel AMS 5643 Heattreat per 1) Strength
coolant manifold (17-4 PH) AiResearch HP38 2) Low thermal expansion
3) Minimum distortion after
we ld

16. Rotour insulation 0.020 sheet hard mica 1) Strength under

splitting compression
2) Good dielectric
3) High-temp capability

17. Coil blocking and Glass mat polyester Glastic 200 High-temp strength Fabrication ease

bracing laminate

18.1 Stator tape 0.006=in.-thick mica mat G.E. 77956 1/2 lap wrap 1) Good dielectric

inner layer (polyester film, non- 4 layers minimum 2) High-temp capability
woven glass, polyester 3) Conforms easily
film)
18.2 Stator tape 0.0075-thk, B-staged, G.E. 76593 1/2 lap wrap 1) Good dielectric Shrinkage and resin

outer layer

epoxy-coated polyester
glass

8 layers minimum,
cure at 170°C for
1 hour

2) Low dissipation factor
3) High-temp capability

flow insures sealing;|
use to wrap rotor
coil end turns

25



TABLE 4-1 (CONTINUED)

N

\

Component/| tem

Description

Speci fication

Special Handling

SEIectJDn Basis

Remarks

19. Stator jumper Electrolytic tough-pitch [ CDA No. 110 1) High conductivity Wrapped with | tems
bar copper {QQ-C-502) 2) Availability 18.1 and 18.2
20. Rotor jumper Oxygen-free, high-conduc-{ CDA No. 102 1) No residual deoxidant Wrapped with Item
bar tivity copper (QQ-C-502) 2) High conductivity 18.2
21. Stator stack tie Stainless steel A286 Insulation is over~|1) High strength tnsulated with epoxy-
bolt (AMS 5737) wrapped with 2) low thermal expansion glass tape
stretch Mylar, 1012-36 cross ply
cured, and machined (3M)
to size
22. Collector ring Aluring ceramic Coors AD-99 Fits 0.012 tight 1)  Thermal conductivity
tnsulation (slip-{ (9v percent AIZOS) (oD) 2) Compressive strength
ring assy) 3) Good dielectric
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the assembled laminations. The material js avéilable in wide-strip widths,
permitting single, cbncenfric lamination construction in the size desired and
has proven punching technology and noncritical heat treatment requirements.
Due to slighflf superior ideal electromagnetic properties, the use of
vanadium permendur was also considered for stator laminations, but rejected
because of technological |imitations. A primary disadvantage of vanadium
permendur is its need for a critical and very precisely controlled inert
atmosphere heat treatment to attain full elecfromagnefic properties. Further-
more, the material is not available in wide strips, or w}fh a suitable high-
resistance surface coating. Its cost is considerably greater. These factors
result in compromises of the SC design and construction that rule out vanadiﬁm
permendur despite its potentially attainable superior elecfromagﬁefic properfies.‘

2. Stator Housing

Consideration was given to machining the housing from (1) a rolled and
welded plate with welded flanges, or (2) a cylindfical forging. Approach
(2) was used as it proved more predictable and economical.

3. Stator Conductor

Stator conductor material is boron deoxidized copper No. 109 Wifh 7 to
10 ounces of silver added per ton to ensure high-temperature strength properties
of conductors above 300°F. The use of oxygen-free copper is necessary fo avoid
embrittlement problems associated with brazing. The stator conductor form
chosen (i.e., square with a round hole) is consistent with standard conductor
production technology, although smaller than standard size. |In fact, this is
one of the smallest size hollow conductors that has been produced (see Figure

3-3).
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4, Stator Conductor Insulation

The mica insulation system for Thislmachine was deve[oped especially for
this unit, and to the best of our knowledge, has not been used by other manu-
facturers. It qualifies for Class H (356°F continuous) rafiﬁg and consists of
a\fused Kapton tape and glass sleeving, followed by five sealed half-lap tape
fayers of epoxy mica, and a finél corona shield of asbestos/graphite. The
coit i5who**pressed—+o—ensﬁre—a~sea+ed, void=free imsufation. Test bars made
with the ;Tafor conductor and its insulation system were subjected to an accel-
erated life test at 150 VRMS per mil, 60 Hz, at a temperature of 356°F, and

successfully withstood more than 2500 hours.

5. Stator Coolant Transfer Tube

Selection of high-sfrengfh and high~temperature thermoplastic uséd for
the electrically nonconductive stator coolant tube was based upon results of
development tests. Tests were conducted on a variety of materials and con-
figurations, with deionized water, at temperature and pressure in excess of
350°F and 450 psig, with both temperature aﬁd pressure cycleq up and dowﬁ.
Alfternate coolant connections based upon use of a flexible Teflon hose with
outer Nomex cloth did not withstand the-thermal cycling tests.

6. Rotor Core

Rotor core material selection was based on the need for a mechanically
strong and electromagnetically efficient steel. Republic Steel Co. material
HP 9-4-20 offers the advantage of through hardening in thick sections, com- -
bined with good refénfion of electromagnetic properries after heat freatment.
Previous use of this material on a similar program (LIMRV) provided a basis
for evaluating post-manufacture properties. Test bars cut from the rotor

core forgings and heat treated with the rotor assembly were used for material
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and process sampling to provide data on material characteristics, including
tensile strength, hardness, electromagnetic properties, plating effectiveness,
hardness, and machinability. See Figure 4-1 for magnetic test data.

7. and 8. Rotor Conductor and Damper Bar

The rotor field and damper conductor material selection criteria parallel
those for the stator conductor. Its full-slot width, rectangular cross sec-
tion establishes a good footprint. A s+fong and simple eell insulation system

can be used due to low voltage (see Figures 3-5 and 3-6).

9. Rotor Coil Insulation Shroud

| The mica material selected for the insulating shroud riné provides a
dielectric séparaTion of field and damper windings with high compressive
strength and low deflection and creep, which results in very low balance shift.

10. Winding Support Ring

The winding support ring material must have high strength and minimum
thermal growth. This ring must support all rotor field end turns and damper
bar extensions. Previous experience in similar applications was the reason
that a nickel-based alloy forging was selected. '

11. End-Bell

The 356-T61 cast aluminum is a commonly used material with good thick-
section properties and very high strength, which provides the capability to .
support the vertically mounted machine (see Figure 4-2).

12. Brush

The brushes must operate at a maximum rated speed of 1634 in./sec. Brush

loading is about 2 Ib with constant-tension springs. The metal/graphite brushes,

with a 75 percent cépper content, provide high conductivity with low friction
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Figure 4-2. Lower End-Bell Casting with
Cast-in-Place Coolant Line
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and contact drop. Thus, a maximum rated-continuous current of 123 A is
carried with relatively low losses, minimizing the cooling requirements.

13. Collector Ring

The bolted-together collector rings, due to operating temperature and
cenfrifugal loads, must be fabricated from a high-strength material that is
also a good electrical conductor. The chromium-copper forging provided a heat-
treatable material with uniform properties in addition to the necessary good
conducTivify;

t4. Damper Bar Manifold

For- the damper bar manifold, selection of the chromium-copper forging was
again based on the requirements for a very high—sfrenéfhv(musf wiThsTand
2000 psi) ‘material with good electrical conductivity. It is also an easy
material to braze and reheat-treat to acceptable strength charaéfefisfics.

15. Rotor Winding Coolant Manifold

The rotor winding coolant manifold (Figure 4-3) is subjected to high
‘centrifugal . loading. It requires corgosion resistance and a minimum of thermal
expansion. ‘The méferial not only is acéepTabIe for these reasons but can be
easily welded with a minimum of distortion and is fairly free machining. A
cast version wasiinifially considered to elimjnafe-cdmplex weldment, but fab-
rication schedulés could not be met under the then existing pattern-shop work
foads. .

16. Rotor iInsulation

The rotor insulation must be able to withstand Class H (356°F) temper-
atures. This material provides that capability and it has the characteristics

of a very high dielectric. It can also stand high compressive loads.
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Figure 4-3.

Rotor Coil
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17. Coil Blocking and Bracing

The comparison of various insulating materials resulted in the selection
of Glastic 200 as the superior material for this Class H (356 F) temperature
application. It has good high-temperature strength, high dielectric strength,
and low moisture absorption. .i# can be easily fabricated.

18.1 Stator Tape Inner Layer

Choice of high mica content tape is based on excellent electrical
strength at the Class H temperature and proven application at the voltage
level.

18.2 Stator Tape Outer Layer

This B-éfaged tape provides very high electrical strength (2100 V/mil avg),
effectively withstands the Class H femperafures, and is fast cﬁring at 388 F.
During cure, the flow of resin plus shrinkage of the polyester thread wrap
ensures a moisture-tight wrap and a rugged, damage-resistant final casting.

19. Stator Jumper Bar

Stator jumper bar material consideration was primarily based on high
conductivity and ease of fébrication._ The selécfed copper was immedi-

ately available, and fabrication posed no problem.

20. Rotor Jumper éar_uv

High conducTiviTY éﬁd*abilify to withstand brazing operations were the
requirements for this ﬁaferial. The selected oxygen-freé, high=conductivity
copper is without residual déoxidanf, assuring excellent braze characteristics.

21. Stator .Stack Tie Bolt

Stainless steel (A286) was selecfed.primarily because it is a common,
high-strength bolt material, and in relation to the stack has low thermal

expansion. It is also nonmagnetic.

34



)

22. Coliector Ring Insulation

Ring insulation criteria dictated a good thermal conducting material
able to withstand very high compressive loads and provide good electrical
insulation. A tight interference fit between the collector rings and col lec-
tor hub through the alumina ceramic permits indirect cooling of the collector
rings while effectively isolating them electrically.
BEARINGS AND SEALS |
Bearings

The upper bearing for the SC is a Class 5 roller bearing with a bronze
cage for high-temperature operation. The lower bearings are duplex, 40
angular contact, with bronze cages. They are installed back-to-back but
precisely. separated. These bearings are machined to provide a medium preload
(785 Ib per set) when clamped up. The bearing lubricant is a high-speed, high-
temperature grease, a mixture of synthetic (nonsilicon) +ype oil, high molecular
weight organic compound, and sodium soap.

All O-ring seals are Viton fdr high-fehperafure service. Three Types
of rotating seals are used. .The‘upper bearing cavity grease seal is a seg-
mented carbon ring with an outer garter spring ekerTing radial pressure
inward. The seal rides on a hard-chromed ring. The grease seals for fhe lower
bearing cavity are standard multileaf (two réTaTing, two stationary) labyrinth
seals. For wa%ér separation, two carbon-faced seals are used. The seal for
the lower cover is designed for 5 gpm leakage with a pressure differential of
about 150 psi (inlet to discharge). A larger seal isolates the water flow
chamber from the bearing cavity. This seal must exclude water and steam (coolant

water at 225°F) from the bearing cavity with the rotor stationary under
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maximum pressure. A pressure differential as high as 300 psi could :deveifop
here. This seal was:initially assembled with a wavy spring washer, but changing
to coil ‘springs with a-higher -spring rate provided more uniform:and higher
face loading.
COOLANT FLOW PATH CONF |GURATION

Precision machinery was necessary in many areas to efficiently provide
adequate coolant flow. Problems and solutions are discussed below.

Bearing Housing

The bearing housing, of two-piece cénsTrUcTiQn, provides water flow around
the bearings. |t consists of a sleeve with a machined,‘circumferenfiél,_helical
groove welded into a housing for the upper bearing and pressed in place with
O-rings at the lower end.

Rotor/Brush Holder

Another- heliical groove is machined in the rotor to provide the coolant
flowpath for the bore of the slip rings. The brush holder heat exchanger is
é copper plate with a circular groove about 0.62-in, wide; furnace-brazed to
a cover plate to form an annular flowpath for the coolant.

Stator Coils

Water for the stator coils is distributed through two fabricated, log-
type manifolds. Machined fittings are welded to-a 0.75-in.-0D tube after the
tube ends are welded together, forming a ring. The fittings are oriented so
that the connected transfer tubes form a tangent:to the mean ceﬁferline of the
manifold tube. This configuration provides a very compact assembly at minimum

expense of axial-length. -
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STATOR AND ROTOR COILS

Both the stator and rotor chls are shaped to very tight bend radii, with
a large pitch that must fit into deep slots: 72 deg for s+a+or,coi|s (see
Figure 4-4), and 82-1/2 deg for the Iargesf.rofor coil. The coils fit together
within a minimum of space and require unusually close control of tolerances.
The coils are filled with wax, wound, and forwed with fixturing and tooling to
meet the required size and shape. The stator coils are then insulated with
the micaceous material and tested to meet applicable design criteria. The
rotor coils, though not insulated, have fittings brazed to them. Rotor coils
have four configurations for the four poles. The stator coil has three differ-
ent coil end configurations. The stator conductor is 0.14-in. sq (see Figure

3-3), while the rec+angular damper and field conductor measures 0.280 by 0.556

in. (see Figure 3-5).
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Figure 4-4. Typical Stator Coil as Installed
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SECTION 5

FABR{CATION AND ASSEMBLY

Synchronous condenser fabrication and assembly were completed in three
major stages: (1) rotor core fabrication and final assembly, (2) stator
stack and housing assembly, and (3) unit final assembly. Procedures were estab-
| ished for each operation and inspection to insure tight control of fabrication.
Three multiuse fixtures were fabricated to provide accurate Tooling and special
handling characteristics capability. Complementing the three main stages of
fabrication and assembly were several subassembly operations such as the top
end-bel | assemb]y and the brush holder assembly.

Throughout design and final assembly, the need for maximum ease of
ma{nféinébilify was stressed. The intended ob jective was achieved, as
evidenced by the fact that all seals and bearings are removable with rotor
disassembly, all coolant lines are replaceable without major disassembly,
and all brushes can be inspected or removed by removing nothing but the fob
cover plates. The entire rotor assembly can be removed by two men in less
than three hours, thus making the machine totally accessible.

Discussed below are the sTages of fébricafion, assembly, anq ma jor sub-
assembly necessary to complete the synchronous condenser.

ROTOR FABRICATION

The rotor core comprises three forgings, electron-beam welded together to
two 45-deg conical joints, at an approximéTe 9.25-in. mean diameter and 1.50-1n,
thickness. The initial operation is premachining the forgings for weldment.
Rotor configuration necessitated that the first weld be inspected while access-

ible, prior to completing the second weld. To expedite fabrication, determine
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potential distortion, and define the electron-beam welding schedule, samples
of identical thickness were welded at the same angle. Puil samples were also
tested to establish weld properties. Both welds were separately fluorescent-
penetrant and ulTraéonicaIIy inspected. After welding, the internal cavity
was cleaned with a slurry, flushed with water, and dried at a temperature of
250 F.

Following rough machining operations to semifinish the bearing.journals,
the coil slots were cut to their final depth. The rotor was then heattreated
(Rockwel | C41-45) and final-machined prior to nickel plating. The rofor center-
Iine was reestablished by using four slot bottoms at eaéh end for indication
and location. Diameters, including bearing journals, were then machinéd with
an al lowance made for the final plaTing.- The internal bore was honed to pro-
vide the critical surface finish required for infernal sealing. Final opera-
tions consisted of thread cutting, boring of various holes, and cutting of an
internal! spline at the top end. The slot wedge grooves were then milled into
the slots, and grinding of the criffcal winding support ring diameters and
bearing journals was completed. The final machining operation was cutting of
a thread on the core 0D to minimize eddy current losses.

Plating al lowance of 0.0025 in. per surface was provided for all internal
and external surfaces exéepf the béaring nut threads aﬁd internal ly threaded
holes. These areas were masked and the whole rotor was then electroless
nickel plated to a Thickﬁess of 0.0025 in; Critical Thfckness confrof was
maintained at the bearing journals to provide the élése tolerance required
for bearing fits. No.furfher machining wéé nécessary to ensure proper clear-
ances. (Prior test samples were plated to insure Tﬁe compatibility of the

HP9-4-20 steel with the electroless nickel.)
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After installation of various plugs, the finished rotor core was
dynamically biplanar balanced by removing material from the core sides for
correction. Final balance was within 2 oz-in. (see Figures 5-1 and 5-2).
ROTOR ASSEMBLY

Prior to assembly into the rotor, the rotor coils were inspected, flow-
checked, and orificed for flow-control criteria. The four coils were then
) ins*aLIed one pole at a time with the turn-to-turn insulation (sheet mica)

inserted and trimmed as required. Axial blocking positioned the coils and
end turns were taped. With axial alignment and bfocking established, steel
bars with clamp rings were positioned in place of the damper bars, using

48 threaded rods to clamp down on the bars (see Figure 5-3). The coils were
clamped radially inward and compressed and the entire assembly was oven-cured
for four hours. Hardwood forming blocks were installed under the end turns
to ensure the proper radial dimensions. After the clamping bars and rings
were disassembled, the mica coil support ring was added along with the damper
bars. The clamping fixture was then reassembled to provide compression, and
4+he assembly was reheated for four hours to cure the insulating mica ring.
The Inconel slot wedges were installed. To assemble the damper bar mani-
fold, the damper bars were slightly deformed radially, and clamped in posi-
tion for forch brazing to the manifold (see Figure 5-4). To prevent damage
to the coil insulation and blocking, wet asbestos was backed around each bar
as a heat barrier. The damper bars and both manifolds were then hydro-
statically pressure tested to 2000 psig with water. Additional filler blocks

were added prior to assembling the coil support rings.
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Figure 5-2. Finished Machined Rotor Core F-19348
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Figure 5-3.

Clamp Rings
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Figure 5-4. Rotor Coils in InspécTion Fixture
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Thg.as—assembled cold fit Qf the suppdrT rings diameter is 0.062 Yo
0.070 in. tight. The rings were heated to 1100 F minimum to attain the radial
thermal expansion necessary for assembly. A time limit of 2 min was estab-
|ished to prevent a hangup of the 65-1b rfngs due to cooldown.

The rotor manifold was completely assembled and the winding jumper bars
were installed. The rotor Tgansfer tubes (Figures 5-5 and 5-6) were then
instal led, each indfvidually fitted. |In some instances, this operation required
~slight adjustment of the coil connections to provide proper alignment. With the
final blocking and supports secure, the slipring aésembly and the internal mani-
foldrwere installed. The rotor assembly was hydrostatically pressure tested to
450 bsig with water to check transfer tube seals. As described in Section 8,
the rotor w;s balanced aﬁd spin tested prior to assembly in the maching'
(See Figure 5-7).
STATOR STACK ASSEMBLY

The stator stack assembly (shown in Figure 5-8) is a 72-slot stator lamina-
Tionisfacked to form a conventional hollow cylindrical stator core. Laminafions
0.014-in. thick were coated and bonded with Chrysler cyclie weld K183 to provide
a high interlaminar resistance. This two-step process creates an initial nominal
coating thickness of 0.003 in. per side and a final average thickness of 0.0003 in.
per side when stacked. Prior to being cured as a stack, the assembly was retained
and clamped'by nonmagnetic thru-bolts and end support plates that prevent lamina-
tion flaring. The stack was then post-cured at 400°F for one hour. The outside
diameter of the stack was machined while still in the fixture to provide a fit
to the housing ID of 0.032 to 0.042 in. tight. (This ensures good thermal con-

ductivity and tightness at the elevated operating temperatures.)
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Figure 5-5. Upper End of Final Rotor Core

71211-124

) F-19347
Figure 5-6. Lower End of Final Rotor Assembly
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Figure 5-7.

Completed Damper Bar Installation
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Figure

5-8.

Stator Stack and Coil Assembly -
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STATOR HOUSING ASSEMBLY

The stator housing is a single, machined, aluminum forging. It was heated
to 340°F for four hours to permit assembly over the stack. A plate was attached
to the top flange and a guide rod used to lower the stator housing over the
stack to the proper position. (Temperatures and dimensions were monitored,
with time to cool recorded to ensure that a hangup did not occur.) The stack
and housing assembly was then connected to the lower end-bell. The lower bear-
ing housing bore was machined relative to the ID of the laminations. With the
same machine setup, the top end-bell was lowered onto the housing and the
top bearing bore machined relative to the lower bore to minimize bearing
eccentricity. After locating pins were installed, the end-bells were removed
and the stack placed in a special fixture for coil assembly.
STATOR COIL INSTALLATION

Tne 72 coils install into a stack with fairly deep slots. This, combined
with the long coil pitch (due to four-pole configuration), made careful hand-
ling important, particularly during installation of the last 15 coils. By
inserting a rod through the center of the stack for support, one side of the
first 15 coils was lifted to facilitate assembly and tying of the final 15
coils. As each coil of the last 15 was installed, one of those tied up was
released and positioned. The coil insulation is hot-pressed and nonflexible
throughout, except for the knuckles, which are flexible and allow some deforma-
tion. This provided sufficient coil displacement to fit the coils (see Figure
5-9). Coils were periodically hi-potted during instailation. With all slot
sticks in, the entire assembly was hi-potted again. With final checks completed,

the next operation was the brazing of special fittings to the coils.
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Figure 5-9. Support Arrangement for Installation of Last 15 Coils
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Although series-connected electrically, the coils.are paral lel-connected
hydraulicalty. This required the brazing of 84 fittings, 72 with four conductor-
cooling passages and the remainder with two. An investigation was conducted to
determine the most effective way to braze without damaging the coil insulation.
After a comparison of vafious methods, including induction-brazed joints, the
%inal decision was fto use a torch with silver braze alloy (Bag No. 3). This
alloy does not fiow untii heated to 1270°F, but with wet asbestos packed around
the fittings several inches deep, an acceptable TemperaTure ot 450°F within
1 In. of the braze joint was maintained.

The coils, while being installed, were also partially blocked and secured
to prevent movement. The jumpér bars, except neutral, cover a span of ébouf
90 deg and the arrangement is such that they are on 120-deg centers. The
bars overlab phase-to-phase and with blocking and tying, provide a buil+up
support for the end turns (see Figure 5-10).

Blocking material used for the stator coils is glass mat polyester lamin- )
ate, selected for its Class H (356°F) temperature capability, strength, and
low moisture-absorption rate. Two pieces of the material were installed
between three adjacent coils and the coils tied together with epoxy surge
cable.. A symmetrical pattern was established such that all coils were tied in
two places at the inner and outer sides of both ends. |In addition, epoxy
surgé cable (0.50~in.-dia) was tied to each coil at fthe knuckles, jumper bars,
and twice around the outside of the lower end coils. Affer the blocking ties
and cord were coated with Epoxolite 6107 to provide corona proTeéTion, the
stator stack was oven cured at 135°F for 4 hours.

The SC machine external terminations are commercial 15 kV terminals with

the inner end modified to fit within the confined envelope of coils and
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external housing. The modified end and the connecting jumper bars were taped.
Each +ermjnal assembly was then hi-pdffed to a minimum of 26 kV, providing an
external standard terminal with quick attachment and high-voltage capability
(see Figure 5—11).

FINAL ASSEMBLY

The stator assembly was bo!ted onto the lower end-bell. The lower bearings,
with a dummy spacer, were assembled and used as a guide for installation of the
rotor assembly. the rotor was lifted with special tools and lowered into place.
- Four spacers were installed between the rotor core and bearing carfier, which
positioned the rotor about 0.25 in. from the lower bearing carrier.

A special fixture was fabricated to simulate the stator coolant manifold
mounted fo the upper end-bell. This was necessary to provide accurate sizing
of the stator coolant lines (see Figure 5-12). These lines had to be sized
aﬁd then brazed. Some realignment of fittings was necessary, both on the
coils and the manifolds. Prior to final tightening, the B-nuts were Tighfenea.
Shrink tubing was then shrunk in place over the tube, providing additional
creep distance between metal fittings of the close proximity coolant lines
as shown in Figure 5-12.

Assembly of the end-bell with the brushes provides a compact subassembly
that permits easy handling, inspection, and testing. The end-bell, a single-
piece aluminum casting, also has the top bearing and seal installed.

Brushes were installed into 24 holders arranged in two rows. The pattern
is staggered, one side to the other, to make use of a common mount that is
water cooled and serves as a heat sink for the brush holders. Beryllia-
ceramic plates between the brush holders and heat exchangers provide thermal

conductivity and the required electrical isolation. The heat exchanger is,
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in turn, isclated from its support by a machined glass-reinforced Eing.

This ring supports ana separates two bus rings that provide the terminations
for the brﬁsh leads. (See Figure 5-13). Bus bars connect the bus rings to
each side of the diode on the top of the end-bell.

Three |ift screws and guide pins were used to install the fop end-bell,
to lessen the possibility of damaging the top seal and provide a controlled
and guided descent onto the machine. The stator manifdlds were then secured
and machine flanges bolted together. ‘Assembled to the top end-bell is a
water-cooled, free-wheeling (clamping) diode connected across the field wind-
ing to provide transient protection.

With the upper bearing locating the rotor axis, the |ower bearings were
disassembled and the complete bearing and seal assembly installed. By
installing the cover or final lower piece, the rotor was lifted approxi=
mately 0.015 in. off the spacers. This then permitted hand rotation of
the rotor and with the installation of the resolver assembly (i.e., shaft
position sensor) at the upper gnd Qf the shaft, the machine was ready for
system connection and follow-on tests. The shaft position sensor, connécTed
via a flexible shaft to the top of the SC shaft, i§ electrically and position-

ally phased with the rotor windings to provide propulsion system control.
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Figure 5-10. Jumper Bar Installation with Coil Support
Cord and Ties
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Figure 5-11,

Typical Stator Terminal
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Figure 5-12. Stator Coil Coolant Transfer Tube and Manifold
Assembly (Prior to Shrinking Installation)
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Figure 5-13. Top End-Bell Assembly
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SECTION 6

DEVELOPMENT TESTING

Several céhé#rucfion aspects of the synchronous éondenser required
égvelopmenf testing to evolve and validate fabrication and assembly methods.
‘Some of the unique Tesfs-conducfed to méej fnspecfion requirements are‘
described?Beiow.

BRAZING TECHNIQUES

One of the design problems involved brazing the fittings to the coils in
close proximity to fhe Class H, high-voltage insulation system. In addition,
joints were (1) copper to stainless steel, (2) subjected to a 1000-psig water

p)
pressure test, and (3) usually required larger clearances then preférred for
an ideal brazé Joint.

The high-strength fequiremenf, compatibility criteria, and previous
experience favored use of AMS 4771 or Bag No. 3 with B-1 flux. This material
begins to flow at 1250°F, is compatible with most materials, and is widely
used and readily available.

Numerous braze fitting configurations were investigated. Furnace and
induction brazing with severalldifferenf types of induction coils were evaluated.
Various techniques with a contact induction brazing ﬁachine (gimilar to spot
welding) aimed at localizing heat did not yield reliable or predictable joints.
The Te;hnique found to be most. consistent, repeatable, and least addifive‘of
heat ¥o the insulation éysfem waé,forch brazing, using wet asbestos (about
3 in. thick) packed afound‘coil groups as a_heéf sink. Insulation susceptible
to damage was covered in fThis maﬁner aﬁd the temperature monitored by thermo-
couples 0.75 in. from the weld joint. Temperatures ranging from of 490° to

540°F were recorded while the braze alloy was melting at 1270°F. The appearance
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of the insulation on the coil test samples ranged from no indication of scorching
to faint burn traces. All test joints were micro-sectioned after pressure tests
to permit evaluation éf the brazed joint.

Alodg“wifh brazing; consideration was given to prevénfing flux contamination.
After brazing, hot water and sodium dichromate (0.1 percent by weight) was.power-
flushed through the coils for ftwo hours. Nexf, tap water was flushed through
the coils and this was followed by a final flushing of distilled water. A
resistivity reading was then taken to assure low contamination. The minimum
criteria for acceptability was 200,000 ohms. Actual recorded values were
600,000 to 900,000 ohms.

Other braze samples were made to duplicate the type of joint between the
rotor damper'bar and its manifold. Using a hole size 0.04—in. larger than
required, these samples were brazed and pressﬁre tested. This larger hole
permitted reasonable tolerance for positioning holes in the manifold. The
Joint successfully withstood 2800 psig water pressure. The proof pressure
requirement for these connections is 2500 psig.

WATER CONNECTION

Four methods of transferring the water from a manifold to the rotor and
stator coils via nonconductive hose or tube wére investigated. Test specimens
were: (1) a flexible nonconductive hose, (2) a nonconductive manifold, (3)
nonconductive fiffinés, and (4) nonconductive, nonflexible transfer tubes.
Configuration (4) was selected, a transfer tube made of Astrel 360, a thermo-
plastic (polyarysulfone) manufactured by the 3M Coﬁpany. Astrel 360 has
good high-strength properties at elevated temperatures, is an egcellenf

dielectric, and has good machining characteristics. .

59



The transfer tube configuration (Figure 6~1) is 3.10 in. long and uses
standard 37-1/2 deg AN fittings (dash 4 size) for connections. Astrel 360
was also used as the dielectric in the rotor coolant transfer tube assembly
as shown in Figure 6-2. This low-voltage winding required very small die-
lectric standoff distances (less than 0.10 in.) but was required to sustain
higher water pressure due to dynamic pumping forces. Thermal and mechanical
factors are also of more concern for these items. As shown in Figure 6-2, an
O-ring provides a sea{ for thermal and dynamic radial movements and élso com-
pensates for the radial location of the rotor coil fittings due to assembly
tolerances.

Another candidate material fthat showed excellent properties was a polyimide
resin. The latter passed all critical tests, but there was some question of
degradation due to prolonged exposure to hot deionized water.

Prior to transfer tube selection, all four configurations were subjected
to a 24-hour thermal/pressure cycle test. A special fixture was fabricated to
hold the test specimen ends during oven aging. Inlet pressure to each specimen
was cycled from 0 to 450 to 0 psig with water, while the ambient temperature
was cycled from room temperature to 225°F to room temperature. Other than
requiring a slight retightening after the initial cycle or two, specimen
(4) completed the test without leakage. Thermal/pressure cycle test results
for the other three test Specimens and criteria for their nonselection are
described below.

Specimen (1)

The first approach involved use of flexible hoses to minimize misalignment
problems and reduce possible thermal expansion effects. A test program for

hoses was initiated, including resistance readings, pressure tests, and
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Figure 6-1. Stator Coil Coolant Transfer Tube
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Figure 6-2.

Rotor Coil Coolant Transfer Tube
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thermal cycling. The hose that apparently met all criteria was a convoluted
Teflon tube with an outer wrap of Nomex braid. The Teflon was swaged to the
AN fittings. Samples furnished for tests passed all preliminary requirement
criteria for two different sizes, 1/4- and 3/8-in. However, in the process of
production testing, the hoses failed thermal cycling tests. Initial testing
at 800 psig and elevated temperature indicated no leakage; although, after
cooling and repressurizing/reheating, leakage occurred at the swaged joints.
(This hose is used sucessfully in other applications, but it proved unsuitable
under the prevailing high-temperature, high-pressure conditions of this
application.)

Specimen (2)

Initial results were promising. A small thermoplastic manifold Qifh thick
walls was tested. However, a fairly complex, small, compact configuration
was needed. An extremely high cost of tooling, plus a fairly high risk factor
in developing a small single-piece configura+ion made this approach unattractive.

Specimen (3)

Attempts were made to construct a suitable union for the rotor based on
an AN-5 fitting. Various plastics were used, including some with glass fiber
reinforcements. the thermoplastic and polyimides proved superior with respect
to mechanical properties and machinability in small size. Although these speci-
mens functioned satisfactorily, they lacked the strength to carry the required
foad.
LOWER END-BELL CASTING

Development testing was also conducted on the lower end-belfi. This casting
has deep, thin webs and struts. Compared with the majority of the mass, these

webs and sfruts have very small cross section. Since the flange is the sole
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support of the SC, maximum cast properties were a must. Also cast integrally
was a coolant coil of f/4-in. stainless steel +ubiﬁg. The fnfehf was for |
only one pour, as there was only one coolfng.coil’available. To anficfpafe
the chill prdblem for the Iarge cfbss sections and fo analyze ﬁa+erial pro-
perties, Three_separafe pours of aluminum were made of a section one-eighth
of the configufafion or one strut. -Affer.each pour, the éasfing was X-rayed
and checked for porosi+y; Chilis were modified éffer each cast with the second
and third casts sectioned at the strut, pull bars made, and the material
properties chécked. The 356-T61 aluminum alloy satisfied MIL-A-21180 Class |
(Table IV) spec requirements, and the en*ire.end-bell was poured with the 65-ft
stainless steel coolant coil cast fn place. |
ROTOR CORE

Rotor fabrication involved a Three—piece-forging'joined by means of elec-
tron beam welding. All phevious AiResearch history with the Republic HP9-4-20
sTéeI alfoy‘wés based on TIG'weﬁdiﬁg.‘ Specimens of the forgings were cut to
duplicafe‘lengfh and angle dftfhe finished weld and welded fogether to set up
the proper weld schedule. They were then machined into pull bars to check
post-weld meéhénicaf properties.
Plating

Additional parts of the rotor forging'samples were used for the electro-
less nickel‘pléfé process and to establish some of the machining specifications.
Several pieces were used To‘comparé fhe magnefic‘properfies be{ore and after
welding.
Testing

The primary test for the low-voltage, noninsulated rotor coil was pressuri-
zation to 2800 psig. The coils were also calibrated by enlarging an orifice

to establish a 1.5-gpm wa+erlflow at 105 psig.
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Insulation

The stator coil mica insulation system was a critical development item.

It must withstand an operafional>vol+age of 7150 V Iine-fo—lfne in a Class H
(356°F) temperature envirbnmehTL Test bars mad@;wifh The stator conductor and
the insulation sys+em were given.qcceférafed life tests at 356éF, 150 VRMS per
mil, and 60 Hz. I%he TeST specimens suceessfully met the insulafioh'require—
ments for an enduraéce period }n excess of 2500 hours.

Each coil consists of sfx,hbllow conductors individually insulated with
one |ayer half-laﬁ ?rap, of 0.001-in.-thick Kapton tape with doubié baqron—
glass. The coi | }é'wdund as two paréllel conductors, Three-furn conf%guraTion.
The turns were sepérafed by one Tayer of 0.00545-in.-thick Dacron Tapé, which is
then single-laye% Wrapped around the six cohd;c+ors. Covering Thi; afe five
and one-half Iayécg of B—sfage epoxy mica baperévwifh_glass cloth and 0.008-in.-
thick Daqron\maf 5acking applied with half-iap wFab. Final outside insulation
is onellayer of a;besfos fape. The eoil)regioné that fit inf§ the slo+ were |
then painfed.wifh a conducting (graphilic) air-drying paint, and the remaining
coil was coated with a noasilicone, air-drying varnish. This insulafion‘éysfem pro-
vides a Class H (356°F) temperature capability and operates at 90 V per hil
in the acfuai;applicafion, which is approximately 1.8 times the normal commercial
rating (See Figure 6-3).

In addition to the test bar sample,’drawing requirements call for a
turn-to-turn insulation test at room Temperafure at 40 to 50 VRMS/miI (1800 VRMS
for 15 sec at 60 Hz), and a éround insulation test-conductor-to-ground (metallic
sheath) at 20,000 VRMS and 60 Hz for one minute at room temperature. Coils are
pressure tested to 900 psig while restrained and flow tested at 0.25 gpm filow,

220 psig pressure, and 168°F temperature.
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Figure 6-3. Typical Stator Coil Hollow Conductor Configuration
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SECTION 7

FUNCTIONAL TESTING

TEST RIG
A dynamic'model of the synchrpnous condenser was consiructed to simulate
acfual'operafing conditions er brushes, sliprings, bearings, seals, and water
manifolds. Among The achieved goals were:
At rated speed, current, and temperature, brush wear was 0.0001 in.

per hour.with no apparent slipring wear,

SC design. intent was verified during operation at rated field current

(2750 A), voltage (128 V), and speed (5000 rpm).

Thg SC_was operated more than 17 hours under electrical power with

14 hours at rated speed. Total running time was 43.5 hours.

Data was taken at various speeds and ratings, providing assessment

af;bfher than rated conditions. ~

No visible wear or leakage was noted at the upper shaft lubrication

. seal.

‘The brush assembly was sutcessfully'operafed with and without water

coolant.

Rotating manifolds (inner shaft water transfer and blanked-off rotor

coil) proved leak-free and created no balance problems with water flow.

' Bearing and seal maTnTainabiIiTy'wiThouf disTUrbing the basi¢ assembly

was confirmed.
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Testing was conducted on various lower face seal rotor and bearing
nut combinations. Total sealing of the lower bearing face seal
needed to be accomplished, although slight leakage did not impair
the operating performance of the other components.

The model was a vertical machine, driven by a 25-hp, 0-to-6000 rpm
hydraulic motor. A dummy rotor was used (See Figure 7-1), and actual rotor
weight was simulated by a preload created by coil springs, making it possible
to increase or decrease the load as desired. Actual component hardware, except
rotor and support structure, was used (See Figure 7-2).

With the preload based on the calculated weight of the rotor (1750 Ib),
the bearings and seals were subjected to rated speed and fempéra+ure oberafing
conditions. Coolant flowpaths for bearings, slipring assembly, and brush
holders were identical fo the final configuration, and provided a means of
evaluating the seals as wéll as the heat transfer capabilities of various
cooled components.

Instrumentation was the same configuration as that to be used in the final
unit. Thermocouples were inserted in six brushes for temperature monitoring;
the respective supporting holders were similarly instrumented. The upper rolier
bearing and the two lower duplex bearings were monitored for temperature on
their OD. In addition, temperatures for the lower bearing cavity face seal
and the coolant water were recorded. Water flow and pressure measurements
were taken for each of the major coolant flowpaths (i.e., rotor in and out,
bearing housing, and brush heat exchanger). Accelerometers measured vibration
in three axes at both the upper and lower bearings.

For additional data, various designs were evaluated with the same bear-

ings but different seal configurations. Specimens included a high-speed
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Figure 7-1. Test Rig Dummy Rotor, Rotor Manifold,
and Lower Duplex Bearing
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lip seal, reversed face seal installation, a dual labyrinth, refloating seal
rotor, and the existing face seal with various springs to provide different
loading conditions on the carbon. Twenty-one tests .were completed with 16
different configurafioﬁs, inciuding an 8-hour endurance test with a single
lower bearing configuration. These tests provided a comparison of sealing
capability and running characteristics for future consideration.

FUNCTIONAL TESTS

The facility test capability (forque and hp) was limited so that only
partial load testing could be employed. The drive for the machine was
Ppwered by two side-by-side dc motors mounted vertically above the SC. Capa-
;ble of a combined 500 hp, these motors were each connected by drive chains
to a center drive shaff that ftransmitted torque Thrdugh a crowned spline
coupling to a drive spline on top of the SC shaft, as shown in Figure.7-3.

SC operational procedures during test stages were based on |EEE publica-
tjon No::]15, "Test Procedures for Synchronous Machines." Short ciréuif tests
Sére performed at reduced speed. Zero power factor tests, although desirable,
wefe precluded due to the unavailability of time and funds necessary To com-.
plete testing within the allotted perioq. SC elecfricaf cﬁaracferisTics,
cooling system capability, and mechanical integrity were tested to establish
COnformance with acceptance criteria. No-load saturation tests were performed
at speeds of 1250, 3050, 3200, aﬁd 4950 rpm (rated speed), and short-circuit
and negative sequenée tests at one-half rated speed. Additional tests also
were conducted to collect thermal data samplings, recheck rotor balance,
investigate overspeed, verify insfrumenfafion‘adequacy, check out the TLRV

system field power supply, and research critical speed resonant frequencies.
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Figure 7-3. Functional
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Initial runs were made'fo determine +he test facility drive character-
istics, and vibration pecutiarities, and to defecmine a bearing temperature profile.
The first rated speed run was conducted after 4.2 hours of runﬁing at reduced
speeds without cooling water or current applied to the SC. With the cooling
v system fully operational, current was applied after 7.2 hours of preliminary
testing.
On the final run, the SC was satisfactorily operated at raTed'speed
(4950 to 5050 rpm) with various levels of output voltage up to 110 percent
of the rated 7150 VRMS L-L. A 13-minute portion of fhis test was performed
at rafed voltage with a total run time of 30 minutes. (Coolan¥t wafer conduc~
+ivifylgas 4.6 megohm-cm.) Test results are presented in curve form in Figures
7-4 Throuéh 7-15. Additional information on various runs is provfded below.
& The first no-load saturation run was conducted a+ a speed of 1100 Epm
fol lowed by a 2500 rpm no-load saturation run using the final TLRV sysfgm

phase delay rectifier field supply. Data was fecorded'af current levels up -

to 20002A at a speed of 1100 rpm (see Figure 7-4). At 2500 rpm (one-half rated
speed),“no-load safura?ion(characferisfics were measured wifhbfield'currenf up
— to 1500 A and |ine-to-neutral voltage of 3300 V (see Figure 7-5). Thermal
tests under short-circuit conditions were conducted at one-half rated speed,
fol lowed by negative sequence‘reacfance tests at one-half rated speed (see
Figures 7-6 and 7-7). With-a line-fo-line short circuit confinuously applied,
values for negative sequenée reactance were verified as 0.31 per unit at
200-A field current and 0.27 per unit at 600~-A field current (Reference:
IEEE Publication 115, method 26.3, para 7.40.30). Variods runs were made
to check balance characteristics. Included in this testing phase was a ther-

mal check at various speeds under no-load.saturated conditions, for recording
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maximum temperature effects with lower coolant flow rates (see Figures 7-8
through 7-13). Prior to running at maximum rated speed, the SC was searched
for critical speeds (resonant frequencies). Vibration levels were checked

at various speeds (see Figure 7-14). The critical speeds were identified as
1640 rpm and about 3760 rpm with ftest stand support (mounting stiffness and
fixture are different than on the actual vehicle). The machine operated
through critical speeds with a maximum accelerometer reading of about 0.69 g.

Short-Circuit Operation

Figure 7-15 shows calculated reactance and actual test results for no-
load and short-circuit performance. This data indicates field requirements
slightly lower than those predicted by the electromagnetic analyses.

Synchronous condenser testing was |imited by available facilities
and equipment. As a result, the machine was operated at combined full speed
and full voltage and at combined full current and partial temperature, but
it was not possible to conduct load testing. Hence, zero power factor data,
load regulation tests, and full thermal evaluation could only be estimated.

Cooling System

The facility water system was a |limiting factor for rated speed testing.
The SC was designed to flow 37.5 gpm through the stator coils and 36 gpm
through the rotor. With a flow rate of 20.4 gpm through the stator coils
and 12.5 gpm through the rotor, machine temperatures were still below design
temperatures. Also, pressures were well below system requirements. To pre-
vent possible boiling within coils, it was desirable to maintain water inlet
pressure at 300 psi minimum. Actual water pressures were 140 psi (stator)
and 103 psi (rotor). Figure 7-16 shows the cooling water system. Figure 7-17

is a system schematic.
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Figure 7-16.

Cool ing Water System
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Coolant water used was provided by a remote deionization system that
recirculated the water. Water was cooled, filtered, and chemically deionized
at a rate of approximately 35 gpm.

High voltages were not applied unless the deionized water conductivity
reading was 2.0 megohm-cm minimum. The rotor coil-to-ground resistance
reading was 100 kilohms with a water conductivity of 2.6 megohm-cm. By
operating the deionization system for one hour, water conductivity was raised
to 3.6 megohm-cm and the rotor resistance to ground increased to 140 kilohms.
wWhenever the water was left stagnant for 8 hours or more, the conductivity
dropped below the 2.0 megohm-cm reading and it was necessary to deionize for
at least an hour to achieve acceptable water purity.

Test Stand

The test stand support was actually the fabrication holding fixture for
the vertically operated machine. This initially provided a soft mount, but
after lower speed runs, the mounts were shimmed solid, closely duplicating
the final support condition.

Chain Drive

A chain drive was selected rather than a conventional gearbox fo curtail
the development effort for a drive train (i.e., special gear design and fabrication)
and to minimize the leadtime involved in hardware procurement. Further, this
method of power fransmission was attractive because the compact size rendered
future maintenance easier and less time consuming.

Chains used were approximately 5-in. wide and ran on convoluted gear
teeth, forming a precision fit that showed little tendency to wander or produce

backlash. The chains were mounted vertically on edge and run through a splash
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lubrication system. The chains ran faultlessly with or without SC load,
not only at rated speed (4950 rpm), but also when the drive motors were
used for SC braking.

Instrumentation

Instrumentation included equipment for monitoring temperatures of the
bearing OD's, lower dynamic seal, laminations, stator coils, stator housing,
and brush holder heat exchanger. The instrumented test rig brushes were used
to compile a record of brush temperatures. The stator coils had special
sensors installed within slots between the wedge and coil, between coils, and
between coil and bottom of slot. |In addition, data recorded included charac-
teristics of water flow, pressure and conductivity, machine vibration (three
axes at top and bottom), current and voltage at various times, and rotational
speed settings as dictated by individual test.

1y Temperature Sensors

All temperature sensors except those associated with the brushes and
stator coils are button-type, platinum-resistance devices. The stator coil
temperature sensing element is a platinum strip approximately 13.5 in. long.
The brush temperature sensors are thermocouples epoxied in holes drilled at
the shunt ends of the brushes.

2 Vibration Sensors

Vibration was monitored by piezoelectric accelerometers, three at the
top end and three at the lower end. They were mounted on a common block
attached to the end-bel| directly outside the bearing. In addition to installa-
tion along the X, Y, and Z axes, accelerometers were attached to the drive
motors and their supporting frames to confirm that no vibration was contributed

by the drive units.
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SECTION 8

ROTOR BALANCING

BALANC ING PROCEDURES

Although the rotor core configuration is symmetrical, precision balancing
is mandatory to minimize vibration. Both the core and final rotor assembly were
dynamical ly biplanar balanced at 500 rpm (increased to 800 rpm for a final
check). Special Ctass 7 bearings, ball at the lower end and roller at the
upper end, were used for all balance operations. Both the rotor core and
rotor assembly were balanced horizontally.

Maximum al lowed unbalance for the rotor core was 8 oz-in. (at a mean
radius of approx 8.0 in.) at either plane with the planes about 15 in.
apart. Material can be removed at each end of the rotor core for balance
correction. Actual unbalance at this stage was only 2 oz-in.

Sequential balance operations were necessary for the final rotor assembly.
The complete rotor assembly was balanced with all rotating parts except
the bearings. The bearings were not considered proper class for an accurate
balancing operation. With the installation of coils, blocking, manifolds,
and slipring assembly, unbalance was expected to increase considerably.
Using the extreme ends of the winding support rings, weights were to be
* added for balance adjustment. Balance weights are copper, nominally weigh
280 gm, and are attached with two bolts. Modification to the balance weight
was permitted as long as bolt retention to the support ring was not impaired.
NOTE: Bolts are never loaded, as the weights are centrifugally loaded to

the ring during rotation.
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As before, the balance operation was biplanar with the planes approxi-
mately 27.5 in. apart. Allowable unbalance was 5 oz=in. (141 gm-in.) at a
10-in.-radius. After the initial correction, the assembly had to be installed
into a special spin fest fixture to seat the coils and blocking before the
final balance was possible. The final unbalance was 0.50 oz-in. (15 gm=in.)
in the upper plane and 0.75 oz-in. (22 gm-in.) in the lower plane.

SPIN TEST

The complexity and one-of-a-kind nature of the SC precluded its use for
overspeed testing of the rotor after the iniftial assembly. The test objective
was to spin the rotor at overspeed (125 percent of rated speed) to seat the
coils and blocking.

A special test fixture (Figure 8-1) was fabricated to facilitate use of
the spin pit. This fixture permitted the use of actual bearings while the
rotor was installed in the designed vertical position. By testing in a vacuum,
the lack of air friction permitted use of a small 7-hp air furbine motor to
spin the rotor to a maximum speed of 4370 rpm (speed |imitation was due to
the time for the drive turbine to attain speed, resulting in excessive bearing
temperatures). The only variance between tested design and final design was
the use of turbine oil instead of grease for bearing lubrication, because the
grease could not withstand sustained operation in a vacuum.

At the end of this test the total radial outward movement of the coil
ends was 0.09 in. This movement was the result of insulation compression
between the damper windings and coil endturns, combined with a slight reseat-

ing of the endturns; compensation was made during the final blocking.

92



Figure

8-1.

iy AR

Rotor Test Fixture Removed from Spin Pit
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SECTION 9

ASSEMBLY DRAWINGS

This section contains the following synchronous condenser assembly

drawings:

Figure
g-1

9-2
9-3
9-4

9-5

Drawing
2000942

2045175
2045162
2045177

2045166
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Description

Synchronous condenser outline
drawing

Stator coil assembly
Stator stack assembly
Rotor coil assembly

Rotor core assembly (2 pages)
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Figure 9-5,

Assembly Drawing 2045166,
Rotor Core Assembly
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Figure 9-3.

Assembly Drawing 2045162,
Stator Stack Assembly
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