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ABSTRACT

Cryogenic refrigeration is a common requirement of all -
superconductivity applications, For this reason, dominant em- .
phasis is being given to this portion of the program. Its specif-
ic application to an integrated superconductive ship propulsion 1
system with the extreme environments involved will assure that :
particular attention is given to each factor affecting reliability,

maintainability, safety, and availability of the cryogenic system
components,

The specific objectives of this program are to: ]

Conduct a limited but broad application sarvey of
multiple applications in which the use of cryogenic
and superconductive systems and components offer
substantial advantages through improements in the
performance of propulsion, communication, detec-
tion, or weapons sy:tems.

Define, ir.restigate, and experimentally evaluate the

key elemrents of a representative cryogenic turbore-
frigerator subsystem suitable for providing reliable

long-livad cryogenic refrigeration for a superconduc-

tive ship propulsion system,

Provide a sound technical basis for subsequent appli-
cations of superconductive power in the area of ship
propulsion., Other applications, and their requirements
will be reviewed and evaluated, in order to form a pre-
liminary evaluation of those applications that might de-
serve more detailed study,

¢ Concentrate the experimental portions of this pro- 4
gram on the identification of potential materials and
process problem areas and the demonstration of

potential resolution of such problems.
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Section 1
SUMAARY

TECHNICAL PROBLEM

The specific objectives of this program are to:

¢ Conduct a limited but broad =pplication survey of multiple applica-
tions in which the use of cryoenic and superconductive systems and
components offer substantial .dvantages through improvements in
the performance of propulsior, communication, detection, or weap-
ons systems,

Define, investigate, and experimentally evaluate the key elements of
a representative cryogenic turborefrigerator subsystem suitable for
providing reliable long-lived ¢ ryogenic refrigeration for a super-
conductive ship propulsion system,

Provide a sound technical basis for subsequent applications of super-
conductive power in the area of ship propulsion. Other applications,
and their requirements, will be reviewed and evaluated, in order to
form a preliminary evaluation of those applications that might de-
serve more detailed study.

Concentrate the experimental portions of this program on the idep .i-
fication of potential materials and process problem areas and the
denonstration of potential resolution of such problems.

Cryogenic refrigeration is a common requirement of all superconductiv-
ity applications. For this reason, dominant emphasis was initially given to
this portion of the program. Its specific application to an integrated super-
conductive ship propulsion system with the extreme environments involved
will assure that particular attention is given to each factor affecting reliability,
maintainability, safety, and availability of the cryogenic systein components.

METHODOLOGY

The program presented provided that the work would be divided into
three phases:

® Phase I -- Cryogenic Application Studies

¢ Phase II -- Systems Technology Evaluations

¢ Phase III -- Key Component Development

The work in each phase was divided into various major tasks ind was
scheduled as shown in Figure 1. Major milestones were established for the
first two phases. All of the tasks necessary to fulfill the program were de-
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scribed in the statement of work., To assure direction and clarity, these
tasks were divided into two groups: crycgenic turborefrigerators and super-
conductive power systems.

The conduct of work under Phase II was modified by the Advanced Re-
seurch Projects Agency as a result of the initiation of the Navy's nrogram for
the development of a superconducting propulsion cystem. These iastructions
terminated the work under Task R-40 and discontinued all cryogenic refrig-
crator work preparatory to Phase 11, other than that necessary for the proper
preparation of task effort suitable for the preparation of this report.

Continuing work in Phases II and 11l was directed to the identification of
potential materiais and process problems and the demonstration of a potential
resolution of such problems in the area of Task S-30, "Materials and Process
Evaluations. "

This second semiannual technical report is therefore prepared to describe
the accomplishments in the terminated areas of effort and to describe the prep-
aration of materials and process evaluation preparations for the testing ac-
tivities of Phase III. The continuing efforts fall into two arcas:

¢ Liquid metal current collecticn technology

¢ Superconductive coil technology

Because no actual testing is to be conducted unti! Phase 111, no effort is
made here to centralize a revort of these activities.

INDIVIDUAL TASKS

CRYOGENIC TURBOALTERNATORS DEVELOPMENT
FOR EXTREME ENVIRONMENTS

The original inten* of the contract was to construct, during Phase 1I, ad-
vanced turboalternators for the purpose of bearing materials development
and shock and vibration testing. Before construction could be completed, all
work related to the cryogenic refrig :ration portion of the contract was termi-
nated by the Government. This report therefore describes the accomplish-
ments to the point of termination and the status of the refrigeration program
at that time,

Parts for two turboalternator assemblies were started; onc of these as-
semblies was to be used for bearing materials investigations and thc other
was to be used for testing under extreme environments, including shock and
vibration., At the time of termination, these parts were about half completed,

In the area of bearing materials investigation, a significant result was
produced. A key element of tne turboalternator is the self-acting gas bear-
ing system, and the material used in these bearings is critical, Using turbo-




alternator parts borrowed from another contract, a new bearing material
(sintered titanium carbide) was experimentally evaluated for the first time

at very low temperatures. Using helium gas boiled off from liquid, the tur-
boalternator was operated to temperatures as low as 9,8°K. This is believed
to be the lowest temperature at which self-acting gas bearings have operated,
The significance is that the gas bearing operated well under conditions of very
low gas viscosity existing at that very low temperature and that the tempera-
ture, and hence the viscosity, were lower than normal design levels, This
test enhances the prospects for self-acting gas bearing turboalternators at
very low temperatures.

REFRIGERATOR TRANSIENT ANALYSIS

The system transient and off-design analysis was completed. An analyti-
cal model of a Claude cycle refrigerator was developed, using modular com-
ponent subroutines so that various arrangements of components could be ana-
lyzed. The cooldown of a two-expander Claude cycle machine, corresponding
to a real system, was analyzed as a test of the digital computer program,

POWER CONDITIONER FOR COMPRESSOR MCTORS

A tentative conclusion from this work is that a dynamic power conditioner
(a motor-generator sct) has a number of advantages over a solid -state power
conditioner for shipboard applications in the sizes needed.

LIQUID METAL CURRENT COLLECTOR TECHNOLOGY

The studies completed in this area during Phase 1, as previously reported
led to the conclusion that only gallium (or gallium-indium) of the many liquid
metals considered offered any promise of providing a better solution to the
problems of liquid metal current colle«tion than that obtainable using NaK as
the liquid metal,

The advantages of gallium over NaK are confined primarily to the lower
speeds of operation typical of motors where the higher conductivity and den-
sity result in lower overall machine losses as well as assisting in liquid metal
retention in the conducting areas of the collector, Because galiium has no
significant reaction with water and is nontoxic, it offers increased safety and
maintenance easc, compared to NakK. However, it should be recognized that
adequate maintenance of an oxygen (and/or moisture vapor) free cover gas
over either liquid metal is equally important to the long life and trouble-free
performance that are expected from these collectors.

The experimental demonstration of gallium performance in the se’:cted
collector configurations, when subjected to the high-intensity magnetic fields
representative of operation in superconductive motors and geuerators, is the
primary objective of this portion of the program, During Phase II, the prin-
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ciple effort has been directed toward the design and fabrication of a collector
configuration employing materials and processes that assure long-life com~
patibility with gallium (or gallium indium) and practical applicability to future
use in superconductive propulsion systems,

The equipment has been completed and initial testing is reudy to begin
in Phase III, Upon compietion of successful testing, these materials and
processes will be more fully described.

SUPERCONDUCTIVE COIL TECHNOLOGY

Many areas of superconductive coil technology have been and are being
worked on by other investigators in this country and in other countries. How-
ever, the availability of a satisfactorily stabilized superconductor (finely
stranded niobium-titanium) and the availability of proven coil fabrication and
potting methods (e.g., the Culham Laboratories technology) provide a suffi-
cient and sound basis for proceeding with the design ¢nd development of su-
perconductive machinery, It remains neccssary to experimentally verify that
these technological developments that have been proven s2 isfactory for coils
inastationary environment will also perform reliably in the dynamic environ-
ment of a shipboard propulsion system.

To assure materials and processes compatibility and to fabricate equip-
ment and prepare testing facilities for this expcrimental verification of coil
performance in a dynamic environment have been the principal objective of
these Phase Il activities,

Equipment has been completed and is ready for Phase 1I testing.




Section 2

CRYC 3ENIC TURBOALTERNATORS DEVELOPMENT
FOR EXTREME ENVIRONMENTS

§
!
i
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DESIGN FOR PERFORMANCE

A study was conducted to determine the most expedient approach to eval-
uate the performance of the Big Bertha turboalternator as applied to the sub-
ject cryogenic refrigeration systems. It was shown in the first semiannual
technical report that there are operating areas where the performance of
partial admission radial impulse turbines is rrobably the best choice. In
addition. it was also shown that for on¢ case the full admission radial reac-
tion turb.ne will probably provide the most efficient turbine and hence im-
prove the overall refrigeration cycle efficiency.

To illustrate this possible improved performance, a separate investiga-
tion was conducted. The effect of turboalternator performance on the type

of refrigerator systems studies that were conducted during Phase I have been
examined. The original base for lurbine designs for the a-c generator re-

frigerator application is shown in Table 1.

Fo. the a-c generator application of a cryogenic refrigerator system,
additional cycle studies were conducted, with a variety of turboalternator
efficiencies arbitrarily iruposed to show the potential for improved turbo-
alternator efficiencies. This work was only a demonstration of the potential
effect on alternator efficiency at the various temperature stations of the cycle
considered.

Results are shown in Migure 7, where the turboalternator efficiency at
each of the three stations was arbiirarily increased by the amount shown.
These results are based on influencing each turbine separaiely, leaving the
3 ' other two turbines at the original cycle design point efficiency.

Then the results of improving all the turboalternator efficiencies simul-
tancously were examined (Figure 3). This study involved a refrigerator
with three turbines. For systems with only two turbines, the improvement

in turboalternator efficiency on reduced input power is even more pronounced l
(Ref. 1).

The comparison of two low-temperature, 12°K turboalternator designs
is shown in Table 2. The full admission radial reaction shows a substantial
efficiency advantage of more than 20 percent.

The turboalternator performance work that would have been conducted l
under this contract included the operation of a turboalternator for perfor-

mance evaluation of the Big Bertha frame size, as was originally establiched

in the proposed approach for this yrogram.
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Table 1
A-C GENERATOR REFRIGERATOR

TURBOALTERNA'TOR DESIGN SUMMARY*

Model and Iniet Temperature

Design Farameters Big Bertha | Big Bertha | Grizziy Giant
(12°K) (35°K) (120°K)

Totai refrigeration power outputs (watts) 15.57 101.4 681.5
Design speed (rpm) 72,960 72,820 64, 640
Maximum speed (rpm) 200, 000 200, 000 200, 000
Refrigerator input power (kilowatts)
Principai Dimensions
Journai-bearing span (inches) 3.82 3.82 7.64
Journal and magnet diameter (inches) 0.5 0.5 1.0
Thrust-bea-ing outside diameter (inches) 0. 84 0. 84 1.68
Magnet iength (inches) 0.705 0. 705 1.410
Performance Faectors
Inlet temperature (°R) 21.6 63.0 216.0
Inlet temperature (°K) 12 35 120
Iniet pressure (psia) 41.35 41,77 42.19
Qutlet pressure (psia) 17.08 16,83 16. 58
Pressure ratio 2,422 2,482 2.545
Mass fiow (pounds per hour) 67.14 53, 44 57,92
Turbine run number 630601006 630602001 630603005
Wheei diameter (inehes) 0.75 1.25 2.50
Licetromagnetic effieivney (fraetion) 0.998 0.985 0.952
Number of biades 317 50 77
Cycie required overall efficieney (fraetion) 0, 4725 0.5086 0.4674
Overall efficicney (fraetion) 0. 4809 U.5127 0.4804
Specific speed 23.57 15.95 10,79
Total frietion iosses (watts) 4. 89 9,03 93. 66
Design Geometry
Admisslon (fraetion) 0.3165 0. 2216 0.1567 .
Cutter diameter (inches) 0.0278 0. 0293 -0, 0470
I3lade height (Inches) 0. 0935 0.1085 0.1534
Biade-hright-to-diametcr ratio 3.36 2,707 3.264
131ade angie (degrees) 60 60 60
Nozzle angle (degrees) 80 80 80

*Turbine type: partiai-admission, radial impuise

Load aiternator type: permanent magnet

Journai bearing type: seif-aeting tiiting pad
Thrust bearlng type: inward pumping, spirai groove
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Table 2

COMPARISON OF PARTIAL AND FULL. ADMISSION TURBOALTERNATORS*

Design Parameters

Turbine Type

Partial Admission,

Radial Impulse

Full Admission,
Radial Reaction

(12°K) (12°K)
Total refrigeration power outputs (watts) 75.59 110, 6
Design speed (rpm) 72,960 96,900
Maximum speed (rpm) 200, 000 200, 000
Principal Dimensions
Journal bearing span (inches) 3.82 3.82
Journal and magnet dia.neter (inches) 0.5 0.5
Thrust bearing outsule diameter (inches) 0.84 0. 84
Magnet length (inches) 0.705 0. 705
Performance Factors
Inlet temperature (°R) 21.6 21.6
Inlet temperature (°K) 12 12
Inlet pressure (psia) 41.35 41,35
Outlet pressure (psia) 17,08 17, 08
Pressure ratio 2,422 2,422
Mass flow (pounds per hour) 67.14 67.14
Turbine run number 630601006 630601007
Wheel diameter (inches) 0.75 0. 80
Electromagnetic efficiency (fraction) 0.998 0.998
Number of blades 37 44
Overall efficiency (fraction) 0. 481 0.704
Specific speed 23.57 30.50
Total friction losses (watts) 4,89 9.90
Design Geometry
Admission (fraction) 0.3165 1.00
Cutter diameter (inches) 0. 0278 NA
Blade height (inches) 0. 0935 0. 0222
Blade-height-to-diameter ratio 3.36 NA
Blade angle (degrees) 60 0
Nozzle angle (degrees) 80.0 81.9

*Model: Big Bertha

i.0ad alternator type: permanent magnet
Journal bearing type: self-acting tilting pads
Thrust bearing type: inward pumping, spiral groove
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The turbine performance would have been evaluated at the 80°K level,
with a single heat exchanger in a cryogenic section. Pressure levels and
flow rates availuble from the General Electric Research and Development
Center compressor should have been considered in the design of such a turbo-
alternator. The maximum flow available to the turboalternator is 32.7 grams
per second, with an inlet pressure of 50.3 psia and an exit pressure of 18.7

psia for an overall pressure ratio of 2. 7.

These values are at the cryosection

closed cycle test station valves leading to the turbine operating in the cryo-

section test station.

The turbine aecrodynamic design would have been made for an operating
condition in which the best of the two alternate versions could be established

at a particular set of operating conditions.

From the Phase I final report,

it was shown that a probable cross-over point of efficiency of the partial ad-
mission turbine to the full admission turbine is at a specific speed of approx-
imately 20. 0. It is therefore desirable to design the different types of tur-

bires at this same specific speed.

The principal geometry and design conditions chosen for both turbine

types are shown in Table 3.

Table 3

GEOMETRY AND DESIGN CONDITIONS FOR BOTH TURBINE TYPES

Characleristic

Parameter

Principal Dimensions

Journal bearing span

Journal and magnet diameter

Thrust bearing outside diameter

Magnet length

Performance Factors

Inlet temperature
Inlet pressure
Outlet pressure
Pressure ratio

Specific speed

3. 82 inches
V.50 inches
0. 84 inches
0. 705 inches

80. 0°K
48.7 psia
19,5 psia
2.5

20.0 CR-2453

The outlet pressure from the turbine was established at slightly above
the low-pressure return of the facility compressor, to allow for cryogenic

exchanger, filter, and plumbing press

ure 1osses.

Then a pressure ratio of

2.5 was selected as a typical refriger *ion cycle pressure ratio. This ratio

s RO SRR

:
5
i
!
)




resulted in an inlet pressure of 48. 7 psia, which can be easily accommodated
by the facility compressor.

A series of full admission turbine computer design runs were carried
out, and the results are shown as the first column of Table 4, resulting in
a flow of 5.0 grams per second and a reasonably high power of 397. 2 watts,
obtaining a specific speed of 20.

The design speed of 150, 000 rpm shown is reasonable. The maximum
speed of 200, 000 rpm was tentatively selected for fast cooldown but is sub-
ject to adjustment with the detailed gas bearing analysis and design.

The 56 blades represent a large number. This quantity would have been
investigated further, and a trade-oif would have been made, because a com-

Table 4
TURBOALTERNATOR DESIGN SUMMARY

Turbine Type

Fuli Admission, Partial Admission, Radial Impulse

Design Parameters Radial reaction’

Run Run Run Run Run Run
830601014 630601017 620601019 630601021 63060122 630601023

Total refrigeration power outputs (w&tts) 397.2 301.5 299.3 301.5 301.0 301.3
Design speed (rpm) 150,000 141,300 158,300 133,900 127,100 141,300
Maximum dpeed (rpm) 200,000 200,000 200,000 200,000 200,000 200,000

Prineipal Dimensions

Journal bearing apan (inches)
Journal and magnet diamcter (inehes)
Thrust bearing outside dinmeter (inches)

Magnet iength (inches)

Performance Factors

Iniet temperature (°R) 144 144
Inlet temporature‘("l{) 80 80
Inlet pressure (psia) ' 18, 69 48,69
Qutiet pressure (psia) 19.49 i9.49
Presgure ratio 2.5 2,498 2,498
Mass fiow (grams per seeond) 5 5 5
Wheel diameter (inches) 1.693 1. 050 1.100
Eiectromagnetic efficiency (fraction) 0.980 0.975 0.975
Number of blades §6.44 45,0 45.0
Overall efficiency (fraction) 0,6237 0,4734 0.4727
Specific speed 20.97 18.94 18. 00
Totai friction losses (watts) 31.22 27.94 26.38

Design Geometry
Admission (fraction) 1.00 0,27ii 0.2708

Cutter dlameter (inches) NA 0. 03091 . 0, 03253
Blade helght (inches) 0, 0282 0.1069 0.1070
Biade-height-to-diameter ratio NA 3.458 3.289
Blade angie (degrees) 0 o0 80
Nozzle angle (degrees) 80, 00 80. 00

‘CR-2348 |




promise was expected. The compromise would have been between: (1) de-

creased efficiency with increased slip and fewer blades and (2) the practical _
aspects of milling this turbine wheel. Other entries for the full admission E
turbine in Table 4 appear reasonable but are subject to adjustments during |
final design. Tue complete computer printout for this design case (630601014) |
is shown in Figure 4.

DESIGN CASE
GAS IS HELIU#

630601014

UVERALL PERFORMANCE
tLSCTRICAL POWNER OUTPUT (wATTS)
SPEED (RPM)
JVERALL EFFICIENCY (FRACTIMNOM)

0.3972E+03 PTA
0.15005+06
0.,6227E+00 ETATA

TEMPERATURES, PKESSURES, FLO®
INLEL TEMPZRATURE (R)
INLET TEMPERATURE (K)
OVERALL TEPERATURE DRAOP (R)
OVERALL TEAPERATURE DROP (X)
QUIL: T TEMPERATURE EXIT (k)
OUTL "1 TEAPERATURE EXIT (K)

0. 1440E+03 10
0.8000E+02 1A

0.2749FE+02 [=r 3
0. 1527FE+02
0. 1163F+02  T4a"
0.6473E402 4.

INLET PRESSUR: (PSIA)

INLET PRESSUREE (ATH)

NMOZZLE EXIT PRESSURE (PSIA)
OUTLET vRESSURE (PSIA)

0e4869E+02 D
063313E+01 PA
0.31645+02 2
D6 19400402 P23

OUTLET PRESSUR: (AT 0.1325F401 PR
PRESSURE 2°T15 0.2402E401 &R
FLOW (LB/S7C) 0. 1OIE=01 4
FLOW (L3/H#) 04 F063E402 4R
FLOW (G/SEC) 2. S0MOE+O1 A
PRIUSARY DT §:iS10HS
WHEEL I TASETER (IN) 7416935401 D
{IP BLAPE “EIGHT (i) 0.2820E=01 £
EXDUCER 117 NIA. (IN) 0.4155E400 D
FXDUCER HU': DIA. (Ii) N, 1662E400  SHD
AUMBER (F "LADIS 0.5644E402 £
THRUST BEA¢ (443
LOAN(LSS,), 04 WHADEH00 T
OUTSTDE DIAALTERCINY, 0,84MEH00 T
DIAMETER 2ATT) D.65416400 N
CLEAIZ. TO JIA, RATIO D TGN IE=03 PO
LOAD CURFFICT=0T Tob 752501 ¢
REARTHS (1) 4Rt Vo104 3E40)  RTH
CLEAANCH, LANSTLS (TN 0,5079F=02 ¢
FRICTION @ hes (HATTS) 7. 15026401 AT2L

Figure 4. Full Admission Radial Reaction Design Point Computer Printout

14




JUURNAL REARING
LOAD(CLRS,)
LOAD COEFFICIENT
BEARING NUMBER
CLEAR. TO DIA. RATIO
MACHINED CLEARANCE (IN)
PIVOT FILM THICK(IN)
FRICTION POWER (WATTS)

GAS BFARINGS :
ROTATING ASSEARLY AVEISGHI (LRS)
ACCELERATION OF GRAVITY (%(w)
TOT. REARING FRICTTDM (aATTS)

FEeFIC ANICE TERAS
[SENIROPIC HEAD (FT)
CYCER LIAWING LOSS (FT)
Li-AVi

Al 192 0a 102 AR FLU: (X3AUSS)
ALTEREAT I ¢ Clnie LSS CUlFee
ALFE ‘AR CiPpEx LSS ClkFi,

dOLLL.. FYIT CAS TV re(.)
EYCadtid SXIE OGRS PR 2. ()

SX ST UISC WL, FLL. (CeS)

P00 NTCE FACTIRS

PIP 52D T0 3POTINT Vil ATIw
TU=<3, PE3SURE RFACT. #ATID
SPECIFIC 3PE=D

SPECIIFIC DIAMETIFR

FLOwi FACTZ:

GHEEL ZFFICIEICY (FRACTIODN)
AYDRAULIC SFFICIFUCY (FRACTION)
ELISCTR{EAAGNET EFF. (FRACTION)

ISENTROPIC POHER (HATTS)
WHFEL POWER JUTPUT (JATTS)
SHAFT POWER OQUTPUL (HATTS)

PARASITIC LOSSES (W ATT3)
ALT=21ATOR TICAL E=4
JOURNAL DIAM SHAF1 FRICTICH
ALTERUATOY GA¥ FRICTIN
REARING ERICIICH
SUt ALL PARASITIC LDS3SFS

i LI5S #RACT LM, [SFr, HeAn

0. | 774E+00
0. 7284E-01
0.1822E+01
0.9081E=03
0.4541E-03
0. 3006E=03
0.4577E+01

0. 3549E+00
0. 1COOF+NI
Q. 1162F+02

04261405
Ne 7442473
Ve 1 747%=0]

e 1H23540]
‘J. oby;l.+.)l

N, 12645403
Jo 11445407

Ne 1721 :4+09

De HOODN1 4NN
Vet 1GAIF+0D
0620275402
. A7R9F+01
De4/03T+)]

. D 6T23E+00

0.6903F+00
0,97501+09

0.53637+403
N.4224%+07
7. 4076F+03

Je 1045F+02
N, 2560 +01
De 513+
De 11621452
0312213507

Qv
P
l:l:

ns

.;31‘&1

TTAY
ETA
ETEN
PTAS
PTR:
PTR

PISL
PLSF
PLOK
pLF:

PLIF

CR-2364-2

Figure 4. Full Admission Radial Reaction Design Point Computer Printout

(Continued)
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GEOMETRY
WHEEL TIP CLFARANCE (IN) 0. 2336=02
EXDUCER TIP CLEARANCE (IMN) 0.1039F=02

NOZZLE ANGLE (DEGREES) N.836%F+02
BLADE ANGLE (DEGRRES) 0.

BLADE INCIDENCE ANGLE (DEG.) =N.1820F+0)2
EXDUCER TIP RLADE ANGLE (D16) V51161402

TOTAL AACHIN'' SHAFT LENGTH (L) 1. 50501:+C1
JOURNAL SHAFT DIAMETER (I.0) 1.2 000F+00
JOURNAL FRFE SHAFT LENGTH (IN) 05.832 361-47)

AL 'ERNATOR DIAMNETER (IM) Je 2000400
AL ITEHNATIR MAGHET LENSTH (I 0.,641505+00
ALTERNATOR PRRIF. SPEED(F.P.S.) N, 3212E+03
ALTERNATOR RADIAL GAP (1) D 21T E=]
STATUR OVERHANG (M) D RG2GR=0]
STATOr LAMINATION DIA. (I Oe 186545140
EMPIR. ALTERNATOR DIA. (I!") 0.,43037+0N

VELOCITIES
SPOUTING VELICITY (FPS) Ne10571H+01
WHEEL TIP SPEEU(FPS) O.110:35+04 U
H0ZZLE DISCHARGE VELACITY (FPRS) Y. 10751R+04 2
BLADE INLET ReLATIVE VELOCILIY (FPS) 0. 125%403 42
BLADE INLET Q:ADIAL VELUCITY (FPS) Ve 11OE+OY v 2
BLADE INLET RELATIVE MACH "U-/Ri'K 0.7185E=21 732
SLIP FACTUIR o 1374740y SLIv

EXDUCER AXIAL VELUCIFY (FES) 02170403 ¢y
EXDUCER TIP REL, VELICITY (1-PS) D, WUGIE+03 42
EXDUCER TIP REL. MACH aUYRLWY N 227140y 447

HEYNOLUS NUURERS

TURRINE DISC 2RYUOLNS MO, D 1014227 T0END
JOURHAL DIAMETER REYADI DS 1y, Je LANTENG KL
ALTERNATOR GAP REYHOLDS ‘. D AU i)y T

DRAG COEFFICIENIS
WHEEL REY-IULY)S HUZRER CORue=Cl i N.0722140)
JOURNAL DIAMETER DAAG COFFr. e 1O b=
ALTERNATOR GAP MUNMEMT CUFRFIE, Yo b 1OAV=TD

100 80.C 3.313 1.326 5.0
200 975 .43

30 0.9 9.0Y% L0) 500
400 84 1,0 .001% L0M0T
500 152000, 200009, 300.
600 630601014 2 CR-2364-3

Figure 4. Full Admission Radial Reaction Design Point Computer Printout
(Continued)
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A series of partial admission turbine design runs were then made, to
result in a counterpart design at the same flow rate of 5 grams per jecond,
the same pressure, and an 80°K inlet temperature, Results of tht ,¢ runs
are shown in the remaining columns of Table 4,

The design in the right-hand column would have been the sclected partial
admission design, subject to final detail design considerations. The com-
plete computer printout for this design case (630601023) is shown in Figure 5.

DESIGN CASE 630601023
GAS 1S HELIUM

REFRIGERATIAN PWR QUT (WATTS) 0.3013E+03 PTHL
ELECTRICAL POWER OUTPUT ( WATTS) 0.3013E+03 PTA
SPEED (RPM) 0.1413E406 N
JVERALL EFFICIENCY C(FRACTION) 0.4732E+00 ETATA
TEMPERATURE 3 » PRE SSURES, FLO W

INLET TEMPERATURE (R) 0.1440E+03 10
INLET TEMPERATURE (K) 0.8000E+02 1A
QVERALL TEMPERATURE DROP (R) 0.2086E+02 TEDR
AVERALL TEMPERATURE DROP (K) 0.1159E+02 1EDK
QUTLET TEMPERATURE EXIT (R) 0.1231E+03 TaR
QUTLET TEMPERATURE EXIT (K) 0.6841E+02 TaK
INLET PRESSURE (PSIA) 0.4869E+02 PO
INLET PRESSURE (ATM) 0.3313E+01 PA
QUTLET PRESSURE (PS1A) 0.1949F+02 P3
OUILET PRESSURE (ATM) 0.1326E+01 PR
PRESSURE RATIO 0.2498E+01 PR
FLOW (LB/SEC) 0.1101E-01 W
FLOW C(LB/HK) 0.3965€+02 WR
FLOW (G/SEC) 0.5000E+01 WA
PRIMARY DIMENSIONS

WHEEL TIP DIAMETER CIN) 0.1000E+01 D
NUMBER OF HLADES 0.4300F+02 ¢
BLADE HEIGHT CI\) 0.1070E+00 BH
RLADE HI. CUT. DIA. RATIA 0.3289E+01 BHCD
THRUST SEARING

LOADCLES ), 0.3507£+00 RTL
QUISIDE DIAMETERCIND 0.8400E+00 DT
DIAMETER RATIO 0.654KE+00 DR
CLEAR. T@ DIA. RATI2 0.7000E-03 ROCR
LAAD COEFFICIENI 0.5685E-01 RTC
BEARING NUMRER 0.7383E+00 RIN
CLEARANCE , L3ADSI DE ¢ IN) 0.5B880E-03 FLC
FRICTION PIWERCWATTS) 0.1384g+01 BTPL |CR-2363-1

Figure 5.
Printout
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JOURNAL BEARING
LOAD(LBS )

LOAD CGEFFICIENT
BEARING NUMRER

CLEAR. TO DIA. RATIO
MACHINED CLEARANCE (IN)
PIVe. FILM THICKC(IN)
FRICTION POWER(WATTS)

TWO STAGE PERFORMANCE
OTHER STAGE IN TEMP (K)
TOTAL HEAT LEAK (WATTS)
EXIT TEMPERATURE (K)
SHAFT HEAT LEAK (WATTS)
HOUSG HFEAT LEAK (WATTS)

GAS BEARINGS

ROTATING ASSEMBLY WEICHT (LBS)
ACCELERATION OF GRAVITY ("G"™)
70T. BEARING FRICTION (WATTS)

PERFORMANCE TERMS
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TEMPERATURE WHEEL EXI1 GAS (R)
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PARASITIC LJASSES (WATTS)
ALTERNATOR TOTAL EM

TURBINE DISC FRICTION
JOURNAL DIAM SHAFT FrRICTION
ALTERNATOR GAP FRICTION
BEARING FRICTION

SuUM ALL PARASITIC LOSSES

GEOMETRY

WHEEL TIP CLEARANCE (IN)

BLADE PASSAGE CUTTER DIAMETER (IN)
BLADE TRAILING EDGE THICKNESS (IN)
ADMISSION ARC (FRACTION)

ADMISSI@N ARC (DEGREES)

NOZZLE ANGLE (DEGREES)

BLADE ANGLE (DEGREES)

BLADE INCIDENCE ANGLE (DEG)

BLADE CH@GRD ¢IN)

WHEEL INSIDE DIAMETER (IN)

BLADE PRESSURE SURFACE RADIUS (1A
BLADE SUCTION SURFACE RADIUS (IN)

TOTAL MACHINE SHAFT LENGIH (IN)
JOURNAL SHAFT DIAMETER (IN)
JOURNAL FREE SHAFT LENGTH (1IN
ALTERNATIR DIAMETER (IN)
ALIEXKNATOR MAGNET LENGTH ¢IN)
ALTERNATOR PERIF. SPEED(F.P.5.)
ALTERNAIOx RADIAL GAP (IN)
STATOR QVERHANG (IND)

STATOR LAMINATION DIA. C(IND)
EMPIR. ALTERNATGR DIA.C(IN)
WHEEL BACK SIDE OPTIMUM GAP (IN)

VELOCITIES

SPOUTING VEL@CITY (FPS)

WHEEL TII' SPEED(FPS)

NOZZLE DISCHPRGE VELOCITY (FPS
BLADE INLET RELATIVE VEL3CITY(FPS)
BLADE INLET RADIAL VELQCIIY (FP$)
BLADE INLET RELATIVE MACH NUMBER

REYNGLDS NUMRERS
BLADY PASSAGE REYNOQLDS N2.
TURBINE DISC REYNALLCS N@.
JOURNAL DIAMETER REYNALDS NO.
ALTERNATO K GAP REYNOLDS NO.

IFigure 5.

0.6082E+01
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DRAG COEFFICIENTS

TURBINE DISC DRAG CQEFF. 0.7402E~02
JOURNAL DIAMETER DRAG COEFF. 0.5404E-02
ALTERNATOR GAP MAMENT COEFF. 0.1848E~-02

100 80.0 3.313 1.326 5.0
200 .9806 .50

300 1.00 5.05 .500 .500
400 .84 1.0 0015 .0007
500 0. 200000. 300.

600 630601023 2

700 .602 43. 004

L4 60. 09
ggg tl“.) 0. 1. CR-2363-4

Figure 5. Partial Admission Radial Impulse Design Point Computer
Printout (Continued)

ALTERNATOR ELECTROMAGNETIC DESIGN

Based on the design requirements shown in Table 4 for the parital ad-
mission turboalternator, the clectromagnetic design was established. 1 his
design was based on the performz:ce requirements expected from the turbo-
alternator design point performance computer run, in conjunction with the
existing drawings and completed turboalternator stator that have been com-
pleted except forr winding of the stator,

CRYOSECTION DESIGN

The complete cryosection designed around the radial reaction and par-
tial admission impulse turboalternator designs are shown in Table 4. The
complete cryosection for this requirement would have been sized for the
performance design conditions of 5 grams per second at a pressure ratio
of 2.5, with the turbine inlet temperature of 80°K,

Included in the cryosection is a quick cooldown coil, a charcoal adsorber,
and a cryogenic heat exchanger. The cryogenic heat exchangers considered
included the plastic laminate version and also the spiral finned tube version.

The former has a low pressure drop, whereas the latter has a higher pressure
drop.

HEAT EXCHANGER DESIGN

Following are the details of the heat exchanger design for the Advanced
Research Projects Agrucy:

Turbine inlet temperature = 80°K
7

Turbine inlet pressure = 48, 7 psia
Turbine outlet pressure = 19,5 psia
Turbine n,y.pay) turbine = 0. 47




O-1

L p, °
i io = =3 = =1
Isentropic temperature ratio T, P,

(2.5) e = (2, 5)04012

1. 44

. 80
Tout isentrogpic TIg - 55.5

80- 55.5 = 24.5
ATactual =0.47 x24.5 = 1i.5
Tout actual = 80-11.5 = 68.5°K

Flow = 0, 005 kilograms per second

Say AT)gaq =3 X 11.5 = 5.8°K

Qload = ™ Cp AT = 0. 005 x 5200 x
150 watts

AT available to heat exchanger = 5, 8°K

300

ATend
LT max

- 5.8 _ .
1 225.8_1 0.026

e =0,974

:1-

The design cycle for 98 percent is:

AT
O' 98 = 1 --hend_.
220 + ATend

215.6 +0.98 ATqq - 220 - AT, 4 = - ATy g




AT _220-215.6 _ 4.4
end 0.98 0. 98
ATend i 4.4898
TCOld in = 80 - 4.4898 = 75.510
300-80 _ 220 _ 0. 9800

€ % 300-75.510 224,49

GAS BEARING AND ROTOR DYNAMICS

BEARING DESIGN REQUIREMENTS

The journal and thrust bearing overall design requirements include:
e Lubricant: helium gas from cycle working fluid
e Ultimate design life: 10,000 hours or more
e Shock and vibration loads: (to be determined)
e Acceleration load: design for 3.0gin any direction while operating
e Design cryogenic temperature: 80°K (144°R)
e Design speed: 141,300 rpm
¢ Maximum operating temperature: 125°F (u85°R)
¢ Ambient pressure: 19.5 psia
e Starting: many start-stop cycles
e Orientation: both vertical and horizontal
In addition, requirements as a consequence of the operating environment
include a maximum speed of 200,000 rpm. This maximum speed will only be
experienced at the maximum operating temperature at the start of the system
cooldown. After cooldown has started, the speed will be gradually decreased
until the design speed of 141,300 rpm is reached at the design temperature of
80°K.
The above requirements assume:

¢ No op.rating pressure thrust load (A large load capability will be in-
cluded for contingencies. )

¢ No change in the actual operating ambient pressure throughout the
temperature range and intended operating mode

¢ Design speed close enough to the 150,000-rpm radial reaction turbine
design speed that the bearing designs are essentially the same
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e 3,0-goperatingload as the largest load anticipated to be practical for
the design of cryogenic turboalternators for continuous operation
(Higher bearing loads are possible, but higher friction losses are not
consistent with the objectives of reasonably high turboalternator over-
all efficiency. Therefore, once shock and vibration levels that the
tnrboalternator can tolerate are determined by analysis and environ-
meatal tests, isolation of the turboalternator will be made to prevent
adverse operating modes on the bearings. The 3. 0-g maximum load
requirement may then also be relaxed. )

BEARING SELECT IONS

Only self-acting gas bearings were considered for this design. External-
ly pressurized bearings were not considered for the following rr.asons:

e Refrigerator cycle efficiency requires a low ambient pressure, near
atmospheric, in the rotor housings.

e Refrigerator cycle efficiency would be lowered because a portion of
the cycle gas would have to be diverted through the bearings.

e Ducting the bearing exhaust gas involves a mechanical and thermal
heat leak complication that is considered impractical.

e The bearings must be isolated from the rotor cavity by noncontacting
seals. The design of the seals could be equally as complicated as the
design of the bearing itself.

Tilting pad journal bearings (Figures 6 and 7) were selected for the jour-
nals because of:

e Confidence in ultimate success

e Prior manufacturing and cryogenic test experience

e Broad stabhility range

e Inherent self-alignment

e Reasonable tolerance to dirt ingestion and thermal distortion

A double-acting hydrodynamic thrust pearing with a gimbal system mount

was selected because of:

e Confidence in the ultimate success

e Prior manufacturing and cryogenic test experience

e Suitability for any attitude, plus g- loading

e Suitability for complets self-aligament

A spiral groove, inward pumping geometry (Figures 8 and 9) was selected
for the turboalternator designs because a stable configuration could be obtained
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Figure 7. Cryogenic Turboalternator Tilting Pad Journal Bearing
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that operated with a greater load capacity and less power loss than any other
configuration.

Inner Gimbal Ring,
0, 890-Inch Qutside Diameter

8 Degraes
Bearing

16 Degrees

|

0. 07 Inch

a3

Etch 15 logarithmic
spiral grooves 0. 0009 inch deep
with 71, 2 degree groove angle.

0.041 x 1.55 Inch

Spring Rate = 167 CR-2228

Pounds per Inch

Figure 8.

Gimbal-Mounted Spiral Groove Thrust Bearing
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Figure 9. Schematic Diagram of Spiral Groove Thrust Bearing
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JOURNAL BEARING DESIGN

Procedure

The procedure for journal bearing design consists of the following steps:
1. Set up the criterion for selection.

2. Select the bearing parameters and performance characteristics for
the preliminary design.

3. Determine the first bending critical speed of the rotating assembly.

4. Determine the stability and response of the rotor/journal bearing
combination.

Many of the selection criteria are b/ sed upon engineering judgments,
some of which are based upon past experience. For instance, the principal
journal bearing goal is to determine a design capable of maintaining a fluid
film separation of the bearing surfaces in the cryogenic environment. All
that is required is a nonzero minimum film thickness, but there are two other
film thicknesses that are usually considered. One is the pivot film thickness
chosen as a design goal in advance of thermal distortion data. The second
film thickness is chosen as the absolute minimum acceptable film thickness,
which should take into account basic equation accuracy, numerical solution
accurscy, and anticipated manufacturing tolerances. Similar considerations
apply to critical speeds and other aspects of the design,

The criteria used in designing the journal bearings are:

® Pivot film thickness of 100 microinches (at 3-g steady-state load, with-
out bearing surface distortion)

® Absolute minimum film thickness of 50 microinct 25
¢ Minimum power loss

® Shoe pitch, roll, and radial translational natural frequencies with un-
distorted bearing surfaces must be 25 percent above or 5 percent be-
low the operating speed extremes

® ' irst bending critical speed 25 percent above the operating speed
range

e Whirl threshold speed above the operating speed range

e Maximum nondimensional pivot film thickness (hp) of 0. 75, for pad
stability

® Minimum nondimensional pivot tilm thickness of 0. 20, to limit bear-
ing friction

¢ Maximum pivot point stress (hertz) of 100,000 psi
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The journal bearings were designed using a selector computer program
(Program JSELCT)* that conta.ned:

® Coefficient of nondimensional polynomials for single-pad load, power
loss, radial stiffness, and pitch axis stiffness versus bearing num-
ber (A) at a constant nondimensional pivot film thickness (hp) of 0, 20,
0.25, 0.30, 0.40, 0.50, 0.60, and 0. 75 microinches

Logic to internally computed coefficients of nondimensional polyno-
mials for singe-pad load, power ioss, radial stiffness, and pitch axis
stiffness and load versus hp at constant A

Coefficient of nondimensional polynomials for pad inertia versus
shaft mass for constant A at the threshold of translatory whirl insta-
bility

Routine based on bzam theory for computing two rigid body natural

frequencies and the first bending critical speed of a system consist-
ing of four bi.rs, three masses, and two bearings

Routine for computing the increase in journal diameter due to centrif-
ugal force

Logic for testing film thicknesses relative to input criteria

Logic for testing the proximity of the following frequencies relative
to the end points of an operating speed range:

Shaft rigid body translations and rotations
Shoe radial translation
Shoe pitch axis rotation

Translatory self-excited whirl

Logic for varying the machined-in clearance, preload, and preload
spring stiffness, if frequency or film thickness tests are not passed

Logic for computing performance characteristics if the machined-in
clearance, preload, and preload spring stiffness are specified

I:ogic to determine the pivot ball radius so the hertz stress will be
100,000 psi

The original pad data contained in the selector program were produced
by a numerical solution of the transient Reynolds equation. Because the re-
sults are based on a disturbance from equilibrium, both steady-state and sta-
bility data were obtained simultaneously. All pad design data are based on
a pad arc length of 100 degrees, with a pivot location of 65 percent and a
length-to-diameter ratio of one.

*See Reference 1, Appendix VI.
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Figure 10 shows the general arrangement of a tilting pad journal bearing.
The principal features of this design are:

® Bearing consisting of three pads, each of which has an arc of 100

degrees

® Pads that are free to pivot by virtue of a ball-socket joint, located

65 degrees from the gas inlet edge
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e Low inertia pads, to provide high-speed stability

® Soft spring mount of one pad, to provide a relatively constant preload
while accommodating centrifugal and thermally induced dimensional
changes

¢ Pad spring mounting designed with a limit stop to prevent excessive
Journal displacement during high g-loading

The potential for long, trouble-free life has been incorporated into the
journal bearing design by virtue of:

® Low journal bearing startup loads (A separating, fully fluid film will
therefore be generated quickly, and wear debris will be minimized. )

® Rotating assembly balanced precisely, to minimize journal bearing
ped pitch motions and therefore to minimize rubbing motion at the
pivots

° ‘Capacitance probes incorporated as monitoring devices, {7 ensure
that the bearings are assembled and function properly

® Weight of rotating assembly minimized, to reduce bearing reaction
forces during high g-loading

® All bearing surfaces hardened and ground to maximize wear life

® Shaft sufficiently stiff to place the first bending critical speed well
above the maximum operating speed

® Journal bearing pivots designed with low hertz stresses to minimize
fatigue and wear

Bearing pads are made from titanium carbide. The relatively low density
but high hardness of this material provides the combination required for both
maximum tracking and maximum wear capabilities. The pivots are made from
tungsten carbide, while the journals are manufactured from 304L stainless
steel and are nitrided. These combinations provide reduced wear and maxi-
mum life capabilities,

Figure 11 gives the design specifications for the journal bearings, The
three lumped weights and the distance between the weights are used in esti-
mating the first bending critical speed. Poisson's ratio, Young's modulus,
and the weight density of the journal material are used to determine the in-
crease in journal diameter due to centrifugal force. The dimensions and
weight density of the pad are used in computing the pitch axis inertia, which
is critical to the stability of the system.

Figures 12, 13, and 14 show a set of design parameters for a machined-
in cleararnce (difference between the pad and journal radii), Cp, of 0.000625
inch, with loadings of Og, 1g, and 3g, respectively, Calculations were made
for other values of Cp, which indicated that Cp = 0. 000625 inch was the opti-
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Figure 11. Design Specifications for Gas-Lubricated Journal Bearings

mum in the sense of providing the broadest acceptable operating range for
power loss, stiffness, minimum film thickness, and critical frequencies.
Past test experience has indicated that a soft mounting spring will allow the
system to tolerate a wider range of off-design conditions than will a stiff
mounting spring. Startup is also facilitated by positioning the pad mounting
spring to produce a zero speed separation between the shaft and the pad of

0 to 300 microinches. These two conditions, combined with the design goal
to keep the minimum pad critical frequency at least 25 percent above the op-
crating speed, to ensure stable operation, led to the selection of a 1500-pound
per-inch mounting spring and a nondimensional pivot film thickness of Hp =

0. 45 for the design point.

Figures 15, 16, and 17 give bearing parameters and performance at de-
sign speed and maximum speed for 0-g, 1-g, and 3-g operation.
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**CONDITIONS AT DESIGN SPRED%*

LAMBDA (D) 0.9469
AURTENT PRESSURE (PSIA) 19.50
CLEARANCE (IN) 0.000610
JOURNAL DIAMETER (IN) 0.500029
BRG, TRANSVERSE STIFF. (L®/1'1) 10055,71
BRG. VERTICAL STIFF. (LP/IN) 4579,6%
RRG. POWER LUSS (WATIS) 4.3015

SHOES WITH FIXED PIVOTS

LOAD (L®m) 0.9112
PIVOTI FILY THICKHESS (IN) 0.000276
PITCH STIFFNESS (IM=LR/RAD) 57.0941
PITCH CRITICAL FRFOQ, (RPM) 203488, |

SHOES wITH SPRING MTL, PIVATS

LOAD (LR) 0.9112
PIVOU FILY THICKLESS (IW) 0.000275
PITCH STIFFNESS (IN=-LR/RAD) 57.7091
PITCH CRITICAL FREO (RPY) 274581, 2
TRANS, CRITTICAL FREO (RPM) 3H9361,2
STIFF OF PRELOAD SPRING (LR/Ii) 1500.0
PIVIT SATKET RADTUS (I J.0635
PIVOT 2ALL RALIUS (IN) 2.0620

*#GENERAL CONDITINIS**

ved Tl SP=7D LIMIT  (Rpnt) 451772,
FIRST REIDING CRIT. SPD. (kP 1) 267K 1R, 6
SHAET RISIN BODY CRIT SPL (PP 1 t5R5: D
SHARL RISTND SODY CRIT SPN (V) 52521.4
SHAST RIGIND RAIONDY CRIT SPD G i) 47291, 1
SHALYT RIGID RODY CRIT SPn {a9M) 32315.6
SHOL PITCH IHERTIA (IM=LR=SEC2) 0.12575-06
HEISHT OF SHJIE (L.R) 0.0022%2
THICKN:SS OF SHUE (IN) 0.0450
HACHINER=~IN CLEARANCE (IN) 0.0600625
START-UP CLAMPING FORCE (LR) 0.

START=UP CLFARR ON TOP SHOF (IM) 0.00026

Figure 15, Journal Bearing Performance
(0-g Operation)

CR-2410-1




SPRING STIFFNESS (LB/IN) 0.1500E+04
MACHIMEDN IN CLEARANCE (IN) 0.000625
STARTING PIVUT FILM THICK.(ND) 0.450000
BALL rADIUS (IN) 0.062000
SOCKET RADIUS (IMD 0.063500

G LOADINS 0.

*4kkkGAS LURRICATED JOURNAL REARINGS*%kkx*

**CONDITIONS AT MAXINUM SPEED#®*

LAMBDA (ND) 3.483
AMBIENT PRESSURE (PSIA) 19.50
CLEARANCE (IN) 0.00059¢
JOURNAL DIAMFTER (IN) 0.50005°7
REARTHG X=STIFFNESS (LR/IM) 10013.786
BEARING Y=STIFFNESS (LB/II1) 4£32.432
REARTNG PIiER LOSS (JATTS) 16,39

SHOES @ITH rIXED PIVOTS

LCAD (L%) 1.2061
PIVOT FIL FHICKNESS (IN) 0.000346
QITCH STIFFNESS (IN LR/ZRAD) 63.1129
PITCH CRITICAL (KkPH) 212951.8

SHOES WITH SPRING MTh, PIVOTS

LOAD (LR) 1.2961
PIVCOT rFIL THICKIESS (IN) 0.000347
PITCH STIFFHESS (T LA/RAD) 63.0344
PITCH CRITICAL (itPM; 213518.8
TRANSLATIO CRITICAL (RPM) 357253, 1

Figurs 15. Journal Bearing Performance
(0-g Operation) (Continued)
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*ACONDITIONS AT DESIGH S5pPFED2w

LAMBDA (WD) (.9469
AUBIENT PRESSURE (PSIA) 10,50
CLEARANCE (IN) 0000610
JOURNAL DIAMETER (IM) 0.900020
BRG. TRANSVERSE STIFF. (LR/IM) 12276,59
BRG. VERTICAL STIFF. (LRB/IN) H19,97
BRG. POWZR LJISS (WA1TS) 4.5670

SHOES WITH FIXED PIVOLS

LOAD (1L») 1.0622
PIVIT FILY TrIICKNESS (1) 0.00024%
PITCH STIFF/iiSS (IN=LR2/itAD) 12.7662
PITCH CRITICAL FitQ., (RPH) 220725, 0

SHIES wITH SPRING MTD. PIVITS

LOAD (LR) - 0.0112
PIVUJT FILM TtlICKHESS (1) 0.0N02174
PITCH STIFFMESS (IN=LR/ZRAD) 57700
PITCH CRITICAL FREQ (RPM) 204551, 2
TRAYS. CRITICAL FRIZQ (RPM) 350261,2
STIFF OF PRELOAD SPRING (LR/IN) 1500,0
PIVOT SOCKET RADIUS (IN) (.06RG
PIVAOT RALL RADIUS (1) L0620

**GENERAL COMDITIVNS*%

WHIRL SPSZ) LIMIT  (RPM) 451712,
FIRST REIDIMS CRIT. SPD. (RP') 26941 3,4
SHAFT RIGID 30DY CRIT SED (R 35500,5
SHAFT RIGIND 59DY CRIT SPO (i4240) H6LAN, 2
SHAFT RIGID BODY CRIT SPD () H1976,
SHAFT RIGID BODY CRIT SPD (ki) 34727, 4
SHOE PITCH IWNERTIA (IN=1.8=SEC2) 9.12%71:=06A
WEIGHT OF SHOF (L.R) 0.002257
THICKNESS OF SHOE (1) 0.0450
MACHINED«IN CLEARANCE (IM) Je D065
START-UP CLAMPING FORCE (LR) O

START-UP CLEAR ON TP SHOE (IM) 0. 00021

Figure 16. Journal Bearing Performar e
(1-g Operation)
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SPRING STIFFNESS (LB/IN) 0. 1500E+04
MACHINED IN CLEARANCE (IN) 0.000625
STARTING PIVOT FILM THICK.(ND) 0.450000
RALL RADIUS (IN) 0.062000
SOCKET RADIUS (IN) 0.0463500

G LOADING 1. 0000

*x%*x%*GAS LURRICATED JOURNAL REARINGS*%%%*

*%CONDITIONS AT MAXINUM SPEED##*

LAMBDA (ND) 3,413
AMBIENT PRESSURE (PSIA) 19.50
CLEARANCE (IN) 0.000596
JOURNAL OTIAMETER (IN) 0.5000593
BEARING X-STIFFNESS (LB/IN) 11976.448
REARING Y-STIFFNESS (LR/IM) 5217.4733
BEARING POWER LOSS (WATTS) 17,17

SHAOES wilTH FIXFND PIVUTS

LOAD (LR) 1.4571
PIVOT FILY THICKNESS (Ii) 0.000326
PITCH STIFFMESS (IN Lr/RAM) 14,1412
PITCH CRITICAL (RPM) 231892.5

SHOES wITi SPRING ¥TT. PIVALS

LOAD (LR) 1.2991
PIVOT FILYM THICKNESS (IHN) 0.,000346
PITCH STIFFNESS (IN LR/rAD) 52,2513
PITCH CRITICAL (RPM) 214186, 2
TRANSLATION CRITICAL (RPM) 257704,7

Figure 16, Journal Bearing Performance
(1-g Operation) (Continued)
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**CONDITIONS AT DESIGN SPEED%*

LMRDA (ND) 0.9469
AMBIENT PRESSURE (PSIA) 19.50
CLEARANCSE (IN) 0.000610
JOURNAL DIAMETER (IN) 0.500029
BRG. TRANSVERSE STIFF, (LB/IN} 17201.64
BRG. VERTICAL ST1FF., (LR/IN) 6961.61
BRRG. POWER LOSS (WATTS) 5.0738

SHOES WITH FIXED PIVOTS

LOAD (LB) 1.3642
PIVOT FILM THICKNEESS (IN) 0.000206
PITCH STIFFNESS (IN-LB/RAD) 106.0393
PITCH CRITICAL FREQ. (RPM) 277317, 3

SHOES WITY SPRING MTD. PIVOTS

LOAD (LBR) 0.9112
PIVOT FILM THICKNESS (IN) 0.000275
PITCH STIFFNESS (IN-LR/RAD) 57.7091
PITCH CRITICAL FREQ (1P4) 204581,2
TRANS., CRITICAL FREQ (ItPx) 359361,2
STIFF QF PRELOAD SPHING (LB/IN) 1500,0
PIVOT SOCKET RADIUS (1) 0.0635
PIVOT RALL RADIUS (IN) 0.0620

**GENERAL CONDITIONS *%

WHIRL SPEED LIMIT (RPM) 451772.8
FIRST BENDING CRIT. SED. (RPY) 270691.,0
SHAFT RIGID RODY CRIT SPD (RPM) 100824,6
SHAFT RIGID BODY CRIT SPD (HPM) 64693,0
SHAFT RIGID BODY CRIT SPD (RPM) 60R821,3
SHAFT RIGID BODY CRIT SPD (RPM) 306383, 3
SHOE PITCY INERTIA (IN-LR=-SEC2) 0.1257E-06
WEIGHT DOF SHOE (Lm) 0.002252
THICKNESS OF SHOE (IN) 10450
MACHINED=IN CLEARANCE (IN) 0.000625
START-UP CLAMPING FORCE (LR) 0.

START-UP CLEAR ON TOP SHOE (IN) 0.00012

Figure 17, Journal Bearing Performance
(3-g Operation)
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X

SPRING STIFFNESS (LBR/IN) 0.1500E+04

MACHIMNED IN CLEARANCE (IN) 0.000625
STARTING PIVOT FILM THICK.(ND) 0.450000
BALL RADIUS (IN) 0.062000
SOCKET RADIUS (IN) 0.063500
G LDADING 3.00200

**%%%*GAS LURRICATED JOURNAL BEARINGS*##x

**CONNDITIONS AT MAXIMUM SPEEN#*%

LAMBDA (M) 3.483
AMBIENT PRESSURE (PSIA) 19.50
CLEARANCE (1) 0.000596
JOURNAL DIAMETER (IN) 0.500058
REARING X=-STIFFMNESS (LB/IN) 16294,734
REARING Y=STIFFNESS (LB/IN) 6656.919
BEARTNG POWER LO3S (WATTS) 18.74

SHOES WITH FIXED PIVOTS

LOAD (LR) 1.7521
PIVOT FILM THICKNESS (IN) 0.000278
PITCH STIFFNESS (IN LB/RAD) 97.5424
PITCH CRITICAL (RPM) 265983.0

SHOES WITH SPRING MTD. PIVOTS

LOAD (LR) 1.2909]
PIVOT FILM THICKMESS (IN) 0.000346
PITCH STIFFNESS (IN LB/RAD) 63.2513
PITCH CRITICAL (RPM) 214186.3
TRANSLATION CRITICAL (RPM) 357794,7

Figure 17. Journal Bearing Per ormance
(3-g Operation) (Continued)
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speed of 200,000 rpm was strived for, but the possibility of critical bearing

pad frequencies within 25 percent of the maximum speed range does exist. Be-
cause of this, it will be necessary to thoroughly monitor the pad operation dur-

ing the early development stages, to determine what the critical pad frequencies
are. It may be necessary to limit the maximum speed to something less than
200, 000 rpin, based on these results,

Figures 18 through 21 give performance as a function of the eccentricity

ratio, ¢/Co, at design and maximum sperds for l-g and 3-g loadings, respec-
Figures 22 through 25 list the performance parameters used to create

tively.

these plots. The "C" is the displacement directed between the fixed pivots

and the "Co" is the pivot circle clearance taken at the concentric position,
Shoe 3 on the pivot film thickness graph refers to the spring-loaded shoe;
Shoes 1 and 2 refer to the fixed pivot shoes.

passes through the journal center and the spring-mounted pivot; the X axis

ic orthogonal to the Y axis, with the origin at the center of the zero-applied

load pivot circle,

A complete summary of the selected design is shown in Table 5.

Table 5

TURBOALTERNATOR TILTING PAD JOURNAL
GAS BEARING DESIGN SUMMARY

Characteristic

Parameter

Type
Pad wrap angle
Pad pivot location, from leading edge

Pad matcrial and weight density

Pad surface finish
Diameter

Pad length

Angle betwccen pivots

Journal material and weight density

Journal wall thickncss

Cold mach’_.ed-in clearance

Ball matcrial and surface finish
Sockct matcrial and surface finish
Preload spring stiffness

Shoe pitch inertia

Nominal weight of shoc

Nominal thickness ol shoe

Three-shoe, tilting pad
100 degrees
65 percent

Titanium carbide, 0.21 pounds per
cubic inch

4 rms

0.5 inch
0.5 inch
120 degrees

304 stainless steel, 0.28 pounds
per cubic inch

0,25 inch

0. 000625 inch

Tungsten c:z.rbide, 4 rms
Titanium :arbide, 4 rms
1500 pounds per inch

1,289 x 107 inch-pound-square
seconds

3.2 x 107 pounds
0. 045 inch

ICR-2417|
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The Y axis on the stiffness curve
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RUN K0 1
ses[NPUTess

ROTATINONAL SPEEQ,RPN N,1413E 06 APBIENT TEMPERATURE,DEG. R._8.1448E 0)
ANBIENT PRESSURE,PSIA 0,19%0E 02 JOURNAL OTAMETER,IN 0.5000F 03
MACHINED=IN CLEARANCE,IN 0.6250E-0) PRELDAO SPR. STIFF,LE/IN 0.1500F 24
VISCOSITY,LA=5/1Hee2 0,1240F-08 PAD LENOTH,IN 0.5000E 00
FIXEO 2IVOT FILM TK,IN 0,2480F-0) SPRING PIVOT FILn TK,IN 9.3750E-0)
BRO. FACF 10 PIVOT,IN 0.8800F-01 FIYED PIVOT SPACINR,DEO 0,1200F 03

essQUTPUTeses

CONC., PIVCY FILM TK,IN

PIVOT CIRCLE ECC RAT[O.ND 0. 8.10 0.20 .30 2.40 0.50

APPLIED LOAD, LA 0, 0.1097E 00 0n.2255E 00 0.)4A1F 08 0.40820F 00 0.8255E 60
POWER LOSS, WATTS 0,4426F 01 C.4529E 01 0.4642E 81 8,4757¢ 01 0.4383E 81.8.5852€E 81
PVT FILH TK, SHOES 1,2,1IN 0,266AF=N) 0.2534E~-03 N.2401F-23 0. 2280F-0) A.2134E-0) 0,2001E-0)
PIVOT FILM TK, SHOE 3, IN 2,2688E=0) 0.2726E-03 0.2785E-03 0.2843E-03 .0."720E-03 0.2980E-0)
RRG STIFF X NIR, LA/IN A,1040F 0% 0.1151F 05 0,12081E A5 0,1433F 05 0.1611F 05 0.1820F 09
ARO STIFF, Y DIR, LB/IN 0.4699E .04 0.3081E.04 0.5482E 04 0.5977E 04 0.6358E_04 .0.2248E 04
PIVOT CIRCLF CLEARANCE,IN 0,2668F-03 0.2598E-0) 0.2529E-0) 0.2459E-03 0,.239)E-0) 0.2327E-0)

PIVOT CIRCLE ECC RATIO,ND 8.69 .70 .80 g.90 1.00

APPLIED LOAOD., L8 0.7746E 00 N,9413F &0 0.1123EF 01 B,1333E 01 0.1596E 01
POMER LOSS, WATITS 0.5222F 01 0,5406F 01 0,%611F. 01 0.5829F 01 0.,8038E. 01
PVT FILM Tx, SHOES 1,2,1MN 0.1A68F-0) 0,1734F=0) 0.1801E-03 0.1468E-0) 0,1334E-0)

PIVOT FILM Tk, SHOE 3, TN 0,JQ43E-03 0,3120€-03 0,J193E=03 8,3248€-03 0,3350F-0)
ARG STIFF x OIR, LB/IN 0.20684E 05 0,2J48FE 05 0.2673E 05 0,)035F 05 0,3418EF 03

BRO STIFF, Y OIR, LN/IN  0.8042F 04 0,0971E 04 0,2004E_05 0.1323E.85 0, 1248E_05 o
PIVOT CIRCLE CLEARANCE, IN 8.2259F-03 0.2196F-03 0.21316-03 0.20676-03 9.2006;-03CR-24158

Figure 22, Helium-Lubricated Hydrodynamic Tilting Pad Journal Bearing

Performance Characteristics for LLoad Between Fixed Pivots
(Design Speed, Run 1)

RUN N 1
ses KPP Tess

ROTATIONAL SPEEC,RPM  0,2000F U6 AMBIENT YERPERATURE,DEC R 0,3830L 0
AMBIENT PRESSURESPSIA 0.,1950E 02  JOURNAL DIAMETER,IN  0.5000€ 00
MACHINED=IN CLEARANCE,IN ~ 0,6230€-03 ~PRELOAD 8Pr, 3TIFF.LO/1N ~0.1%00F 04
VISCOSITY,LB=S/INee2 0.3070E=08  PAD LENGTM,IN ~  0.5000€ 00
FIXED PIVOT FILM TX,IN ~ “0.3200E-03 $PRING PIVOY PILM TK,IN ~0.3460E<03

8RC, FACE 70 PIVOT,IN 0.8800€-01 FIXED PIVOT SPACING,DEC 0.1200E 03

S ; .. eooQUTPUTese

i __CONCe PIVQYT FIL™ TKsIN — . S

plvgy CIRCLE ECC pATigaNO 0. 0.10 0.20 0.30 0040 0.50
APPLIED LOAD, L8 Oe 0.142%5E 0p 0.2938E 00 0.4558E 00 0.6333E 00 0.8273E 00
’—!F_T‘_i’on JEL TT:_"‘ o.xo'zzg 02 °'§7"§ 02 °'”f§§ 02 o.xg;is og'o".]’"s!;; oF g:g;:g o
vl LM TKe SHOES 102010 343383003 Qo 2€E~ 03 =03 0+2874E~3 . H .29 -
P1VOY FlL""TR."SHOElJi I %.aao:t’--oa 3-.;%%“-8}“0.:359:-0: o-nﬁoat-oa"g':algil'-oﬂ'ﬁgnil’_qi
8RG STIFF X DIRs LB/IN  p.jlo2t 08 q.;z;xg_qp‘o.gag;t 05 041554E 05 Qe}754E 05 0.3)983E 05
BRC STIFF, ¥ DIR, LB/ TN 0 4919E 04 0.5339€ 04 0.5827€ 04 0.0392E 04 047044E 04 0.7794E 04
PIVOY CIRCLE CLEARANCE.IN 0.3381E=03 0+3293E=03 003205E~=03 0+3117€=03 0+3030E=03 0+2945€-0)

“plvoT CIRCLE EcC aatlgs.ND 0.60 0.70 ~  0.80 0.90 Te00

APPLIED LOAD, LB 0+1041E 01 0.1278€ 01 0.1546E 01 0.1854E 01 0.2213€ oy

T T POMER TU8S, wATYST T 0¢2023E 02 0.2112E 02 042212E 02 0.2J21F 02 0.343PF 02

PVT FILM TK, SHOES 152,IN 0+2367E=03 0,2198E=03 0+2029E-03 0.1860€=03 0.1691E=03
T PIVOY FICH YR, SROE 3, 1M Qo YBIBE=0Y 0.9933E~0F 0+4021E=03 0.4117E= . [}
_;nc STIFF X Dl;% Lgé;ﬁ‘ __gqggggé.gg 3333525 03 g,%Og%E gg‘g.?g§:§_gs 003817E oS
TTHRE STIFFe ¥ DIRe TN~ O “U.9848E 04 0410 B SV IIOIE OS5 [ny. v
plyoT CIRCLE CLEARANCE,IN 0e2869E=03 0,2776E=03 0.2693E-03 0.2612E=03 o.zs:xc-os

Figure 23, Helium-Lubricated Hydrodynamic Tilting Pad Journal Bearing
Performance Characteristics for Load Between Fixed Pivots
(Maximum Speed, Run 1)
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RUN NO 2

eea[PUTeee

ROTATIONAL SPEED.RPH. 0.,1413E 08
AMRIENT PRESSURE,PSIA 0.19%0F 02
MACHINEO=IN CLEARANCE, IN 0,6250E-03
VISCOSITY,LB=5/1NMee?2 0,1240E-08
TIXED PIVOY FILM TK, 1N 0,2060E-0)
RRO. FACE TO PIVOT,IN 0.8R00E-01

seeOlITPUTo0e

CONC. PIVOT FILM TK,IN
PIVOT CIRCLE FCC RATIO,NO 0, 0.10
APPLIED LOAD, LA 8, 8.1119€E
POMER LOSS, WATTS = 0+4604E 01 B.4710E.
PYVT TILM TK, SHOFS 1.2,1IN 0,2547F-0) 0,2418E-
PIVOY TILN TK, SHOE 3, IN 0,2545E-0) 0.2%597E-
BRO SIUIFF X OIR, LR/IN 0,1141F 05 0.126)E
RRG %Z1IFF, Y OIR, LA/IN 0.3037€ 04 0.5497E.
PIV0OY CIMCLE CLFARANCF,IN 0,2545F~03 0.247AE~

PIVOT CIRCLF FCC RAT1IO.HWO 0.60

A
J
P
[
S
fi

MBIEN] 1ENPERATURE,OEG R 0.1440F 03
OURNAL OTAMETER,IN 0.5000F 00
RELOAD SPR. STIFF,LR/ZIN 0,1500E 04
AD LENOTH, IN 0.5000E 00
PRING PIVOTY FILW TK, N 0.2750F-0)
YED PIVOT SPACING,DEO 8.1200E 03

8,20 8,38 0. 40 0,50
0.2296F 88 0.3339E 00 8.4898F 00 0,6308E 00

01.0.4827E 01 B8.4956E 01 0.5096F 01 0.%253C @1

(B
(B
[ %]
(1]
83

0,2291E-0) 0,2163E=-03 0.2036F=0) 0.1909E-03
0.2849E~-083 0,.2700E-0) 0,2760E-03 0,281¢E-0)
0.1404F 03 0.,1569F 09 8.1761E 093 0.1984€ 08
0.5920E 04 0.6459F 04 0.7082E 04 D.7R20E 04
0.2410E-8) 0,2342F-03 8.2277E-0) 0.,22108£-0)

70 e.00 0.90 1.00

APPLIFN LOAN, LA 8,7872E 00 0.9524F 80 0.1145F 01 0,1370F 81 0,1661F 0}
POMER LOSS, WATTS 0.3422E 81 0.5614E 01 0.3R14E 01 8.6022€ 81 0,.6204F 01
PYD FILM Tk, SHOES 1.,2,IN 0,1782F-03 8,1654E~-03 0,1527€=-03 0,1400€E-0) 0.1273F-0)
PIVO! FILM TKs SHOE 3. 1IN 0.2879E-0) 0.29J5E-03 £.3807E6-0) 0.3023E=03 0.3142E-0)
ARO STIFFf X OIR, LB/IN 0,2242€ 05 0.2537F 05 0.2R69F 0% 0,.3228F 85 0.)%59)F o9

RO STICF, Y OLR, LB/IN.  0.8667€ 84 0,9639F 04 0.1073/ 03 0.1191E 03 0.1311E 03 (<5
PIVO! CIRCLE CLEARANCE,IN 8.2147F-0) 0,26R1E-03 8.282UE-03 8,19586-03 0.18966-03 [CIi-2416a

Figure 24. Helium-Lubricated Hydrodynamic Tilting Pad Journal Bearing
Performance Characteristics for Load Between IFixed Pivots

(Design Speed, Run 2)

RUN Np 2

...lNP'o‘..D

AOTAYIONAL SPEEC,PPw
AMDLE, T pRESSURELPSIA 0,1980C 02
“MACHINED=In CLEARANCES IN ~0.6230E<03
VISCOSITY,LB=8/1Nee2 0,3070E=06
FIXED PIvaY FIL™ YK, IN 0.27080E-03
BRGe FACE YO PIVOT.IN 0.88C0E=01

TT0LIC0CE 06 T AMBIENY VEWPERATURE,DEC R ULSEYDE 03 T

JOURNAL DIAMETERS I 0.5000€ 00
PRELOAD SPR, SYIFF,Lu/IN C.1500F 04
PAD LENG M, IN _ 0+3000E 00
SPRING PIVOT FIL™ YK,IN 0odab0E=03

_FIXED PIVOY SPACINGSPEC  0,1200€ 03

seeUTpPUT 0o

. CONC,_PIVOT FlLr Tk, IN
PIVO) CIRCLE ECC RATIOWNE o, 0.1

n

0420 0.30 0.40  0.80

APPLIED LOAD, LB 5 0.1447E Qg o.zaalc 00 Q.4850E 0p Q.8484E gg 9.64595 g0
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J9 T T 0.80  0.90 1,00
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_ PVY FILM TKs SHOES 12251N 002284E<03 002121600 041958E=0) 0.1795E=03 0.1632E=03
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Oag §1 r;_x NiRe 37N 002388E 05 0,27p1€ 09 0eJ085E 0% 0.3495E 09 0e4021E 09
sRe STIF R ILT LB/IN™ “0e9[SSE 54 0.T0;0C 05 0e1138E 05 0. T279E TS 0. T43IT 35
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Figure 25. Helium-Lubricated Hydrodynamic Tilting Pad Journal Bearing

Performance Characteristics for Load Between Fixed Pivots
(Maximum Speed, Run 2)
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THRUST BEARING DESIGN

Procedure

The selection criteria for the thrust bearing were essentially the same as
those for the journal bearing; the design goal film thickness corresponding to
the maximum load was assigned in advance of the thermal distortion data,

The design criteria used in selecting the thrust bearing were:

¢ Maximum design load: 3.0¢g

¢ Minimum film thickness: 100 microinches with parallel, undistorted
bearing surfaces at maximum load

® Stable operation with minimum possible gimbal pivot friction and
damping from zero net load to maximum load

¢ Minimum power loss
¢ Minimum outside diameter
¢ Maximum gas film moment

e No rigid body natural frequencies in speed or load range

Maximum stiffness over the operating range

The general thrust bearing design procedure consists of the following prin-
cipal steps:

1. Set up the criterion for selection,

2. Optimize the load capacity with respect to the film thickness for
axially stable face geometries.

3. Determine the bearing and gimbal ring moments of inertia and the
pivot friction characteristics necessary to provide stability with a
misaligned thrust runner for both axial translation of the rotor and
angular rotation of the gimbal ring,

The spiral groove thrunt bearing selector program for uniform clearance
was used to obtain design and performance parameters, This same program
was usced for the spiral groove bearings, to compute the fiim righting moment
at a load of approximately 3 g. Pivot characteristics were then computed so

the pivot friction moment equaled the film moment with collar misalignment
at the maximum load

The spiral groove thrust bearing sclector program for uniform clearance
was used to first evaluate the thrust bearing design. The program is based on
analytical expressions for computing the load capacity of a spiral groove hear-
ing with a uniform film thickness. In addition, the power loss, axial stiffness
and tilt stiffness are computed. Several other parameters, such as the Rey-
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nolds number, are computed and listed to aid in the design selection., When
the bearing design parameters have been selected, a plotting program is used
to compute and plot performance characteristics for a double-acting bearing.

The principal parameters for the bearing design study are:
¢ Outside-diameter-to-inside-diameter ratio
¢ Design film clearance at which the load is to be optimized
For a small value of optimized film clearance, the load-versus-clearance

curve will have a stecp slope, maximizing the film thickness at a high load at
the expense of the film thickness at a lower loading. This film thickness is

normally selected as a compromise between the film thickness safety margin
at the maximum load and the stiffness at normal operating conditions.
The design parameters are usually selected so:
¢ Mach number is less than 0. 8 at the outside diameter.,

¢ Minimum number of grooves is less than the maximum number of
grooves, The minimum number is based on minimizing the groove
entrance effects, The maximum number is based on manufacturing
considerations.

Relative swash amplitude is less than 0, 15,

Reynolds number is less than 1500,

Bearing A is less than 50,

Convective and transient inertias are much less than one.

Steady-state and dynamic local compressibility are much less than
one,

Thrust runner tip speed is less than 800 feet per second.

On the basis of conparing the load capacity predicted by this program
with available experimental data, the theoretical load capacity and stiffness
are multiplied by 0. 75, as a safety factor,

Performance

Figure 26 shows the general arrangement of the thrust bearing assembly.
The principal features of the design are:

e Two spiral groove faces provide bidirectional axial load support
(See Items 1 and 2, Figure 26).

e Each thrust bearing is independently gimbaled (Items 3 and 4).

¢ Ball-socket combinations are used for pivots (Item 5)




One bull stem of each pivot pair is mounted on a leaf spring (Item 6).

Leaf springs give design control over thrust bearing oscillation by
determining the breakaway moment about the pivot axes,

Design breakaway moment is slightly greater than the film moment
that exists under normal operating conditions.

Force on the ball-socket joint is controlled by positioning a set
screw (Item 7),

Thrust faces contain etched logarithmic spiral grooves that generate
load support by hydrodynamic action (Item 8).

Groove geometry is optimized for load capacity with respect to mini-
mum film thickness,

The thrust faces are manufactured from beryllium-copper, because it is
material that has been used successfully in the past for cryogenic expanders,
All other parts are machined from 304L stainless steel, In addition, the gim-
bal balls are made from tungsten carbide, and the sockets are nitrided and
lapped for wear resistance,

Figure 26. Typical Thrust Bearing Assembly
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Using Figure 27 as a basis, the principal dimensions of the thrust face
were established. To evaluate the sensitivity of the depth of the groove on

Outside Diameter
of Bearing

Inside Diameter
Grooved Region

Inside Diameter

of Bearing o
vd i RO for Given Theta
Bl / RI
N\
L\
. \ } v;

Tangent

Groove

Wrap
Angle CR-2071

Figure 27, Geometry Showing Radial and Angular Coordinates for Drawing
Logarithmic Spiral Grooves in Flat Thrust Face

this design, three different groove depth designs were considered. Figure 28
shows the load capacity as a function of the one-side film thickness for the
three values of the groove depth considered and for an outside-diameter-to-
inside-diameter ratio of 2,06. Figure 29 shows the power loss as a function
of the one-side film thickness for the same three groove depths and outside-
diameter-to-inside-diameter ratio. This ratio, which makes the bearing out-
side diameter 1,125 inches, was selected as the optimum compromise, based
on minimizing power loss, maximizing loagd capacity, and minimizing groove
entrance loss effects. Based on maximizing the film thickness at a 3g thrust
load, a groove depth of 0,00152 inch was selected.

Figures 30 and 31 give bearing parameters and performance characteris-
tics at design and maximum speeds. These computer outputs represent the

design and maximum speed performance expected from one thrust bearing
face only,
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DESIGN

SPEED, RPH
TEMPERATURE, DEG.R
REARING ID,IN.,

AMBIENT PRESS.,PSIA

SHWASH ANGLE,DEG

WT DEN BRG MAT,LB/IN3

SHAFT WEIGHT,LB

MACH NO. AT 0D

GIMBAL MTD RRG TK.,IN

MAX NO. OF GROOVES
MOLECULAR #FP, 1IN,

GROOVE DEPTH, 1IN,

CLEARANCE, MICROINCHES

LOAD, LB
POWER, WATTS

RELATIVE SWASH AMPLITUDE
MAX DISTORTION TO CLEAR RAT.
AXTAL FREQUENCY,CPM
FREQUENCY, CPM

AXTAL SITFFNESS LB/IN

TILT STIFFNESS IN-LB/RAD
EFFECT, VIS, LBR=SEC/IN#%2

TILT

REYNDOLDS NO.
LAMBRDA

CONVECTIVE INERTIA RATIO

*%k INPUT*x*

RUN NUMBER

O.1413E+06
Ge 1440E+03
0.5470E+00
0.1950E+02
0. 1950E~-02
0.2830E+00
0.+3020E+00

%k kQUTPUT #%*

O.
0.
0.
0.

TRANSIENT INERTIA RATIO

LOCAL CO4PRESS. RATIO,SS
LOCAL COMPRESS. RATIO,DYN

CLEARANCE, MICROINCHES

LOAD, LB
POWER, WATTS

RELATIVE SWASH AMPLITUDE
MAX DISTGRTION TO CLEAR RAT.
AXTAL FREQUENCY,CPM

3736E+00
11 60E+00

32
1393E-05
1525E-02

50
0.3421E+01
0.3745E+02
O.1701E+39
0.1593F+01
0.

0

O.

O.
0.1062E-08
0.2633E+02
0.3687E+03
0.2387E-03
O.
0.2883E+01
O.

350
0.1509E+01
0.6949E+01
0.3707E-01
0.2554E+05

430732

MIN. 1i0.
VISCOSITY,LB-SEC/IN2 0.1240E-08
REARING 0D, IN.
RRG. INER.
TIP SPEED, FT/SEC

GROOVE LT/BRG WIDTH
GROOVE/RIDGE WIDTH
GROOVE ANGLE,DEG

EXP COEFF.BRG,IN/IN F 0.7000E-05
EXP COEFF.RUN, IN/IN F 0.7000E-05
MIN ALLOW, RIDGE W, IN 0.2300E-01
CLEAR AT OPT GRV.D,IN 0.5000E-03

GROOVES

150
0.,2979E+01
0.1452E+02
0.1533E+00
0.1957E+00
0.2794E+05
0.9123E+05
0.67C0E+04
0.5866E+03
0.1174E-08
0.7900E+02
0.4097E+02
0.2149E=02
0.5187E+00
0.3203E+00
0.,14741--01

450
0.1 004E+01
0.5610E+01
0.8973E-01
0.2254E-01
0.2109E+05

0.7300E+00
0. 1930E+01
0.7120E+02

27
0.1127E+0I

IN-LB=-SEC2 0.6427E-05

0.6947E+03

250
0.2203E+01
0.9291E+0I
0.8653E-01
0.7199E-01
0.2881E+05
0.,9407E+05
0.7124E+04
0.6237E+03
0.1199E-08
O.1317E+03
0.1475E+02
0.5968E-02
0.6006E+00
0. 1153E+00
0.5473E-02

550
0.6708E+00
0.4736E+01
0. 1136E+00
0.1514E-01
0.1695E+05

CR-2420-1

Figure 30, Helium-Lubricated Spiral Groove Thrust Bearing Parameters
and Performance (Design Speed, One Side, Ratio of Outside

Diameter to Inside Diameter = 2, 06)
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TILT FREQUENCY, CPM
AXTAL STIFFNESS LB/IN
TILT STIFFNESS IN-LB/RAD
EFFECT. VIS. LB=SEC/IN%%2
REYNOLDS NO.

LAMBDA

CONVECTIVE INERTIA RATIO
TRANSTENT INERTIA RATIO
LOCAL CO4PRESS. RATIO, SS
LOCAL COHPRESS. RATIO,DYN

CLEARANCE, MICROINCHES
LOAD, LB

POWER, WATTS

RELATIVE SWASH AMPLITUDE
MAX DISTORTION TO CLEAR RAT.
A¥ IAL FREQUENCY,CPM

F'ILT FREQUENCY, CPM
AXIAL STIFFNESS LB/IN
TILT STIFFNESS IN-LB/RAD
EFFECT. VIS. LB=SEC/IN#*2
REYNOLDS NO.

LAMBDA

CONVECTIVE INERTIA RATIO
TRANSIENT INERTIA RATIO
LOCAL COMPRESS. RATIO, SS
LOCAL COMPRESS. RATIO,DYN

CLFARANCE, MICROINCHES
LOAD, LR

PONER, WATTS

RELATIVE SWASH AMPLITUDE
MAX DISTORTION TO CLEAR RAT.
AXIAL FREQUENCY,CPM

TILT FREQUENCY, CPM
AXTAL STIFFNESS LB/IN
TILT STIFFNESS IN=-LB/RAD
EFFECT. VIS. LB=SEC/IN+*2
REYNOLDS NO.

LAMRDA

CONVECTIVE INERTIA RATIO
TRANSIENT INERTIA RATIO
LOCAL COMPRESS. RATIO, SS
LOCAL COMPRESS. RATIO,DYN

0.8339E+05
0.5598E+04
0.4901E+03
0.1211E-08
0.1843E+03
0. 7525E+01
O0.1170E-01
0.5941E+00
0.,5884E~01
0.2475E-02

650
0.4566E+00
0.4118E+01
0. 1499E+00
0. 1087E-01
0.1358E+05
0.4433E+05
0. 1582E+04
0.1385E+03
0.1224E-08
0.3423E+03
0.2182E+01
0.4035E-01
0.4249E+00
0.1706E=-01
0.3815E-03

950
O+ 1666E+00
0.3003E+01
0.3478E+00
0.5107FE=02
0.7373E+04
0.2407E+05
0.4664E+03
0.4083E+02
0.1229E-083
0.5003E+03
0.1021E+01
0.8618E-01
0.2988E+00
0.7986E-02
0.9697E~D4

«68B5E+05
« 381 TE+04
« 3342E+03
.1 217E-08
«2370E+03
0.4552E+01
0.1934E-01
0.5443E+00
0.3559E-01
0.1236E-02

0
0
0
0
0

750
0.3184E+00
0.3655E+01
0.1 997E+00
0.8175E-02
0.1 095E+05
0.3575E+05
0.1029E+04
0.9009E+02
0.1226E-08
0,3950E+03
0.1639E+01
0.5372E-01
0.3750E+00
C.12B1E-01
0.2311E=-03

1050
0.1245E+00
0.2764E+01
0.4509E+00
0.4184E-G2
0.6159E+04
0.2011E+05
0.3255%=+03
0.2850E+02
0.1230E-08
0.5530E+03
0.8361E+00
0.1053E+00
0.2702E5+00
0.6538E=-02
0.6631E=-04

0.5534E+05
0.2466E+04
0.2159E+03
0.1221E-08
0.2897E+03
0.3047E+01

0.2889E-01

0.4829E+00
0.2383E-01

0.6652E-03

850
0.22T7E+00
0. 3294L+01
0.2649E+00
0.6373E=-02
0.8931E+04
0.2916E+05
0.6844E+03
0.5992E+02
0.1227E-08
0.4477E+03
0.1276E+01
0.6899FE=01
0. 3333E+00
0.9976E-02
0.1467E-03

1150
0.9487E-01
0.2563E+01
0.577T1E+00
0. 3490E-C2
0.5202E+04
O+ 1 698E+05
0.2322E+03
0.2033E+02
0.1231E-08
0.6057E+03
0.697T0E+00
0. 1263E+00
0.2463E+00
0.5450E=02
0.4670E-04

CR-2420T§]

Figure 30, Helium-Lubricated Spiral Groove Thruut Bearing Parameters

and Performance (Design Speed, One Side, Ratio of Outside
Diameter to Inside Diameter = 2, 06) (Continued)
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CLEARANCE, MICROINCHES
[L.OAD, LB

POWER, WATTS

RELATIVE SWASH AMPLITUDE
MAX DISTORTION TO CLEAR RAT.
AXTAL FREQUENCY,CPM

TILT FREQUENCY, CPM
AXTAL STIFFNESS LB/IN
TILT STIFFNESS IN-LR/RAD
EFFECT, VIS, LB-SEC/IN%%2
REYNOLDS NO.

LAMBDA

CONVECTIVE INERTIA RATIO
TRANSIENT INERTIA RATIO
LLOCAL COMPRESS. RATIO, SS
LOCAL COMPRESS. RATIO,DYN

CLEARANCE, MICROINCHES
LOAD, LB

POWER, WAITS

REILATIV= SHASH AMPLITUDE
MAX DISTORTION TO CLEAR RAT.
AXTAL FREQUENCY,CPM

TILT FREQUENCY, CPM
AXIAL STIFFNESS LB/IN
TILT STIFFNESS IN-LR/RAD
EFFECT. VIS, LR=SEC/IN*%2
REYNOLDS NO.

LAMBDA

CONVECTIVE INERTIA RATIO
TRANSTENT INERTIA RATIO
LLJCAL COYPRESS. RATIO, SS
LOCAL COMPRESS. RATIO,DYN

1250
0.7349E~01
0.2391E+01
0. 7293E+00
0.2956E-02
0.4439E+04
0. 1449E+05

0.1691E+03

O.1480E+02
0.1231E-N8
0.6584E+03
0.5900E+D0
0. 1492E+00
0¢2261E+00
0.4613E-02
0. R372E-04

1550
0.3715E=01
0+1999E+0D1
O 1 376E+01
Q. 1925E-02
0.2902E+04
0.9475E+034
0.7223E+0)2
0.6328E+01
Oe1233E-03

T 104E+03
0.3837E+00
0.2294E+00
0. 1816E+00
0.3CO0E=-02
0.1434E-04

e e P SR TN, SN ARG 40

1350
0.5770E-~01
0.2243E+01
0.921075+00
0.2536E-02
0.3822E+04
0.,1248F+05
Cel253F +03
0.1097E+02
0.1232F-093
0.7110E+03
0H5053E+00
0e 1 740=+00
0.2000%+00
0.3055%5=02
(1,2489FE-04

1450
0.4606E-01
0.2113E+01
O¢ 11255401
0.2199E-02
0. 3318E+04
0. 1083E+05
0.9448E+02
0.8272E+01
0.1232E-08
0.7637E+03
0.4384E+00
0.2008E*+Q0
0.1943E+00
0.3428E-02
0.1873E-04

CR-2420-3

Figure 30. Helium-Lubricated Spiral Groove Thrust Bearing Parameters
and Performance (Design Speed, One Side, Ratio of Outside
Diameter to Inside Diameter = 2. 06) (Continued)
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ki [ NPUT *#k

DESIGN RUN NUMBER 430734
SPEED, RPM 0.2000E+06 GROOVE LT/BRG WIDTH 0.7300E+00
TEMPERATURE,DEG.R 0.5850E+03 GROOVE/RIDGE wIDTi{ 0. 1930E+01
BEARING 1D, IN. 0.5470E+00 GROOVE ANGLE,DEG 0.7120E+02
AMBIENT PRESS.,PSIA  0.1950E+02 EXP COEFF.BRG,IN/IN F 0,7000E-05
SWASH ANGLE,DEG 0.1950E=-02 EXP? COEFF.RUN,IN/IN F 0O.7000F=05

AT DEN BRG MAT,LB/IN3 0.2830E+00

SHAFT WEIGHT,LS 0.3020E+00 CLEAR AT OPT GRV.D, IN 0.5000E-03
* X OQUTPUT %k
MACH NO. AT OD 0.2623E+00 MIN, 113, GROOVES 27
GIUBAL MTD BRG TK.,IN O.1160E+00 VISCOSI:Y,LB=-SEC/IN2 0.3066E=-08
4AX MO. OF GROOVES 32 BEARING OL, IN, 0. 1127E+01
MOLECULAR MFP, IN, 0.6888E-05 BRG. INEP, IN-LB-SEC2 0,6427E-05
GROOVE DEPTH, IN. 0. 1525E-02 TIP SPEED, FFT/SEC 0.9834FE+03
CLEARANCFE, MICROINCHES 50 159 25C
LOAD, LB 0.7654E+01 0.8631E+01 0.6340L+01
POYIER, WATTS 0.1186E+03 0.5955E402 0.4093E+02
RELATIVE SWASH AMPLITUDE 0.1701E+39 0.,20545+00 0,6459E-01
MAX DISTORTION TO CLEAR RAT. 0.3144E+401 0.50035400 0.1972E+00
AXIAL FREQUENCY,CPM 0. 0.3418E+05 0,4721E+05
TILT FRZQUENCY, CPM Ce. O0.1116E+06 0.1541E+06
AXTAL STIFFNESS LB/IN 0. 0.1002E+05 0.1912E+05
TILT STIFFNESS IN=LB/RAD 0. 0.8776E+03 0,1674E+04
=FFECT. VIS. LR=SEC/IN%*x2 0.1678E=-08 0.,2404E-08 0,2631E=0&
REYNOLDS Q. 0.3710E+01 0.1113E+02 0O.1255E+02
LAMBDA 0.1291E4+04 0,1434E+02 0.5163E+02
COMVECTIVE TUNERTIA RATIO 0.3363E-04 0.3027E-03 0.8408E-03
TRANSIENL IH:TIA RATIO 0. 0.6314E-01 0.9793E-01
LOCAL CO fP«ESS. RATIO, SS 0.1009E+02 0.1121E+01 0.4037E+00
LGCAL COA4PRIESSe RATIO,DYN 0. 0.4460E-01 0.,2218E=01
CLEARANCE, ATCROTNCHES 350 450 550
i.0AD, LR 0.4838E+01 0,3280E+01 0,2217E+01
PAONER, WATTS 0.3153E+02 0,2593E+02 0,2216E+0?
#=LATIVE SwAS: APLITUDE 0.5248E-01 0.5725E-01 0.7079E=01
AX DISTORTION T CLEAR QAT, 0.1048E+00 0.6494E<~01 0.4415E=01
CR-2421-1

MIN ALLOW. RIDGE w,IN 0,2300E-O0t

Figure 31. Helium-Lubricatzd Spiral Groove Thrust Bearing Paraineters
and Periormance (Maximum Speed, One Side, Ratio of Outside

Diameter tc Inside Diameter = 2. 06)

. S—.

56

g Bt S <

A ——

s bl



B et i i e,

AXIAL FREQUENCY,CPM

TILT FREQUENCY, CPM
AXTAL STIFFNESS LB/IN
TILT STIFFNESS IN-LB/RAD
EFFECT. VIS, LB=SEC/IN%x2
REYNOLDS NO.

LAMBDA

COMNVECTIVE IN:ZRTIA RATIO
TRANSIFNT INFRTTA RATIO
LOCAL Cn4PRESS. RATIO, SS
LOCAL COMPRESS, RATIO,DYRN

CLEARANCE, ¥ICROINCHES
LOAD, LB

POWER, WATTS

RELATIVE SWASH AMPLITUDE
MAX DISTORTION TO CLEAR RAT.
AYIAL FREQUENCY,CPH

TILT FREQUENCY, CPM
AXIAL STIFFNESS LB/IN
TILT STIFFNESS IN-LR/IAD
EFFECT. VIS. LR=5SEC/IM#%2
REYNOLDS HO.

LAMBDA

CONVECTIVE INERTIA RATIO
TRANSIENT INFRTIA RATIO
LOCAL COMPRESS. RATIO, SS
LOCAL COMPRESS. ATIN, NYH

CLEARANCE, MICROINCHES
LOAD, IR

POWER, WATTS

RELATIVE SWASH AMPLITUNE
“AX DISTORTION TN CLEAR RAT.
AX IAL FREQUENCY,CP.

TILT  FREQUEICY, Cpw
AXTAL STIFFNESS L/In
TILT  STIFEHESS IM-Lp/ip
SFFECY. VIS, L3=5EC/IN#w%2
REYHOLDS WU

LAMRDA

CONVECTIVE I™:OTIA RATIC
TRANSIENI INERTIA PATIO
LOCAL COMPRESS. RATIN), SS
LOCAL CO'PRESS, 2ATIO, DYN

0.4426E+05
0. 1445E+06
O.1081E40)5
0. 1472E+04
0.2742E-01%
0.2597E+02
0.2634E+72
O.1648E~0?
O« 1025E+00
0.2060E+00
0.1061E-01

650
0.1522E+01
O0.1943E+02
0.9200E-01
0.3195E-01
0.2453E+05
0.8008E+05
0.5163E+04
0.4520E+03
0.2883E-08
0.4823E+0?2
0.7638E+01
0.5684E-0?2
0.7641E-01
0.5972E-01
0O.1705E-C2

950
0.5039E+00
0.14395+02
0.2085:+00
0.1525E-01
Oe 1 248E+05
0. 4400E+05
0.1559E+04
0¢1365F+03
0.2938E~08
0.70435+()2
0.3576E+C1
Oe 1214E-01
0.5436%-01
0.2796E-01
0.4385E-03

0.37375+05
0.1220F+06
O 1198E+05
UJ.1049E+04
0.2808F=-08
0. 333901:+02
De 1594E+02
0.2724E-02
0.9508E-~01
0.1246E+00
0.5419E=02

750
0. 1068E+01
0.1736E+02
O.1213E+00
0.2419E-01
0.1989E+05
0.6492E+05
0.3393E+04
0.2971E+03
0.2906E-08
0.5504E+02
0.573TE+01
Ge79672=02
0.67T77E-01
0.4456i:=C1
0.1038E-02

1050
Ue4228E+00
O.1328E+02
0.2690":+00
0. 1253E-01
O.1129E+05
0.36845+05
Ce1093E+04
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0 TT90E+02
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01433501
0.4927E-01
0.2289E=01
0.3006%~-03

0+ 3040E+05
0. 9925E+05
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850
0.7676E+00
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0. 1597E+0C0
0.1895E-01
0.1628F+05
0.5315E+05
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0.1991E+03
042924E~0%
0.6306E+02
0.4467E+01
0.9719E-02
0.6046E-01
0.3492E-01
0.6616E-03

1150
0.3229E+00
0.1235E+02
0.3430E+00
0.1048E-01
0.9551E+04
0.3118E+05
0.7827E+03
0.6R853E+02
0.2960F-08
0.3532[+02
0.2440E+01
D1 7T79E-01
0+4500E=01
0.1908F-01
0.2120E-03

CR-2421-2

Figure 31. Helium-Lubricated Spiral Groove Thrust Bearing Parameters
and Performance (Maximum Speed, One Side, Ratio of Out-
side Diameter to Inside Diameter = 2. 06) (Continued)
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CLEARANCE, MICROINCHES 1250 1350 1450
LOAD, LB 0.2507E+00  0.1975E+00  0.1577F+00
POWER, WATTS O0.1155E+02  0,1085E+402 0.1024E+02
RELATIVF SWASH AMPLITUDE 0.4321FE+00  0.53825+00 0.6632F+00
MAX DISTIURTION TO CLEAR RAT.  0.8896E=02 0. 7645E=02 0.6640E-02
AXTAL FREQUENCY,CPM 0.8162E+04  0,7038E+04 0.6117E+04
ITLT FRFQUENCY, CPM 0.20665E+0% 0.2297E+05 0.1097E+05
AXTAL STIFFNESS LB/IHN 0.571TE+0Y  0.4250E+03 0.32115+03
TILT STIFFNESS IN=LR/RAD 0.5005E+02  0.3721E+02 0.2811E+02
EFFECT. VIS, LB=SEC/IN#%2 0.2968E-03 0,2975%=08 0.2981F-0A
REYKOLDS ™Q. 0.9274E+02 0.10523+03 0.1076E+03
LA (12DA 0.2065E+01  0.,1771:4+01 0.1535F+0]1
CONVECTIVE INERTIA RATIO 0.2102E-01  0.2452E-01 0.2828F=01
IRANSIEUT IMERTIA RATIO 0.4139E-01 0,3830E-01 0.3565F=0]
LOCAL COPRESS. RATIO, SS 0.1615E~01 0.1385F=01 0.1200E-0]
LOCAL COPRESS., RATIO,DYN 0.1534E-03 0.1134E-03 0,R3%42F-04
CLEARANC 7, MICROINCHES 1550
LAD, LR 0.1274E+00
PQViER, HATLS 0.9698F+01
RELALIVE SWASH AMPLITUDE 0.8094E+09
HJAX DISTORTION TO CLEAR RAT. 0.5822E-02
AXTAL FREQUENCY, CPXM 0.5356E+04
TILT FREQUENCY, CPM 0.1743E+05
AXIAL STIFENESS LB/IM 0.2461E+03
TILT STIFFNESS IN-LR/RAD 0.2 155E+02
EFFECT. VIS, LB=SEC/IN#%2 0.2986E-08
PEYNOLDS HO. 0.1150E+0%

LAMBNA
CUNVECTIVE INERTIA RATIO 0.3232E=-01
THANSIENT I¥=RTIA RATIO 0.3334E-01
LOCAL COMPRFSS. RATIO,SS 0.1050E-01
LOCAL COMPRESS. RATIN,DYN 0.6545E-04 CR-2421-3

Figure 31.

Helium -Lubricated Spiral Groove Thrust Bearing Parame'ers

and Performance (Maximum Speed, One Side, Ratio of Out-
side Diameter to Inside Diameter = 2.06) (Continued)

The following input is printed with the output:

o Title indicating the gas, used as the lubrication

Ratio of the outside diameter to the inside diameter

: o Shaft rotational speed (rpm)

Gas temperature (°R), used in computing the viscosity

Bearing inside diameter (inches)

Ambient pressure (psia)

o8




Thrust runner swash angle (peak to peak) (degrees)

Weight density of the bearing material (pounds per cubic inch), used
in calculating the moment of inertia for the tilt frequency output

Shaft weight (pouads), used in computing the axial frequency output

Groove-lengthr.-to-bearing-width ratio (nondimensional), measured
radially

Groove-length-to-ridge-width ratio (nondimensional), measured at
a constant radius

Groove augle (degrees), measured between tangent-to-groove and
radial coordinates

Coefficient of thermal expansion for the bearing material (inches per
inch °F), used to compute dishing due to bearing film shear heating

Coefficient of thermal expansion for the thrust runner material (inches
per inch °F), used to compute dishing due to bearing film shear heating

Minimum allowable ridge width (square inches) and minimum thickness
of the ridge, used to compute the maximum bearing number

Clearance at which the load capacity is to be optiriized {inches)

output consists of a group of overall performance factors that include:

Mach number (nondimensional) based on helium and the thrust bearing
outside diameter, used to indicate the potential of the compressibility
effects at the tip of the thrust bearing

Viscosity (pound-seconds per square inch), based on the appropriate
gas at the input temperature.

Molecular mean free path, which accounts for the deviation of gas
from a continuum as a function of the temperature, pressure, and
clearance space and which is reflected as a change in the effective
viscosity

Minimum number of grocves computed on the basis that the pressure
ripple across the grooves is 10 percent of the pressure rise along the
grooves, related to the assumption that the edge correction is neg-
ligible

Maximum number of grooves, which is a manufacturing and structural
consideration based on an input quantity that limits the ridge wall
thickness

Estimated moment of inertia of the bearing, with respect to a diam-
eter, through the midplane (pound-square second)

Assumed thickness of the thrust disk, based on dividing the annular
width of the thrust disk by 2.5




e Bearing outside diameter obtained from the inside diameter and the
ratio of the outside diameter to the inside diameter

e Groove depth (inches)

e Thrust runner tip speed (feet per second)

Individual performance items are then tabulated in 16 columns, for one
thrust face only, with a heading for the land film clearance in microinches:

¢ Load capacity (pounds), including the 0.75 safety factor referred to
above.

Power loss (watts)

Relative swash amplitude (nondimensional), the ratio of the calculated
swash amplitude to the maximum swash amplitude at contact (The
calculated swash amplitude is based on the swash angle, the film tilt
stiffness, and the moment of inertia of the bearing, calculated on the
basis of an assumed thickness- ‘o-diameter ratio.)

Ratio of the distorted minimum film thickness to the undistorted min-
imum film thickness (Distortion is assumed to be parabolic, and the
heat input is calculated from the bearing power loss. Thermal ex-
pansion coefficients for the bearing and runner are part of the pro-
gram input.)

Axial frequ:ncy (cycles per minute), the ratural frequency based on
the axial film stiffness and the weight of the rotor

Tilt frequency (cycles per minute), the natural frequency based on
the film tilt stiffness and the bearing moment of inertia

Axial stiffness (pounds per inch), including the 0.75 safety factor re-
ferred to above

Tilt stiffness of the gas film (pounds per radian)

Effective viscosity (pound-second per square inch), used in calculat-
ing bearing performance and based on the film thickness, viscosily,
and molecular mean free path (The mean free path effect reduces the
viscosity and therefore reduces the load capacity. This effect becomes
more pronounced as the film thickness decreases.)

Reynolds number (nondimensional), the ratio of inertia to viscous
forces, indicating whether the assumption of laminar flow used in
the present analysis is valid (The value should be less than 1500.)

Convective inertia ratio (nondimensional), based on the groove width
and the tangential velocity, indicating whether the assumption of the

negligible inertia effect is valid (The ratio sheould be very much less
than one.)

Transient inertia ratio (nondimensional), based on the nominal
bearing gap and the axial oscillation, indicating whether the as-
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sumption ot the negligible inertia effect is valid (The ratio should
be very much less than one.)

® Local compressibility ratio, steady-state (nondimensional), based on
the tangential velocity, indicating whether the assumption of quasi-
incompressibility is valid (In this analysis, a sectionally linear pres-
Sure profile is assumed. To be valid, the magnitude of the circumfer-
ential pressure fluctuation must be small coinpared to the local pres-
sure level. This ratio should be very much less than one.)

® Local compressibility ratio, dynamic (nondimensional), based on axial
oscillation and referring to the assumption defined above (This ratio
should Le very much less than one.)

Figures 32 and 33 give the performance, at design and maximum speeds,
resulting from the interaction of both thrust faces, with a total axial clearance
between the thrust bearings set at 0.002 inch and the spiral groove depth set
at 0.00152 inch. Figures 34 and 35 give load, stiffness, and power loss for
the double-acting bearing for both design and maximum speed conditions. All
graphs are given in terms of clearance con the side, with maximum load.

The spiral grooves are manufactured by photoetching using a mask. The
nomenclature used in drawing the mask is given in Figure §; the coordinates
for the mask are given in Figure 36.

p Table 6 is a design summary for the Advanced Research Projects Agency
., spiral groove thrust bearing.
I. Table 6

TURBOALTERNATOR SPIRAL GROOVE THRUST
BEARING DESIGN SUMMARY

Charaeteristie Parameter
Outside diameter 1.125 inches
Inside diometer 0.287, 0.547 ineh
] Inside diameter, grooved region 0. 703 ineh
Number of grooves 30 3
Groove angle 71. 2 degrees
Groove width to ridge width at constant radius 1.93 (nondimensional)

Angular spaeing at inside diameter of grooved region

Groove width 7.904 degrees

Ridge width 4. 096 degrees
Depth of groove 0. 00152 inch
Collar swash angle 0.00195 degree
Totai axiai eiearanee 0. 002 ineh
Bearing material, eoating, and surfaee finish 3eryilium copper,

none, 8 rms

4 Collar material, eoating, and surfaee finish 304L, nitride, 4 rms

|cRe2e27]
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Figure 32. Helium-Lubricated Spiral Groove Thrust Bearing Performance

(Design Speed, Two Sides, Ratio of Outside Diameter to Inside
Diameter = 2, 06)
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Figure 33. Helium-Lubricated Spiral Groove Thrust Bearing Performance

(Maximum Speed, Two Sides, Ratio of Outside Diameter to
Inside Diameter = 2, 06)
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Figure 34. Spiral Groove Thrust Bearing Characteristics (Design Speed)
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**x*DEFIN | TIONS* %
RI HADIAL CUORDINATE OF INBOARD EDGE OF SPIRAL GROOVE
RO RADIAL CUORDINATE JF OUTROARD EDGE OF sPIRAL GRODVE
THETA GROOVE ANGULAR COORDINATE MEASURED CLOCKWISE LOR ONE
THRUST FACE AND COUNIER CLOCKWISE FOR THF OTHER
"RAP ANGLE = THE ANGULAR EXTENT OF A GROOVE HEASURED FRUM OD OF
GROOVED REGION [0 ID OF GROOVED REGION
**kSPECI FTCATIONSH 4%
NUMBER OF GROOGVES = 30
OD OF REARING =  |.125 INCHES
ID UF BEARING =  0.547 INCHES
ID OF GROOVED REGIOH =  0.703 INCHES
GROOVE ANGLE = 71.200 DEGREES
GROOVE TJ RIUGE wIDTH RATIO AT CUMSIANT 2ADIUS =
GROOVE wiAP ANGLE = 79.124 DEGHEES
ANGULAR SPACING AT 1D OF GHOOVED REGION
GROOVE «IDIH =  7.904 DEGREES
RIDGE WIDIH =  4.006 NEGREES
COOROINATES OF FINST GROOVE
RADIUS SCALE FACTUR =  1.900
THETA  RI RU
DEG., M. IN,
0 000.000 0.352
ho0.345 0. 367
10 0.3% 0.373
5 0.36/ 0.384
20 0.378 0. 306
25 0,339 0.40%
0 0.491  0.420
T 0.413 (.43
40 0.425  0.440
45 0.43 .40
319} Dednl U.477
bh 0.465 . 48]
60 .40 Glbip
65  D.493 (.57
70 0.593  (.533
5 0.924  J.5H40
20 0.539 LUL. 000
35 0.5% UGy 03 CR-2426

Figure 36. Radial and Angulsr Coordinates for Drawing Logarithmic
Spiral Grooves in Flai Thrust Face




TURBINE WHEEL THERMAL AND STRESS ANALYSIS

The impulse and reaction turbine wheels for the 80°K turboalternator tests
have been designed. The extreme operating conditions for both wheels are:

Condition Temperature (°K) Speed (rpm)

C 80 150, 000
W 320 200, 000

The thermostructural response of both wheels to these operating conditions

has been calculated using the finite element technique, which permits thermal
and centrifugal effects to be treated simultaneously.

The results are pre-
sented below.

IMPULSE WHEEL

The impulse wheel (Figure 37) is made of 6A1-4V titanium and f.ts onto a
stainless steel shaft.” The thermal expansion of titanium is less than that of

447 Mades

I

B 200 -Ti b
iHnmeser

0.700=Fnrh
IHagmpiog

10,499 -lnch
NMameter

[cn-2aaa

Figure 37, Impulse Wheel

steel, The wheel-shaft assembly is made at room temperaiure; therefore, as
Condition C is approached, the wheel contracts less than the shaft and becomes
loose on the shaft, unless the wheel-shaft assembly is made with an interference
fit at room temperature. The stresses due to the interference fit are reduced
as the temperature is lowered from room temperature and are increased as

the temperature is raised irom room temperature. The tiermal stresses

are, therefore, much higher for Condition W than for Condition C. Because

*It was originally planned that this wheel would be made of 6061-T6 aluminum,
to minimize the manufacturing effort. However, the difference in thermal ex-

pansions between the wheel and the shaft result in prohibitively high (100, 000
psi) wheel stresses at Condition C.




Condition W also has a higher speed, this is the critical condition, from
a stress standpoint, *

The process followed in the analysis is to determine the room temperature
interference required to maintain wheel-to- shaft contact in Condition C and
then determine the stresses in Condition W with this interference fit,

The interference fit required is 0, 5 mil (0, 0005 inch) on the radius or 1.0
mil (0, 001 inch) on the diameter. This fit is sufficient to offset the differential
thermal expansion and centrifugal forces tending to separate the wheel and
shait in Condition C, so the wheel can resist the operating torque. The states
of stress and displacement in the wheel at Condition C, with this value of inter- E
ference fit, are presented in Figures 38 and 39, Because the state of stress i

is triaxial, stress results are presented in the form of von Mises effective
stress contours,

Impulse Wheel \

BTN

15

Note: Contours show stress
levels in KPSI.

__ [z

Impulse Wheel Effective Siress Contours (0. 5-Mil Fit on Radius,
Condition C)

Figure 38,

“The wheel is subjected to Cond’tion C for most of its life; it is subjected to
Condition W for only brief periods. Thus, the stresses at Condition C are
important in determining its useful life in reg..d to creep behavior.
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Figure 39. Impulse Wheel Displacement (0, 5-Mil Fit on Radius, Condition C)

The states of stress and displacement in the wheel at Condition W were
calculated using the 0. 5-mil (on the radius) interference fit. These fits are
presented in Figures 40 and 41,

From Figures 38 and 40, it is observed that the maximum effective stresses
in the impulse wheel are 33, 000 psi for Condition C and 59, 000 psi for Condition
W. This wheel must be designed to withstand local yielding (instantaneous plas-
ticity) and long-term creep. The yield stress of 6A1-4V titanium is above
120, 000 p:i for Condition W (the exact value depends on the processing) and will
be even greater for Condition C. Because the yield stress is much higher than
the maximum effective (applied) stress for both conditions, local yielding will
not occur,

Because the wheel is exposed to Condition W for only a very small fraction
of its lifetime, long-term creep, if it occurs, will occur mainly for Condition C.
A simple technique used to design against creep in titanium in the aircraft in-
dustry is to assume that no creep will occur if the applied stresses are less
than one-third of the yield stress. For Condition C, this situation is satisfied.
A more exact met’ >d used to design against creep is to use the Larson-Miller
parameter, ¢, and experimentally obt ained creep-rupture curves, as shown
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Figure 42, Larson-Miller Parameter @) and Experimentally Obtained
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schematically in Figure 42, Such curves define the maximum applied stress,
o*, that can be present if a structure is to creep no more than amount e*,

The parameter, ¢, is defined for titarium by the relstionship:
® = T (20 + log,ot) X 107

where T is the temperature (°R) and t is the exposure time (hours). It is de-
sired that the impulse wheel have a design life of 20 years. Thus, for Condi-
tion W the value of ¢ is 15, 2, and for Condition C the value of wis 1l.9, From
the General Electric Materials Data Book (Ref, 2), the value of p* correspond-
ing toe* = 0, 001 (1/10-percent creep) is greater than 85, 000 psi for both Con-
ditions C and W. The applied stresses for both conditions are below this level,

Thus it cai be shown, using two different techniques, that the impulce
wheel will have the desired lifetime (creep will be less than 1/10 percent) of
20 years,

The value of the interference fit is critical, If the fit is too large, the
stresses in the wheel hub for Condition W will be large enough to cause local
yielding; if it is too small, the radial contact stresses at the wheel-shaft in-
terface will become zero, and the wheel will slip on the shaft, Results obtained
using different values of interference fit have been used to obtain the curves
present in Figures 43 and 44, Figure 43 shows the value of the minimum (ra-
dial compression) contact stress in the interface region as a function of the
value of the interference fit for Condition C. The acceptable minimum value
of the contact stress depends upon the torque to be transmitted and the size of
the contact region, Arbitrarily selecting this minimum value to be 1000 psi,
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Figure 43 shows that the lowest acceptable interference fit is about 0. 4 mils
(on the radius). Figure 44 shows the value of the maximum effective stress
in the hub as a function of the value of the interferenc : fit for Condition W,
The maximum value of the effective stress must be less than the yield stress
of the wheel. For a yield stress of 120,000 psi, IFigure 44 shows that the
largest acceptable interference fit is 0. 8 mil (on the radius). Thus, the in-
terference fit, &, desired can be given as:

§ = 0,533 mil

REACTION WHEET,

The reaction wheel is shown in Figure 45, Because the wheel is made of
6A1-4V titanium and fits onto a stainless steel shaft, its thermostructural re-
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Figure 45. Reaction Wheel

cponse is similar to that of the impulse wheel, and the same process is fol-
lowed in its analysis as was followed for the impulse wheel (to determine the
room temperature interferenco required to maintain wheel-to-shaft contact
in Condition C and then to determine the stresses in Condition W with this in-
terference fit),

The interference fit required is 0, 5 mil (0, 0005 inch) on the radius or 1,0
mil (0. 001 inch) on the diameter. This fit is sufficient to offset the differen-
tial thermal expansion and centrifugal forces tending to separate the wheel and
shaft in Condition C, so the wheel can resist the operating torque. The states
of stress and displacement in the wheel at Condition C, with this value of in-
terference fit, are presentcd in Figures 46 and 47. As in the case of the im-~
pulse wheel, the state of stress is presented in the form of von Mises effective
stress contours, The state of stress in the wheel at Condition W was calculated
using the 0. 5-mil (on the radius) interference fit (I'igure 48),
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Figure 48, Reaction Wheel Effective Stress Contours (0, 5-Mil Fit
on Radius, Condition W)

. From Figures 46 and 48, it is observed that the maximum effective
stresses in the reaction wheel are 49, 000 psi for Condition C and 70, 000 psi
for Condition W, By the same arguments used for the impulse wheel, it can
be shown that local yielding will not occur for the reaction wheel, Similarly,
because this wheel is subjected to the same exposure temperature and life-
time requirements as the impulse wheel, the values of the Larson-Miller A
7 pParameter, ¢, are 1, 9 for Condition C and 15. 2 for Condition W. Because E
- the reaction whezl is made of 6A1-4V titanium, the value of o correspend-
! ingto e* = 0, 001 is greater than 85, 000 psi for both Conditions C and W,
The applied stresses for both conditions are below this value; thus, the reac-
tion wheel will have the desired lifetime of 20 years,
An analysis of the allowable limits on the interference fit was not made
for this wheel, but the limits should be very close to those obtained for the
impulse wheel, because the desion of both wheels in the interface region is
similar,

ALTERNATOR DESIGN BASIS

-

: Methods for calculating alternator performance have been outlined in Ref-
- erence 3, Also, basic design data relating the frequency, flux, and core loss
: were reported, These methods and results have been applied to predict per-
formance of the Advenced Research Projects Agency Big Bertha alternator,

Special materials are used in the stator core and rotor field to maximize
alternator efficiency. A nickel-iron- molybdenum alloy (79-16-4 percent) having
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very low hysteresis and eddy current loss is used for the stator laminations,

A cobalt-platinum permanent magnet field produces flux that is compatible in
There are negligible losses in the rotor.,
This magnet material is also compatible with the joining and surface hardening
processes involved in its fabrication,

tures and perforinance is described in Table 7.

density with the stator material.

Table 7
CALCULATED ALTERNATOR FEATURES AND PERFORMANCE

An overall picture of the alternaior fea-

Alternator Features

Performance (Computer Design D-30907)

Outside diameter punching
Ingide diameter

Length

Material

Number of slots

Spiral

Tooth width

Circuits

Connection

Pitch

Conductors per rie*

Wire

Turns in series, per phase
Pitch factor

Distribution factor

Skew factor

Stacking factor

Rcsistance (85°K)

Leakage reactance

Rotor Field
Diamcter
Length
Material

Air gap

Performance (85°K)

Power facto:

Output

Line-to-line volts, no load
Line-to-line volt: , full load
Current

Current density

Core loss

Copper loss

Electromagnetic efficiency

1.804 inch

0.558 inch

0.874 inch

Hymu 80, 0,004 inch
12

21 degrees
0.084 inch
2

Wye

83.3 percent

48 :
21,0113 HF

48

0.966

0. 966

0.993

0.94

0. 0903 ohms

4. 70 ohms

0.500 inch
0, 7815 inch
Co-Pt
0.029 inch

1.0
397. 2 watts
118.2
116.3

1.976 amperes

4930 amperes per square inch
2,70 watts

1,06 watts

ICR-2455!

99. 0 percent
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This alternator is conservatively designed on the rising side of the effi-
ciency curve. It appears by calculation that its output might be doubled with
little, .f any, sacrifice in efficiency. This feature may be particularly desir-
able during cooldown, when the upper turboalternator, which has the greatest
burden for cooldown, is overloaded. Rated performance has been calculated
at 85°K and is reported in Table 7. Its electromagnetic efficiencyis 99.0 percent.

The alternator is so efficient, compared with its driving turbine, that opti-
mization of the alternator frequency to increase its efficiency a mere 0.1 or
0. 2 percent would probably degrade the turbine performance several percent.
Hence, little or no recognitiou of optimum alternator speed has been used to in-
fluence the turbine design.

Bearing losses that are not included in the above analysis should not be
completely ascribed to the turbine, except for the thrust bearing. Journal
bearings do more than support the shaft weight, including the wheel and the
field. They also hold critical alignments between the wheel, the nozzle, and
the thrust runner assemblies. Division of the bearing losses would have nec-
essarily been arbitrary. Therefore, the criteria for alternator performance

4 was chosen as simply its elrctromagnetic efficiency, to preclude any argument
' as to what its share of the paracitic loases should have been.

The electrical circuit of this alternator has four parallel paths for the

3 line curreni: two in circuits and two through conductors in-hand. This ar-

: rangement was made to reduce voltage, because low voltage reduces the need
for heavy insulation, and the voltage should be significantly below the corona
3 start voltage. There is also a heat leak penalty for carrying larger currents.
The alternator lead heat leak with the optimum cross section alterratoi leads
will be a total of about 0. 24 watt, a sma!ll but significant amount, com sared
with the 3.76-watt loss in the alternator, A three-phase winding has the least
current and copper section in its leads for the least number of phases and,
hence, it has the least heat leak.

DESIGN FOR OPEN CYCLE TESTS

It is necessary to design the turboalternator so that it can be operated in

the open cycle with stored gas, for both the bearing tests and the shock and
vibratiion tests.

1.' The turboalternator open cycle test staticn supplied by high-pressure he-
lium trailers can provide a flow to the test station at conditions of:

e Reference pressure: 91.5 psig
® Temperature: 68.0°F

» Mass flow: 2,86 grams per second (22,76 pounds per hour)

At this flow rate, the cost for gas would be approximately $90 per hour, and
the maximum running time for a full 79, 5635~cubic-foot trailer would be about
60 hours. A smaller, 43, 832-cuic foot trailer is also available.
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This maximum requires too much gas to be practical; hence, a design
study was conducted for a turboalternator operating at very low flows, The
radial reaction turboalternator should be the full admission type. It is not
appropriate to operate this turboalternator with a partial admission nozzle.

Therefore, only the impulse type turbine will be considered for the very low
flowe,

A series of design runs were conducted to evaluate the performance of
low-flow, partial admission, impulse turbines. Starting with the design point
conditions for Design Case 630601023, the flow was gradually decreased, and
the various performance aspects were examined,

Turbozlternator design computer runs were conducted down to very low
flows, to where there was no net power available to drive the *urbine at the
target design speed of 141, 300 rpm. These runs were made for the conditions
at 80°K with a 2.5 pressure ratio of the design conditions and with the use of
helium gas. The turbine wheel design remained the same, but the arc of ad-
mission was varied (Figure 49). The zero net power point ended up to be
1. 353 grams per second.
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Figure 49. Flow as a Function of Power
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At a flow rate of 1,49 grams per second, there is a net power available
of 9,86 watts, This power will be used as the design basis, The correspond-
ing admission fraction for the turbine wheel is 0, 0807. Hence, an alternate
turbine nozzle design will be made for an admission fraction of this value,
modified from the larger performance design admission fraction of 0, 2708,

Thic 1.49 grams per second amounts to using a large helium trailer con-
tinuously for 115 hours, and the hourly gas charge would be $47 per hour.
This 1.49-gram-per-second flow amounts to 5, 04 standard bottles of helium
to be used each hour, The corresponding figure for a nitrogen gas bottle is
0.497 bottles per hour,

The use of a higher pressure ratio can be considered for operation, rath-
er than the des.gn pressure ratio of 2.5, up to the limit of the stored gas or
the facility compressor. Relative to available power at room temperature,
there should be no problem, because the higher available head will allow a
much lower pressure ratio to be used to drive the turbine up to the speed de-
sired. Further, the use of nitrogen at room temperature, with a higher head
and a higher mass flow available for the same small admission nozzle, will
allow operation at } ressure ratio. lower than the design pressure ratio.
Hence, it is concluded that a Special partial admission nozzle with a minimum
flow is feasible to adequately drive the turboalternator at the design speed.

Shock, vibration, and gas bearing start-stop tests at room temperature
will be made. Start-stop tests for this type of turbine require only an accel-
eration to get the gas bearings started. It is estimated that a 0, 04 admission
fraction should be: adequate for this, Hence, the 0,0807 admission nozzle de-
sign will be used with only half of the nozzle openings. Should this require too
high a pressure, the nozzle could be opened with the addition of more slots,
or widening of the existing slots,

The same 0, 04 nozzle should also be suitable for driving the turboalter-
nator for shock and vibration tests at room temperature at the design speed.

TURBOALTERNATOR TEST PLANS

Turboalternator tesis for extreme environments were to be conducted for
performance, bearing materials, shock, and vibration.

TEST 80°K TURBOALTERNATOR

Functional Tests

The parts for the 80°K Big Bertha turboalternator made during the Phase
II portion of the program were to first be assembled and tested to assure ac-
ceptable functional operation at the open cvcle test station with the 0, 04 ad-
mission fraction nozzle with the impulse turbine wheel,
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Warm Performance

Warm performance tests were to be conducted to calibrate nczzles and
test-evaluate the gas bearings and rotating assembly at room temperature,
at the laboratory open cycle test station. Pressure differences across the
rotating assembly were to be evaluated relative to the characteristic perform-
ance parameters, such as the pressure ratio and the velocity ratio. The data
were to be reduced with an existing performance data reduction program.
Both helium and nitrogen gases would have been used.

Cold Performance

Cold performance tests with liquid nitrogen precooling were to be con-
ducted in a manner similar to that for the warm performance tests, but only
helium gas would have been used. After these tests, any adjustment in the
nozzle could have been resolved for subsequent gas bearing and shock and
vibration tests,

Shock and Vibration

Shock and vibration tests were to be conducted operating the turboalterna-
tor at room temperature, Tests would have been conducted on appropriate
shock and vibration test equipment, in line with the test plan developed in
Phase II. Only a low-flow nozzle would ha-~ a been used, as in the bearing
tests, because it is most practical to drive the turboalternator with stored
high-pressure gas in the vicinity of the General Electric shock and vibration
test equipment,

Gas Bearing Materials Tests

Gas bearing tests would have been conducted at the gas bearing test sta-
tion. A special low flow nozzle was to be used with an impulse .urbine wheel,
to minimize the stored gas required. All tests were to be conducted with no
alternator load. The turboalternator was to be installed under a belii jar, to
prevent outside contaminants from entering the test unit.

Warm start-stop tests were to be conducted at room temperature, using
a timed solenoid-actuated tarbine inlet gas valve, and a strip chart recorder
would have been used to trace the acceleration and deceleration paths for each
start-stop cycle, Cold start-stop evaluation tests would have been conducted
using the same bell jar arrangement, with the incoming gas precooled in a
dewar of liquid nitrogen,

TEST §0"K CRYOSECTION SYSTEM

The cryogenic heat exchanger system from Phase II would have been in-
corporated in the closed cycle Ccryosection test station in the cryogenic refrig-
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eration laboratory at the Research and Development Center, The 80°K turbo-
alternator was to be plumbed to the cryogenic heat exchanger. All the neces-
sary plumbing and accessories were to be incorporated, fo completely function-
performance-test this 80°K system. The high-pressure helium gas source
would have been provided by the Research and Development Center facility
compressor, Performance data were to be obtained, aud through the extension
of the existing data reduction programs, complete performance data would

have been reduced and analyzed. '

All performance tests would have been conducted, using the large noz-
zles designed for highest efficiency. Either one or two sets of wheels and
nozzles were to be used, to evaluate both partial admission and full admission
turbine performance,

Warm performance and functional tests would have been conducted to
calibrate the large nozzles and to test-evaluate the gas bearings and rotating
assembly at room temperature, at the laboratory open cycle test station.
Only small pressure ratios are possible, because of the relatively large noz-
zle openings.

Warm performance tests would have been continued after the turboalter-
nator was installed with the cryogenic heat exchanger in the cryosection test
station, Tests were to be conducted as a closed cycle, with the facility com-
pressor,

Cold performance evaluation tests would have been conducted at the
closed cycle test station, as a continuation of the above warm, closed cycle
prerformance tests. A liquid nitrogen, fast-cooldown coil would have been
incorporated.

JOURNAL BEARING MATERIAL EVALUATION TESTS

During the development of turboalternators under U.S. Air Force Con-
tract No., F33615-71-C-1003, difficulties were encountered in manufacturing
satisfactory tilting pad journal bearings made of 304L stainless steel, with a
nitrided, hardened case. The problems were cauvsed in the nitriding process.
The nitrided case was either nonuniform, or the depth was much greater than
that specified, causing excessive distortion and cracking, so the pads could
not be machined to drawing specifications, A few of the nitrided journal bear-
ings were successfully manufactured, but when tested in a turboalternator
assembly, the bearings appeared to distort as the operating temperature ap-
proached 100°K, damaging the journal surfaces.

In view of the above difficulties, other materials were investigated, One
of the most promising materials was Kentanium, Grade K-165, manufactured
by Kennametal, Inc,, at Latrobe, Pennsylvania, Kentanium is the trade name
for a series of hard carbide allovs of sintered powdered metal, with titanium
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carbide as the principal ingredient. Nickel and nickel-molybdenum are used
as the binder materials,

Because Kentamiun has a lower coefficient of thermal expansion, the ma-
chined-in clearance will be larger at low temperatures, in comparison to stain-
less steel pads, because the pad radius will not shrink as much, This is in
the proper direction for increased stability and increased load capabilily for
the low viscosity to be experienced at low temperatures, because the nondi-
mensional film thickness is decreased for the same actual pivot film thick-
ness. With this trend, together with the load capability increase, a slight in-
crease in bearing friction will be experienced.

Three samples of Kenlanium recommended for use at extreme tempera-
tures were obtained: Grades K-151A, K-.32B, and K-165. The hardness ci
these materials ranges from 90, 0 to 93.5 Rockwell A,

Test samples of each grade were prepared for cryogenic testing by grind-
ing & V-notch across one surface and shocking the materials by quenching it
repeatedly in the liquid nitrogen, from room temperature. No fractures or
cracks were visible upon examination of the samplc¢s under a 60-power micro-
scope.

Friction and wear tests wel ~ also made on the Kentanium samples and on
a sample of nitrided 316 stainless steel in a Dow Corning testing machine,
The samples were all tested under the same conditions, riding against a ro-
tating ring of 316 stainless steel 1-3/8 inches in diameter, nitrided and ground
on the outside diameter to a 2-rms finish, representative of the journal sur-
face on a finished shaft, Grade K-165 gave the best results, by producing the
least amount of wear and the lowest dynamic coefficient of friction, 0.55.

Based on the above test results, a set of six Kentanium (K-165), tilting
pad journal bearings were made to the design shown in Figure 50, for the Tiny
Tim turboalternator (0. 261-inch-diameter shaft). Before the Kentanium jour-
nal bearings were tested, the Air Force contract was terminated.

To evaluate the Kentanium journal bearing material for use in the Advanced
Research Projects Agency Big Bertha turboalternator (0, 5-inch-diameter shaft),
tests were continued on the Tiny Tim turboalternator assembly under the Ad-
vanced Research Projects Agency contract.

The Tiny Tim turboalternator assembly consisted of a 0, 5-inch-diameter,
37-blade, a'uminum turbine wheel, New tungsten carbide journal bearing pivot
balls, 0,077 inch in diameter, were also used in this assembly. The tungsten
carbide balls were braze:! to the end of the 304L stainless steel pivot stems,
to provide a hard homogeneous material that will withstand the comparatively
high-hertz stress incurred on the tip of the pivot ball by the new flat-bottom
journal bearing pivot sockets. The jour.al bearing radial clearances were ad-
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justed to 250 microinches, and the thrust b
shaft a total axial travel of 0, 0008 inch and
of 0.0015 to 0. 0023 inch,

earings were shimmed to give the
a wheel-to-nozzle axial clearance

Turboalternators are initiall

ized, to allow the shaft to fall fre
are made,

y assembled with the shaft magne unmagnet-
ely while the above clearance adj stments

After the turboalternators are assembled and the clearance aljustments
are made, evaluation tests are performed in an open cycle test station at
room temyerature and near liquid nitrogen temperature,
gram of the test station is shown in Figure 51,
or nitrogen) is supplied from the gas cylinder b
the turbine to atmospheric pressure.

performed by precooling the helium ga
liquid nitrogen,
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Schematic Diagram of Open Cycle Turboalternator Test Station
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Complete instrumentation, consisting of speed, gas flow, pressure, tem-
perature, and gas bearing and rotor dynamic characteristics, are used to eval-
uate the performance, Noninductive, resistive, three-phase load banks are
used to load the alternator, Voltmeter measurements are made across the

loads and current shunts and are connected in series with the load to deter-
mine the power output,

ances and to continuously monitor the operation of the turboalternator bearings
and shaft during the evaluation performance tests, Viewing the output signals
from the proximity probes on =7 oscilloscope provides an excellent means of
monitoring the operation of the turboalternators,

Figure 52 shows a two-stage turboalternator mounted on two indexing
tables in the open cycle test station, The indexing tables are used to orient

Belil Jar Wayne~Ker\r Instruments
\

Decillator Supply
for Wayne-Kerr
Inatruments
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Operation

Figure 52, Open Cycle Turboalternator Test Station

the turboalternator in any plane. Figure 53 is a closeu
turboalternator assembly mounted on the open cycle su

gas inlet fixtures, gas lines, pressure taps,
identified,

p view of a two-stage
pport. The temporary
and electrical connections are
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scope displaying the shaft orbits, The upper orbit was obtained by two prox-
imity probes mounted 90 degreee apart on the radius of the housing at the
thrust end of the shaft, The lower orbit was obtained by two similar probes
mountcd at the turbine end of the shaft. The thrust proximity probe viewing
the end of the shaft, monitoring the axial motion, also showed very stable
operation, as shown in Figure 55,

This turboalternator assembly was operated in a vertical position only-
thrust end up, at 100, 000 rpm for 1/2 hour and vras subjected to six start-stop
operation.: as a preliminary tect on the Kentanium journal bearing pads, be-
fore disassembly to magnetize the shaft magnet. During the teci=, the turbo-
alternator operated Very smoothly, starting at a low nozzle inlet pressure of
2.5 to 3,0 inches of mercury, and after the inlet gas was turned off, the tur-
bine coasted to a smooth stop, with the shaft gently settling on the inner thrust
bearing as the speed decreased,

The turboalternator was
shaft magnet,
perienced in some assemblies in the past, Therefore, the shaft magnet was
magne‘tized, and the turboalternator was reassembled,

The operation of the turboalternator, after reassembly, was identical to
that during the initial tests, A proximity probe was installed to monitor the
outer thrust bearing motion, The pad proximity probe used in some of the
previous assemblies was not installed, because tie new design of the journal
bearing pads, with the flat-bottor. pivot sockets, required an l11-degree change
in the angle of the probe viewing surface, and this change would not allow posi-
tioning of the probe without interfering with the pad motion,

» open cycle test-
th the Kentanium pads at temperatures ap-
proaching that of liquid nitrogen,

The turboalternator was prepared for cold, liquid nitrogen temperature,
open cycle testing, In this test, the gas to the turbine was precooled by flow -
ing the gas through a coil immersed in liquid nitrogen, Strips of plastic ma-
terial were attached t» the turboalternator support stand, to direct the cold
nozzle exhaust gas around the turboalternator housing, cooling the whole as-
sembly, A bell jar was placed over the turboalternator assembly, to isolate
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Figure 54. Shaft Orbits of Turboalternator Assermbly
with Kentaniun. Journal Bearings Operat-
ing at Room Temperature and 100, 000 Rpm
(Oscilloscope sensitivity is 400 microinches
per centimeter, )

Figure 55, Thrust Probe Signal of Turboalternator with
Kentanium Journal Bearings Operating
at Room Temperature and 100, 000 Rpm
(Oscilloscope sensitivity is 400 microinches
per centimeter vertically and 1. 0 millisec-
onds per centimeter horizontally, )
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the system from ambient moisture. The sealed housing was not assembled
onto the turboalternator, hecause performance data were not to be taken during
the bearing evaluation test run.

The turboalternator was operated for 1 hour at room temperature, 100, H00
rpm, and no load, to purge the system with dry (5-ppm moisture content)
helium gas. Then liquid nitrogen was gradually added to the dewar containing
the cooling coil, to slowly cool the turboalternator assembly. In previous cold
tests on this Air Force turboalternator, using the nitrided journal bearings,
turboalternators operated roughly and were damaged as the gas inlet tempera-
ture approached 100°K.

After 2-1/2 hours of cooling and gradually increasing the alternator load
to 165. 5 ohms (approximately 16 watts) at 100, 000 rpm, the turboalternator
continued to operate very well with the gas inlet temperature at 93°K and the
average stator temperature of 102°K. The only problem encountered was that
one of the orbit proximity probe connections opened, so only the shaft orbit at
the turbine end could be monitored. Otherwise, the turboalternator operetion
was essentially the same as it had been at room temperature.

The turbine end slaft orbit remained the same. A slight increase in the
axial motion of the shaft and the outer thrust bearing were noted. As the next
load point of 142 ohms was applied to the alternator, the turbine operation be-
came unstable in the axial plane. The proximity probes viewing the shaft and
the outer thrust showed comparatively large oscillations and indicated that the
shaft was touching the thrust bearings. The alternator load was reduced im-
mediately, and smooth operation was obtained again. The unstable operation
may have been caused by the outer thrust bearing touching the proximity '  ,be
as the gas flow to the turbine was increased to maintain the speed at 100, uu0
rpm, wiin the increase in the nlternator load.

Because the operation of the turboalternator seemed to be limited to the
abore conditions, it was decided to remove the alternator load and test the
journal bearing at temperatures of approximately 100°K with start-stop tests.
Ten start-stop tests were successfully made with the turbine starting at nozzle
inlet pressures ranging from 3. 2 to 3. 8 inches of mercury and coasting to
smooth stops when the gas was turned oif.

The assemkly was allowed to warm up to room temperature, and the
turboalternator continued {. operate satisfactorily. The proximity probe
viewing the outer thrust bearing definitely appeared to be positioned closer to
the bearing than during the wmitial adjustment, indicating that the diameter of
the gimbal pivot balls should be increased further, to eliminate this type of
shift in the thrust bearings.

The turboalternator was then partially disassembled, to allow examination
of the shaft journal surfaces by viewing them between the journal bearings,
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using a 60-power microscope. There were no indications of wear or discolora-
tion on the shaft journal surfaces.

After successfully operating the turboalternator with the Kentanium journal
bearings at temperatures approaching that of liquid nitrogen, it was decided
to further evaluate the journal bearings by setting up a special experiment to
operate the turboalternator at temperatures near that of liquid helium. In the
past, 58°K has been the lowest temperature at which a turboalternator has
satisfactorily operated. This operation was accomplished as part of a U.S.
Army contract, using a slightly different turboalternator operating in a re-
frigerator system.

A schematic diagram of the experimental liquid helium open cycle turbo-
alternator test station is shown in Figure 56. The liquid nitrogen test station

Tap io Check
Cam Humidity
F lowmeters

ges) :. .‘
Pressure

Regulator J
Fressure

Heltu:, Gas
Cylind: r
Bank Supply

Cagus
{Thres Manges)

Gas

Filter i wtion
v
Muiniess Mol .-".fm'm
Ball Jar %

Wayne herr
Instruments Frequency CJ“NPFI

Qscilioscopes |
Turboalternator

Precise DVM I Resistive toud Bank
Msnometers | with | Shunts » Lagvna

Hamd Valvs

Temparsturs

| 1™ e sk o Freasgurs

Pressure Differentisl

Turboslternator Hesater
Filters ——— _T

| o—Lidguid Nitrogen pa T

He lium Gas 4
Cooling Cotle="

———— bLiquid Hellum

]

Figure 56. Schematic Diagram of l.iquid Helium Open Cycle
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was modified by adding a sealed liquid helium dewar with a control valve and
a short insulated line to the turboalternator inlei gas supply. A heater located
at the bottom of the dewar was used to control the gas boil-off rate from the
liquid helium, to drive the turbine and maintain a pressure of approximately
15 psig in the dewar.

In the liquid nitrogen open cycle tests, the turbine inlet gas temperature
was measured by a copper-constantan tnermocouple, with the reference junc-
tion at liquid nitrogen temperature. Because the sensitivity of the copper-
constantan thermocouples drcops off quite rapidly below liquid nitrogen tem-
perature, a germanium temperature sensor, calibrated from 75°K down to
4. 2°K by Scientific Instruments, Inc., was installed in the nozzle exhaust, to
monitor temperatures below liquid nitrogen temperature. To re-uce the radi-
ation losses from the turboalternator, 12 iayers of aluminized Mylar were
wrapped around the plastic gas shields used to direct the cold gas from the
exhavst back around the turboalternator assembly to cool the whole unit. A
stainless steel can was placed over ths turboalternator assembly, to isolate
the system from ambient moisture. Another radiation shield was installed
in the can above the turboalternator assembly, to improve the thermal isolation.

The liquid helium dewar used held a maximum of 33 liters of liquid. This
amount of liquid, when converted to gas, would operate the turbine for approx-
imately 1 hour, depending on the operating speed and the alternator load ap-
plied. Therefore, to conserve the liquid helium, the test was started by op-
erating the system as an open cycle liquid nitrogen station to precool the turbo -
alternator to temperatures near that of liquid nitrogen. The same procedures
and cooling rates described above for the initial liquid nitrogen test were repeated.

Figures 57 and 58 show the proximity probe sigrals obtained at the be-
ginning of the test, with the turboalternator operating at room temperature
and 100, 000 rpm and with no load on the alternator. (The faint shadows seen
on the orbit probe signals in the oscilloscope photographs were caused by the
proximity probe instrumentation, especially with the higher sensitivities used
during this test. )

After 2-1/2 hours of cooling, the turboaliernator continued to operate
satisfactorily at 100, 000 rpm with a 990-ohm load (approximately 3. 0 watts)
as the inlet gas temperature reached 95°K and with an average stator tem-
perature of 113°K. Figures 59 and 60 show the proximity probe signals ob-
tained. The turbine was allowed tc operate at the above conditions for about
1 hour while the liquid helium was transferred into the dewar. The liquid
helium dewar was sealed, and the heater was adjusted to increase the gas boil-
cff rate. The gas flow from the liquid helium dewar was gradually increased
to the turboalternator by opening the line control valve and closing the control
valve from the liquid nitrogen cooling system. T*.c turboalternator load was
then gradually increased, increasing the gas flow through the turbine to main-
tain the speed at 100,000 rpm. As the turbine cooled, the operation remained
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Figure 57. Shaft Orbits of Turboalternator with Kentanium
Journal Bearings Operating at No Load, Room
Temperature, and 100, 000 Rpm Before Liquid
Helium Boil-Off Test (Oscilloscope sensitivity
is 200 microinches per centimeter. )

Figure 58. Shaft Axial Motion (upper trace) and Quter
Thrust Bearing Motion (lower trace) of Tur'o-
alternator with Kentanium Journal Bearings
Operating at No Load, Room Temperature,
and 100, 000 Rpm (Oscilloscope sensitivity
is 400 microinches per centimeter vertically
and 1.0 millisecond per centimeter horizontally. )

91




s i

Figure 59. GFhaft Orbits of Turboalternator Operating at 95°K
and 100, 000 Rpm with 3. 0-Watt Load Before
Liquid Helium Boil-Off Test (Oscilloscope sensi-
tivity is 200 microinches per centimeter. )

Figure 60. Shaft Axial Motion (upper trace) and Outer Thrust
Bearing Motion (lower trace) of Turboalternator
Operating at 95°K and 100, 000 Rpm with 3. 0-Watt
Load (Oscilloscope sensitivity is 200 microinches
per centimeter. )
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the same, with the exception of one of the orbit probes opening at the turbine
end of the shaft, so only the thrust-end shaft orbit could be monitored.

After 15 minutes of operation, the turbine exhaust temperature reached
28°K at 100,000 rpm with a 326, 5-ohm load (6. 78 watts). Twenty minutes
later, the turbine exhaust temperature reached 14°K with a 165. 5-ohm load
(13.4 watts). Figures 61 and 62 show the proximity probe signals obtained.
A slight oscillation on the order of 80 microinches was noted in the axial
motion of the shaft, with very little change noted in the outer thrust bear ing
signal.

As the alternator load was increased to 142 ohms, the exhaust tempera-
ture decreased to 9. 8°K, but the operation of the outer thrust bearing became
rough (Figure 63). This condition indicated that the shaft thrust surface was
intermittently touching the thrust bearings, causing the rough operation noted.
The shaft thrust orbit also became slightly larger in diameter. To avoid
damaging the turboalternator parts, the alternator load was quickly reduced
to 199-ohms, and the turbine returned to smooth operation at 14°K and 100, 000
rpm. The turbine continued to operate satisfactorily under the above condi-
tions for approximately 10 minutes, before the liquid helium supply was de-
pleted. The total running time below liquid nitrogen temperature was approxi-
mately 50 minutes.

This experiment was very successful, achieving a very significant mile-
stone in the development of turboalternators for cryogenic refrigeration.
T'his is the lowest known temperature ever achieved with a turboexpansion
machine anywhere in the world. It is the first step in establishing the feasi-

bility of operating turboalternators with extremely low-viscosity helium gas-
lubricated bearings. The 9. 8°K helium gas is probably the lowest viscosity
fluid ever used in a hydrodynamic bearing system,

The problem encountered with the thrust bear ings at the low temperature
in the above test should be eliminated by increasing the diameter of the gimbal
pivot balls to reduce the clearance between the ball and the socket of the pivots.
This increase would allow finer adjustment of the thrust bear ing clearances
and should considerably stiffen the operation of the thrust bearings.

The liquid helium experiment was repeated, in an effort to obtain a few
data points at the low temperatures. The same cooldown procedures were
used, and similar operation was observed with the turbine operating at 90, 000
rpm. As the exhaust temperature reached 16. 0° K, both orbit signals were
lost, due to either shorts in the connectors or open circuits in the probes.
This time the turboalternator operation became rougher as the 142-ohm load
was applied. Figures 64 and 65 show the increase in the shaft axial motion.
After the oscilloscope photographs were taken, the turbine suddenly stopped,
and the helium gas supply was quickly turned off, Efforts were made to re-
start the turbine, but it would not spin and lift off of the bearings.

The system was allowed to return to room temperature. The turbine
then started normally, as gas was applied to the nozzle, and operated satis-
factorily with no significant change noted. A frozen contaminate particulate
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Figure 61. Shaft Thrust End Orbit of Turboalternator
Operating at 14°K and 100, 000 Rpm with
’3.4-Watt Load (Oscilloscope sensitivity
is 200 microinches per centimeter. )
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Figure 62. Shaft Axial Motion (upper trace) and Outer
Thrust Bearing Motion (lower trace) of Turbo-
alternator Operating at 14°K and 100, 000 Rpm
with 13. 4-Watt Load {Oscilloscope sensitivity
is 200 microinches per centimeter. )
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Shaft Axial Motion (upper trace) and Outer
Thrust Bearing Motion (lower trace) for Turbo-
alternator Operating at 9. 8°K and 100, 000 Rpm
with 142-Ohm Load (Oscilloscope sensitivity

is 200 microinches per centimeter. )

Figure 64,

Second Liquid Helium Boil-Off Test: Shaft
Axial Motion (upper trace) and Quter Thrust
Bearing Motion (lower trace) with Turbo-
alternatcr Operating at 16°K and 90, 000 Rpm
with 142-Ohm ILoad (Oscilloscope sensitivity
is 200 micrcinches per centimeter. )




Figure 65.

Later Photograph of Second Liquid Helium Boil-Off
Test: Shaft Axial Motion (upper trace) and Outer
Thrust Bearing Motion (lower trace) with Turbo-
alternator Operating at 16°K and 90, 000 Rpm

with 142-Ohm I oad (Oscilloscope Sensitivity

is 200 microinches per centimeter. )

from the system must have been carried into the nozzle, restricting the clear-
ance between the turbine wheel and nozzle and causing the turbine to stop.

The data obtained during the last low-temperature test are listed in

Table 8. A photograph of the liquid helium boil-off open cycle turboalternator
test station is shown in Figure 66.

Table 8

TURBOALTERNATOR DATA OBTAINED
DURING SECOND LIQUID HELIUM BOIL-CFF TEST

Nozzle Load Alternator Total Turbine
Time Dgta Speed Inlet Resistance . \'ol!wage, Electric Exhaust
Point (rpm) Pressure (ohms) Line-Neutral Power | Temperaiure
(inches of mercury) (volts) (watts) (°K)
11:21 1 90, 300 6.2 432.0 25.0 3.81 T7*
11:30 2 92, 400 8.5 326.5 25. 4 5. 94 42.0
11:36 3 89, 200 10.5 248. 0 24.5 7.27 29.6
11:43 4 90, 180 13.2 199.0 24.9 9.39 23.0
11:45 5 - 19.3 142. 0 - -- 16.0
*Approximate
**The turbine was stopped during this period. CR’“”’I
96
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Figure 66. Liquid Helium Boil-Off Open Cycle Turboalternator
Test Station

CONTRACT TURBOALTERNATOR MECHANICAL DESIGN

From the above design analysis and investigative bearing materials test

results, a final design for the contract was established, and work on compo-
nent parts was initiated in the shop.

For the Advanced Research Projects Agency contract, a Big Bertha turbo-
alternator with a 0.5-inch-diameter shaft was designed. A mechanical arrang :-
ment layout was made, based on the design approach used in the second-gen-

eration Tiny Tim turboalternator frame size, which uses the 0.26-inch-diam-
eter shaft described above.

The single-stage turboalternator was designed to incorporate elements

that could readily be developed to provide suitable performance and that could
be adaptable to quantity production.

The design layout cf the single-stage turboalternator is shown inFigure 67,
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The turboalternator is mounted on gas-lubricated journal bearings. Threo
hardened pads at each journal bearing support the 0, 50-inch-diameter shaft
with an operating gas film thickness c- the order of 400 microinclies. These
journal bearings are of the self-acting, tilting pad type and are capable of
stable operation throughout the operating range and at any attitude.

Two inward pumping, self-acting, spiral groove thrust bearings position
the shaft axially, Like the Journal bearings, the thrust bearings are gas-
lubricated and typically operate with a 600-microinch gas film thickness, The
entire bearing system is self-aligning, because the thrust hearings are gimbal-
mounted and the journai tilting pads are individually self-aligning, Satisfactory
operation of the complete bearing system can therefore be somewhat independent
of the accuracy with which adjacent parts are manufactured, The radial inflow
wheel is convenient for close blade-tip axial clearances to minimize leakage.
Neither the turbine wheel nor the nozzle was final-2:rigned from an aerodynam-
ics standpoint,

The turbine energy is ab sorbed by a tw >-pole permanent magnet alter-
nator. This compact alternator is a very practical device for extractirg
energy at cryogenic temperatures, when that energy will be dissipated at a
remote location. The two-, ole magnet operates within the stator, which is
wound three-phase in a core of low-loss iron laminations.

The vacuum-tight enclosure shown would be welded for the final assembly,
but the design allows the use of replaceable static seals for initial tests. Prox-
imity probes would be installed to monitor the position of the rotor and gas-

bearing elements, An axial probe on the outer thrust Learing is shown to mon-
itor thrust-bearing motion,

High-speed gas bearing turboalternators require very close tolerances to
operate properly. The aerodynamic components also require close clearances
to achieve maximum performance potentials, Therefore, it is most desirable
to establish the assembly procedures of a candidate design at the inception of
the design. The results can iead to minimizing the number of critical toler-
ances on manufactured parts and also can lead to a design trat wiil provide

the least development effort . Detailed assembly procedures were about to
be initiated on this contract.

STATUS OF TURBOALTERNATOR PARTS

The majority of the manufacturing drawings have been completed for the

anced Research Projects Agency turboalternator, and parts were in vari-
ous stages of completion when this portion of the contract was terminated,
Several of the turboalternator parts were photographed, as shown in Figure

68. The inventory listed in Table 9 outlines the quantities and the status of
the parts,
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Table 9

INVENTORY OF TURBOALTERNATOR PARTS
(BIG BERTHA FRAME SIZE)
(Assembly Drawing 588E48(G1)

Generai Electrle !

4 > ark
Quantity f?art Name Drawing flemarks
2 4 llousing Stator Section S8BE4441°1 Complete, except v fIlnal In-
spectlon snd deburring
1 4 Housging Stato Sectlon S88E 44491 25-percent complete
8 5 Shafta S8BE4561’1 Brazed assemblies as ccceived
from vendor
4 5 Shafts 5881:4561°1 ~ii bad magnet-w-ahaft brazes -
jeint broke in bend test
. 3 8 Stator 4231454061 Punchings aaactibied -- windlnga
not atarted
1 9 Quter Thrust Gimbai - .-
Assembiy
2 -- flousing Outer Gimbai SESE4551°1 Compiete except for finai inapec-
tion and deburring
2 .- flousing Outer Glmbal S588EA45511 25-percent compiete
8 = Outer Thrust Bearinga 423D4704°2 Spiral grooves etched, spring cal-

ibration and finai inspection requlired

30 -- Gimnbai Pivot Stema 66413374G!1 Bails brazed to steins -- balls must
be cleaned and japped, and stems
raust be cut

i7 -- Gimbal Pivot Screwa 66413311 P3 As recelved from nitriding, case
depth oniy i to 1-1/2 mils
17 -- Gimbal Pivot Screwas 66413311 P4 As received from nitriding, case
den*y oniy 1 to 1-1/2 mils
0 -- Gimbal inga §43C607 Machining complete aprings,
uncalibrated
i i0 Nozzle Assembly 423D630G! Not started
| 11 Turbine Wheel 423D43 ' P Not atarted
i i2 Gas Iniet and Dlacharge 423D632GH Not started
Cyiinder
i i2 Gas Inlet and Discharge 543C605GH Obsolete design, 50-percent compiete
¢ Cylinder
i i3 Fiiter f{ouaing 423D633GiH Not started
i 14 Cover -- Turbo Section 4231634G1 Not started
i i7 {’robes 543C169GH Twenty-one probes oniy, not cailbrated,
still on Air Force contract
i i8 Probes 543C169G2 Ten probea only, not caiibrated, stiii
on Air Force contract
30 20 Bearing P’ads 543Ci8491 Kentanium as cast from vendor
i 21 inner Thrust Gimbai 543C:85Gi =
Assembly
2 .- f{ousing Inner Gimbais 423D4641°1 Machining compiete
2 -- flousing Ilnner Gt 1bais 423D4641°1 25-percent complete
6 -- inner Thrust Beurings 423D4701 Splral grooves etched, spring cali-

bration and finai inspection required

8 22 Bearing Stem (spring 543C495 25-percent complete Ci-2454a

loatled)
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Table 9 (Cont'd)

INVENTORY OF TURBOALTERNATOR PARTS

(BIG BERTHA FRAME SIZ.)
(Assembly Drawing 588E486G1)

Quantity

Neme

General Eiectric
Drawlng

Remarks

24
24

S N DN W oa NN

N
o

Bearing Stem Supporta

Bearing Stems
Bearing Stems

Bearing Stem Sampiea

Fiiter

End Cap

Locking Piate
Locking Plate
Locking Piate
Locking Piate

Probe Viewer Screw
Eiectrical lieaders

Weidabie Probe Lead
Feedthroughs

Prove Lead Connectora
P’robe Lead Connectors

Thermocoupie and Alter-
nator Lead Feedthrougha

Seta of Experimentai
Kentanium Shaft Sections
{aa received from vendor)

Assembiy Fixtures
Shaft ijoider
Dummy Shaft

Thruat Besring Center
Fixture

Shaft Magnetizing Support
Shaft Extensiona

Gage Shaft

Gage Shaft Support
Centering Screw

Shaft Sturage Boxea
Bellowa

Fixture for Brezing
Carbide Bails onto
Stemrs

543C193P1
543C193P2

543C193P2

543C1983r2

C64B360

66413361 P1
684B836P 1
664B383P2
684B363P3
664B363P4
211A222091
864B38iP2

Microdot, Inc.
053-0728-0001

Microdot, Inc.
132-0300-0004

Microdot, inc.
132-0118-0004

Ceramaseal, Inc
78952

423D444Pi
423D444P2
423D444P3

423D444P4
423D444P8
$43C187P1
$43C187P2
$43C187P3
684B318

543C495
543C193
6648374

Compiete

Tungsten carbide bails brazed to
atema, 60-percent complete

Obsoiete design -- nitrided, not
finiahed

Machined from: tungsten carbide to
estabiish procedures for i/2-inch
radiua on tlp of baii

A received from Microporoua Ftlter
Diviaion of Circie Seai Corporation

Machining ccmpiete
Compicte

Complete

Compiete

Complete

Machining complete

For aingie probe feedthrough

Leak tight aa received and after coo!l-
ing to iiqQuid nitrogen temperature

As received

As received

Two teated -- 'eak tight aa received
and after cooling to lquid nitrogen tem-
perature pne iesked 7 x 107°%)

Compiete
Compiete

Compiete

Compiete
Compiete
Not atarted
Compiete
Compiete
Wooden

Obsoiete turbo cover

|CR-2425bI




Section 3

NEFRIGERATOR TRANSIENT ANALYSIS

For transient or off-design analysis of refrigerator subsystem perform-
ance, a generic transient refrigerator model was developed and implemented
in digital form. The existing model is restricted to a representation of the
refrigerator cryosection, assuming a compressor with constant suctior and
discnarge pressures.

A completely modular approach has been used. Separate and independ-
ent models (in the form of subroutines) were made for the following types of
devices:

+ Heat exchanger

¢ Thermal load

¢ Turboalternator

e Joule-Thomson valve
e Liquid accumulator

Each of these subroutines is of general form and will be utilized as many times
as is required for the distribution of devices in the refrigerator configuration
being represented. The particular structure of the configuration is then de-
fined by a srecific interconnection subroutiiie that equates the input to a given
device to the output of some other device.

The heat exchanger model contains the general equations for terminal
temperatures of an ideal counterflow device under balanced or unbalanced
flow conditions. The mass fiow for each side is continuously variable, and
the effects of changing flow magnitudes and the degree of balance or unbal-
ance are continuously computed. The effects of changes in specific heat with
temperature for the working fluid are also continuously determined.

The transient behavior of each heat exchanger is approximated by treat-
ing the core temperature as a variable that responds to changing fluid tem-
perature and flow conditions in a first-order exponential manner. Two such
core temperatures (one for each termina’ end of the heat excharnger) are con-
tinuously computed, and their associated time constants are separately and
continuously adjusted for changing specific heat as the temperatures vary,

The thermal load model is conceptually similar to that for the heat ex-
changer, except there is only one flow passage and one single lumped thermal
mass with varying specific heat. The thermal load subroutine contains models
for selectable heat leak, constant heat flow, or radiation types of loads. Piro-

vision has been made to handle varying liquid/vapor mixtures for the coolest
load of a heat leak type.
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The turboalternator model approximates the mechanical performance of
the turbine and alternator by linear torque-speed functions and their combined
shaft moment of inertia. The turbine flow and torque -speed characteristics
are continuously computed as ideal functions of the inlet temperature. The
alternator shaft power and the turbine outlet ‘ernperature are continuously
computed from the energy balance relationships.

The Joule-Thomson valve is modeled as an ideal device in which the flow
is determined as a function of its input temperature and the output temperature
is determined from the assumpiion of constant enthalpy over the specified
pressure drop. Provision is made for adjustment of the valve flow during
cooldown, according to some arbitrarily chosen control function. The liquid/
vapor proportions are continuously computed from an energy balance calcu-
lation. In the associated liquid accumulator, it is assumed that the liquid
fraction entering is accumulated, and its total is continually integrated. An
option can be made to simulate the draining off of accumulated liquid at a
specified rate. The temperature of the vapor leaving the accumulator is a
function of the temperatuvre of the vapor entering and the presence or absence
of the accumulated liquid.

The transient computaticn for a given refrigerator configuration is ma~’
on a stepwise, completely rodular basis. At any given time the state of al.
variables is known and, in particular, the inputs to every subsystem device
are available. The response of each individua! device to its inputs over n
specified time step is then computed on a first-order basis. The resulting
get of individual outputs is then applied to the interconnection subroutine to
establish the updated set of input data for the next time step. As in any first-
~rder integration process, the instantaneous accuracy and stability of the
numerical procedure will be directly related to the arbitrarily selected mag-
nitude of the time step. Provided that the step size is consistent with numer-
ical stability, the procedure will provide an ultimate steady-state solution
without a cumulative error.

The ref: igerator model was run as a test case, simulating the cooldown
from ambieut temperature for a practical configuration containing five heat
exchangers, three thermal loads, two turboalternators, and a Joule-Thomson
valve and accumulator. The configuration and modular model structure are
shcwn in Figure 69.

The run was made on a full transier.: basis to the point of liquid accumu-
lation. At that point, the time constants for some of the larger thermal masses
were arbitrarily shortened, and the model was allowed to rapidly approach
the design steady state.

TRANSIENT COOLDOWN RESULTS

A generic, modular model for transient or off-design simulation of ry-
ogenic refrigerator system operation was developed and implemented in digital
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computation form. To test the model and ultimately use it for estimation of
the cooldown performance of an actual system design, a variety of synthetic
cases were run, followed by a test for a realistic configuration.

With the aid of manual monitoring and occasional adjustment in computa-
tion step size, the model program successfully simulated the complete tran-
sient cooldewn for a design cryosection from an ambient temperature start
to the beginning of heliuin liquefication. The general configuration was that
shown in Figure g9,

STARTING AND CONTROLLED CONDITIONS
S

The cooldown run v-s sturcted with all devices at an ambient temperature
of 322°K, with the turbines at rest, and with the helium flow present., The
initial transient occurence is the acceleration of the turboalternators to oper-
ating speed in the first few seconds. Their speed and puwer curves are shown
in Figure 70,
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Figure 70. Turboalternator Startup
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Compressor/intercooler heating is simulated by an exponential rigse in
the temperature of the fluid supplied to the cryosection (input to the top heat
exchanger). This temperature trace is shown in Figure 71.
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Figure 71. Input (Compressor/Intercooler) Startup
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The large load (616 pounds of copper) at the cold end was considered to
be a dominant factor in the cooldown performance. Under normal (uncon-
trolled) conditions, the flow and consequent cooling at this point would be very
small for murh of the cooldown cycle. As an experiment, it was assumed that
a controlled bypass was present at the Joule-Thomson valve, and the corre-
sponding initial flow was set at 7.1 grams per second (twice the design flow
rate) to facilitate the bottom loop cooling. This rate was maintained until it
became apparent that it was no longer effective, and at that point (46.7 hours)
the rate was reduced to 3.55 grams per second (design flow rate). Finally,
near the point of liquetication, the flow rate was permitted to assume its nor-
mal (uncontrolled) level. The flow rate schedule is shown in Figure 72.
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TRANSIENT RUN

Under the initial and controlled conditions described above, the model
was allowed to run to the point of liquefication (87.5 hours). At that point,
cooldown of the large warm-end devices was incomplete; however, with the
small step sizes necessary, much computation time would have been required
simply to run these out with no real addition to the transient picture. The
run was therefore stopped at that point, and time constants were artifically

altered to permit a runout to near steady-state, with a sinall amount of addi-
tional computation.




Temperature "K)

The transient temperature traces for the five heat exchangers is shown
in Figure 73. In each case the outlet temperature on the high-pressure side
is plotted. Figure 74 shows an expanded plot of the response of the three
coolest heat exchangers to flow switching in the Joule-Thomson loop.
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The response of the three thermal loads is shown in Figure 75. The
variables plotted are the temperatures of the load masses and the heat flow
absorbed from an ambient temperature source. ¥igure 76 shows an expanded
plot of the load temperature response to the flow switching effects.
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Turboalternator performance during cooldown is plotted in Figure 77,
where speed and load power for the two turboalternators are shown. A test
of the model integrity is the low-temperature performance of the bottom heat
exchanger shown in Figure 78. The characteristic switchover of the terminal
temperatures in the vicinily of 20°K is dependent upon the proper incorporation
of real gas properties.
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Following the point of liquefication, time constants were arbitrarily ad-
justed to permit more rapid computation. Slewing in this manner constitutes
an example of the way the model might be used to seek a new balance, given
any initial starting point (e.g., an off-design condition). In this case, the
stable balance point is the system design point, and the results test the integrity
of the model mechanization and parameters. The computation was allowed to
proceed until it was apparent that all variables were closely approaching their
proper values and was arbitrarily halted when the remaining errors were on
the order of 1 percent. The comparison between the known design point and
the last recorded model variable set is given in Table 10.

Table 10
END-OF-RUN TRANSIENT DATA

Device Variable Design Value Calculated Value
Heat Exchanger 5 Tl s 335.0 338, 0000
v
Tys 77, 54 7. 9982 |
T‘5 331, 0 331, 0090
.

Heat Eachanger 4 T24 85. 78 86. 1833

Ta 72,18 72, 64838
Heat Exchunger 3 TZJ 13. 81 14, 0538

T“‘ 4. 97 85, 4398
Heat  \changer 2 'l',‘,2 11, 44 11, 5584

T‘2 12, 07 12,2098
Heat Exchanger | 'l',“ 8. 214 8, 2229

T“ 11, 33 11. 4442
Thermal Load 3 Q’ 106, 2 108, 999

ey 80, 00 80. 4805
93 81, 00 81, 4384

Thermal Load 2 Q2 5, 00 4. 9978

TG? 14,00 14,1503

ng 14,20 14, 3439
Thermal Load 1 Ql 4,20 4, 2002

TH] 4, 40 4, 4000

T9l 4,50 4, 4032
Turboalternator 2 l"2 850, 0 851, 889

W2 54, 555 54,8334

M‘2 8,3 8, 2782

T122 84, 97 85, 4215
Turboalternator 1 Pl 127,17 128, 355

Wl 47, 970 48,001

Mdl 9.2 9, 1530

T121 11,33 11, 448~
Joule-Thomaon/ L iquefier 51 3.5% 3, 54748

M.“ 0. 11 0.1174

| CR-4425 '
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DISCUSSION AND CONCLUSIONS

A generic mathematical model for transient/off-design simulation of a
refrigeration system cryosection was developed and successfully tested for
a realistic design case. The model is completely modular in structure and
is therefore applicable to a wide variety of system configurations. It contains
considerable sophistication in its representation of component devices and re-
produces the results of more complex design programs with good accuracy.
Using proper step sizes, the computation of a complete cooldown transient
was accomplished in a stable and realistic manner. Various physical phenom -
ena known to be characteristic of the drvices involved were exhibited by the
model performance.

On the other hand, the model must be recognized as a developmental ver-
sion in which a number of modifications or improvements are needed to pro-
duce an efficient analytical tool. Such improvements include ncorporation of
automatic control of the computation step size, general incc poration of more
efficient computation procedures, addition of other devices and effects, and
review of the theoretical representation of thermal time constants. The com-
pletely modular nature of the model structure should greatly aid in any such
future development, because modifications can be made in a building block
manner.

The test run results show reasonable behavior of the design system and
its individual devices over a complete cooldown cycle. The total time of 87.5
hours from ambient start to liquefication of the helium is not an unreasonable
result, considering the massive thermal load to be cooled. However, it must
be recognized that this is an isolated test case for the transient calculation.
Until parallel model and physical tests are compared, it will not be known to
what degree the transient modeling is accurate. Also, in this particular case,
flow switching control was introduced on an intuitive basis; without a set of
comparative runs, it cannot be said whether this shortened or prolonged the
total cooldown cycle.

In general, it can be said that the modeling effort is successful and opens
up the potential for new and better understanding of the behavior of systems
of this kind. This is certainly true of its use for comparative evaluation of
alternative configurations and off-design conditions. The absolute transient
results are indicative, but their accuracy remains to be verified by physical
test correlation.

MODELING EXPERIENCE

In common with many digital transient calculations, this model must deal
with the problem of widely differing time constants. In the present example,
a time constant ratio on the order of 100 to 1 exists between major devices
at ambient temperature, and this ratio is increased to nearly 1000 to 1 at cry-
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ogenic operating temperatures. In the rather complex, interconnected lcop
arrangement present, the effective dynamirs depend upon not only these values,
but also various loop gains that vary with the temperature.

In the simple computational form used, the same time increment is used
throughout the system, and this increment is adjusted arbitrarily as condi-
tions vary. For example, near the liquefication point, it is necessary to use
very short time steps fo. cold loop stability, and these same short time steps
(0.1 second) are used at the warm end with very long time constants (on the
order of 1000 seconds).

A further development of the model program should provide for different
computation rates at fast and slow portions of the system and should consider
means for automatically adjusting these rates as the run proceeds. General
purpose analysis programs incorporating such features exist (e.g. General
Electric computer program ADA), and the relative merits of using these
versus augmenting the special purpose model with similar features should be
investigated.

The modeling representation of the device structure is believed to be at
a level adequate for the present purpose. The device left i the most ele-
mentary form is the turboalternator. However, it is easily made more de-
tailed, if required, and can be made to yield electrical losses or respond
to changes in the resistance load or input pressure with a high degree of fi-
delity. The modular form used facilitates replacement of any given device
model, if desired.

From a transient viewpoint, future investigation should review the theo-
retical transient behavior of heat exchangers, possibly arriving at a different
approach to the heat exchanger representation, to more accurately model the
true transient behavior.

As it stands, the model is limited to a constant pressure configuration;
consequently, no compressor model is required. The additicn of the com-
pressor and pressure variation effects on the other devices is an area for
future development.

Once a system is represented in mathematical form, it is possible to
compute many functions in addition to the primary variables. For example,
in an early experiment the energy and the rate of energy flow from each in-
dividual system device were continuously computed duriig a cooldown tran-
sient. Observa:ions of this type and/or many types of transient switching
effects are readily generated with this type of model.

TEST CASE EXPERIENCE

The experimental transient cooldown cases that were run led to some in-
sight into the essential behavior of this type of system. In elementary terms,
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one can observe the bootstrapping effect by which the turboalternators grad -
ually pull down the temperature of the relatively massive heat exchangers,
until finally the coldest exchanger reaches the region ir which real gas prop-
erties provide Joule-Thomson cooling to flip it over and past the turbine in a
slingshot manner.

It was found that slight changes in the flow rate have a pronounced effect
on the dynamics of the Joule-Thomson loop of the system (presumably loop
gain). The flow rate programming used in the case described above under
"Transient Cooldown Results" was an attempt to use this effect to enhance
the cooling of the large, coldest load. By experiment, it was found that the
initial value chosen (twice the normal flow) resulted in the highest initial rate
of cooling for the No. 1 load. The fact that this was not optimum everywhere
is indicated by the fact that in approximately 46 hours the system was tending
to level off at too high a temperature for liquefication. At that point the flow
rate was reduced to normal (design) flow, and a rapid dip in the Joule-Thomson
loop temperature resulted. This experience suggests that there is a need for
investigation of the optimum flow control over the entire cooldown transient.
Whether the flow control is beneficial in the cooldown of the entire system is
not clear; however, it certainly appears possible to alter the performance at
a given load point relative to other load points.

Whether the total time to liquefication (87.5 hours) is a good measure of
the corresponding cooldown for the physical system is not known and will not
be known until some correlation with physical data is made. Xowever, as-
suming the functions to te of realistic form, regardless of the absolute mag -
nitudes, the load curves of Figure 75 show a very slow (flat) cooling period
from the flow switching point at about 47 hours and onward. This situation
suggests at least the possibility that a more optimum flow schedule might
have reduced the temperature at 47 hours by a few degr ces, displacing the
curves accordingly and reducing the time to liquefication by many hours.

MODEL DESCRIPTION

The cryogenic refrigeration system model, as it presently exists, as-
sumes the presence of an external source and a sink for working fluid at a
constant pressure and pressure difference. The system model contains four
component device models:

e Heat exchanger
e Thermal load
e Turboalternator
¢ Joule-Thomson value/liquefier
The system model also contains three auxiliary functions:

¢ Interconnections
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o Temperature-enthalpy relations

o Miscellaneous time functions

The System Model structure is completely modular, and there can be as
many heat exchangers, thermal loads, or turboalternators as are desired,
with or without a Joule-Thomson/liquefier stage, arranged in any physically
consistent combination.

The heat exchanger model will accomodate balanced or unbalanced flow
conditions, automat.cally determining the condition existing for each system
heat exchanger, inditidually and at any point in time.

The thermal load model will accomodate three types of heat loads:

e Constant Q. The rate at which energy is received from some external
source is a constant specified value.

¢ Hea: Leak. The temperature of some external source is held at a
specified value, and the flow of heat is proportional to the difference
between the temperature of that external source and the temperature
of the thermal load mass.

e Radiation. The temperature of some external source is held at a
specified value, and the flow of energy is proportional to the differ-
ence in the fourth powers of the source and the load temperatures.

For each individual load in the system, it is neceseary to specify which
of the three types of heat loads is represented. The system may contain any
mixture of types.

Real gas temperature-enthalpy relations are used in both the heat-exchanger
model and the thermal load model, as well as in tie Joule-Thomson valve/
liquefier calculations, thereby effectively accounting for the changes in the
specific heat of the working fluid during transient temperature changes.

The Joule-Thomson/liquefier model will simulate the accumulation and/
or boiling off of liquid and has a prcvision for the simulation of draining of
accumulated liquid for external purposes.

The turboalternator model simulates the conversion of thermal power o
mechanical (shaft) power and includes the effect of energy storage by virtue
of the moment of inertia of the rotating assembly.

The basic input-output functions for the four component devices are shown
in Figure 79. For each system heat exchanger, inputs of temperature and
mass flow at both high- and low-pressure sides result in determination of the
corresponding output temperatures for the high- and low-pressure sides.
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For each thermal load, an input temperature and the mass flow, plus
specified load source parameters, will result in determination of an output
temperature plus information regarding the source temperature or the heat
flow (depending upon the load type).

For each turboalternator, an input (high-pressure gas) tererature will
result in determination of an output (low-pressure gas) temperature and mass
flow, plus the shaft speed and power.

For the Joule-Thomson valve/liquefier, an input (high-pressure gas) tem-
perature will result in output (low-pressure gas) temperature and mass flow,
plus information regarding the rate of liquefication and liquid accumulation.

For every different system configuration (with respect to the numbers
and arrangement of component devices), it is necessary to specify a corres-
ponding set of interconnecticns. As suggested in Figure 79, these intercon-
nection specifications will be temperatures and mass flow values to be equated
as the output for one device becomes the input to a second device to which it
is attached. In most cases these are direct relationships. The exception is
the determination of the temperature when two values of flow are mixed. In
that case, the resulting temperature is assumed to be the weighted mean of ~
the temperatures in the two lines, where the weighting factors are the rela-
tive mass flow values.

The temperature interconnection specifications are the temperatures at
all nodes, and the mass flow interconnection specifications are sums of the
mass flows in the shunt devices (turboalternators and the Joule-Thomson/
liquefier). As an example, a simple assembly of component devices is shown
in Figure 80, and the corresponding interconnection specifications are given
in Table 11.

The component device models and, consequently, the complete system
model are mechanized on a time varying (transient) basis. Each heat ex-
changer model and each thermal load model contain the simulation of a thermal
mass, represeunted by a first-order exponential response to the input temper-
ature functions. The basic computational form used in these models is illus-
trated as shown in Figure 81.

The output temperature of the device (T,¢) is some function of its inputs
(e.g., input temperature T " and mass flow M) and time (t). It is assumed
that this relationship can be expressed:

Ht

T =F(T, ,M+Ge
out in

(1)
where the function, F, is the final (steady-state) solution for the output, Tout’
Given the present set of inputs, Tin and M, Ge_Ht is the present instantaneous
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Table 11
INTERCONNECTION SPECIFICATIONS

Temperature/ Flow Specifications

Temperature
T(1, 2) = T(2, 3)
T(11,2) = T(2, 3)
T(1, 1) = T{2, 2)
T(11,1) = T(2, 1)
T(7, 1) = T(12,1)
T(3, 1) = T(8, 1)

M(2,1) x T(4, 1)+ M(4, 2) x T(12,2)

T, 2)= M(2, 1) + M(4, 2)

T3, 3) = T(4,2)

Mass flow
M(1, 1) = M(4, 1)
M(2, 1) = M(4, 1)
M(3, 1) = M(4, 1)
M(1, 2) = M(4, 1)
M(2, 2) = M(4, 1) + M(4, 2)
M(1, 3) = M(4, 1) + M(4, 2)
M(2, 3) = M(4, 1) + M(4, 2) CR-4428
Tjp —» Device ———> Tout
M

Figure 81. Computational Form
crror by which the output departs from the solution dictated by the present
inputs, and H is the decrement (reciprocal of the time constant) for the device.
Differentiating Equation 1 with respect to time and substituting:

d Ht

E (Tout) =-HGe e (Tout _F) (2)
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then, in incremental form:

AT =H (F T

)at

out

and finally, for numerical calculation purposes:
(Tout)i+ 1 (Tout)i i (F ) Tout)i At

For the heat exchanger model, decrement H has the form:

H = 2hA

M C
c c

where:
h = Surface heat transfer coefficient
A = Surface area

Mc = Core mass

Cc = Core specific heat

Because the specific heat of the core material, Cc, changes with the tem-
perature, the core temperatures at both ends of each heat exchanger are con-
tinuously calculated and are used to adjust separate values for H at the warm
and cold ends of each device.

For the thermal load model, the form of the decrement will vary among
the three types; however, the core temperature is continuously calculated in
all cases and is used for temperature adjustment.

In the case of the turboalternator model, the procedure is to calculate
the turbine and alternator load torques separately and to use any torque dif-

ference to accelerate or decelerate the total shaft moment of inertia. In
incremental form:

AW

t

w Shaft speed
J _ = Shaft moment of inertia

LT = Turbine torque

LA = Alternator torque




Initial values must be specified for all incremented functions. These
values will be two output and two core temperatures for each heat exchanger,
one output and one core temperature for each thermal load, shaft speed for
each turboalternator, and any liquid accumulation in the liquefier. ™ is de-
sirable, though not necessary, that the other variables in the system be given
initial values for a printout record of the complete initial state.

Given such a set of initial conditions, the systein program will first run
through all interconnections to provide inputs to all devices consistent with
the initial conditions. For that set of inputs, it will individually compute a
set of outputs for every device in the system, for one increment in time.
When this is complete, it will again go through all interconnections to update
the set of inputs to match the output results just obtained. The procedure is
then repeated for the second time step, and so forth.

A reset counter is used to command a selected printout at a specified
number of time steps. A continuous counter is used to accumulate the total
elapsed transient time. Any desired switching logic can be inserted to change
any device parameter at a specified time or at a specified value of any system
variable.

The calculation will continue indefinitely, unless logic for some specified
stopping criteria is inserted. It will therefore carry out the transient calcu-
lation until the steady-state condition is reached. By the form of the incre-
mental calculation, this will be the true steady-state value without cumulative
error because, by Equation 3, transient adjustment of any given system vari-
able will cease only when the variable exactly equals the number calculated
to be its steady-state value relative to its surrounding inputs.

The basic model layout and sequence of operations is shown in flowchart
form in Figure 82.

HEAT EXCHANGER MODEL

Each heat exchanger in the system is treated as a four-terminal device,
with two inputs and two outputs, having a capacity for internal energy storage.
The energy storage characteristics are represented by a pair of first-order
time const mts, one for the warm end and one for the cold end of the device,
and these constants are made functions of their corresponding local core tem-
peratures.

The model variables consist of four terminal fluid temperatures, two
core temperatures, two decrements (time constant reciprocals), and two
mass flows:

e T, = Warm side incoming fluid temperature

¢ T, = Warm side outgoing fluid temperature
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e Ty = Cold side incoming fluid temperature

e T, = Cold side outgoing fluid temperature
o Ty

Warm end core temperature
o T,

(C'old end core temperature
e H, = Warm end decrement

e H, = Cold end decrement

e M, = Warm side mass flow

o M,

Schematicaliy, the device is represented as shown in Figure 83.

I

Cold side mass flow

T, , Ty

Y
%
Gt

7777
gn;:l/
L

J | T,
Figure 83. Schematic Diagram of Heat Exchanger Model

The parameters that characterize a particular heat exchanger are con-
tained in two specified constants, K, and K;. K, is defined as:

Eg= Mmin X Ntu

_ha
where: €
Mmin = Lesser of rated M, and M,
Ntu = Number of transfer units
h = Core-fluid heat transfer coefficient
A = Surface area
C = Fluid Cp
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K2 is defined as:

= Decrement at ambient temperature

2hA

M C
c c

where:

Mc = Core mass

CC = Core thermal conductivity

In general, the heat exchanger will be in some initial thermal state, and
certain inputs (Ty, M,, T,, and M) will be applied. The first step will then
be calculation of the steady-state (final) output and core temperatures (F,,
F,, ¥g, and F,), which would ultimately result from these inputs:

Fa Fy, Fy, Fg=f(T,, M,, T,, M, K,) (6)

The second step will be calculation of the decrements for the present
core temperatures prevailing:

Hg = K xf (Ty)

Hg = K, xf (T,) 7

The final s’ep will be calculation of the new state temperatures at the
end of a time increment, Ul, using first-order integration:

- - 8
T, =T+ leHix(Fi Ti) (8)

The form of the equations for the F-functions of Equation 6 will vary,
depending upon the state of the mass flow balance or unbalance. Also, when
a heat exchanger is used at near liquid temperatures, its performance is
significantly influenced by variations in the fluid specific heat.

The model logic is arranged in such a way that no individual heat exchanger
is committed to a balanced or unbalanced flow condition, even though that
may be its steady-state design. Under transient conditions, the actual flow
conditions will be determined at each time step, and it is possible for a siven
heat exchanger to change from a balanced to an unbalanced flow or vice-versa,
from one time step to the next.

Equations For Balanced Flow, M, = M,

For temperature inputs T, and T,, mass flow inputs M, = M,, and heat
exchanger parameter K;:




K,
1 3
R (9)

F, = = (10)

F, = 7 (11)

F, = (12)

Equations For Unbalanced Flow, M, > M,

For temperature inputs T, and T,, mass flow inputs M, and M,, and heat
exchanger parameten K,:

F,=— M ) (13)
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Equations For Unbalanced Flow, M, >M,

For temperature inputs T, and T,, mass flows inputs M, and M,, and heat
exchanger parameler K;:

Adjustment for Variable Specific Heat

In the differential equations for an ideal counterflow device, mass flow
and fluid specific heat enter as a product. This suggests that effects of varying
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specific heat can be represented without theoretical error by making propor-
tional adjustments in the mass flow variable while assuming a constant Cp.

At any given time, values for the four terminal Heat Exchanger 1 tem
peratures (T,, T,, Ty, and T,) are known. Using the proper functions for
their respective pressures, corresponding enthalpy values E,, E,, E;, and
E, are obtained. By taking th2 ratios of the enthalpy differences to the tem-
perature differences, average values for specific heats are calculated for the
high- and low-pressure sides. The ratios of these values to the nominal value
for specific heat (5.%) are then used to adjust the actual mass flow values,

M, and M_, to obtain the synthetic values, N, and N3 :

1 E,-E,
5.2 T, - T

(21)

N, = x M,

2
2

1

E,
Ta

x M, (22)

These synthetic values for mass {low are then used to calculate F,, F,, F,
and F,, using the relations described for Equations 9 through 20.

Because the possibility of small or zero differences in enthalpy or tem-
perature exists during transient operation, the model logic is designed to de-
tect such cases and to bypass the calculation for that particular time step,
thereby using the previously calculated values until numerical accuracy is
restored.

It is also possible that during transient operation, the process cof lique-
fication and/or fluid drainage might reduce the return flow in Heat Exchanger
' to zero. If this should occur, the model logic will set F,, F,, F,, and F,
equal to the input fluid temperature, T,.

Decrements and Numerical Integration

The procedure to this point has been to produce a set of predicted final
values (F, F,, F,, and F,) for the output and core temperatures corresponding
to the present input temperature and mass flow conditions. To complete the
vector set, the F-values for the independent input temperatures are made equal
to their present values (it is assumed that these values are held constant for
the current time step):

F, =T

1 1

(23)
Fa=T,

For the same reason, the decrements for the two independent input tempera-
ture variables are set to zero:




H,

Hy

The decrements for the output fluid temperatures are assumed to be the
same as those for the adjacent core temperatures. Those, in turn, are as-
sumed to have a specified value, K,, at ambient temperature TO and to vary
inversely with the present core temperatures, T, and Ty,

H3=Ka;f,e—

Finally, using the above values for present temperature T, predicted final
temperature F, and decrement H, the new .emperature, T', at the end of a
time step, Ul, is computed for each of the six heat exchanger temperature
variables and is repeated for all of the N1 heat exchangers present in the

system:
1 = F o
Tji ‘I‘ji + Hji( ji 'l‘ji>U1 2 1to 6

1 to N1 (26)
Outline of Model Logic

The basic flowchart arrangement for the heat exchanger modcl is shown
in Figure 84.

THERMAI. LOAD MODEL

Each thermal load in the system is treated as a three-terminal device
with the capacity for internal energy storage. The conceptual arrangement
is shown schematically in Figure 85.

It is assumed that the device has thermal mass at a uniform temperature,
Tg, and that thermal energy flows to that mass ¢t rate Q, from an external
source at temperature T,,.

The thermal mass is in turn cooled by the flow of flnid that enters the
device at temperature T,, leaves at temperature Tq, and has rate of mass
flow M,.
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Figure 84. Flowchart of Heat Exchanger Model (Logic and Calculation
Sequence)




Mye—»
Figure 85. Schematic Diagram of Thermal Load Model

The difference between Q and the rate at which energy is transferred to
the fluid will be the rate at which the energy stored in the thermal load mass
is changing, and this will be determined by the basic time constant of the de-
vice. The temperature, Ty, of the mass (physical structure) of the thermal
load station is taken to be the thermal load temperature seen by external heat
sources.

The six variables indicated in Figure 85 are:

T, = Input fluid temperature

Ty = Exit fluid temperature

Ty = Thermal mass (structure) temperature
T,o = External source temperature

M, = Fluid mass flow

Q Heat flow from external source

To specify a particular thermal load, five parameters are required:
K, = Fluid structure heat transfer coefficient (h,A)

. = Reciprocal of energy storage capacity (1/MSCS)

K
Kg = Fluid specific heat (Cp)
K

¢ = Structure external source heat transfer coefficient

K, = Index indicating load type

Three load types are included in the model:

e Type 0 -- Constant Q. For this load type, Q will be specified, and
the source temperature, T,, will then vary as a function of T,. An
example would be a resistor, dissipating a fixed power, attached to
the thermal load station.




¢ Type 1 -- Heat Leak. In this case, Ty, will be specified and Q will
vary as a function of T,. In both this case and the preceding Type 0
case, heat flow proportional to the difference between T,pand T, is
assumed.

e Type 2 -- Radiation. In this case, Ty Will be specified and Q will
vary as a function of T;. However, heat flow proportional to the dif-
ference between the fourth powers of Ty and T, is assumed. A
Newton-Raphson solution for the resulting nonlinear relationship is
incorporated.

The model is arranged in such a way that all of the logical decisions and
pertinent parameters are exercised at each time step. It is therefore possible
to switch from one load type to another or to modify any input parameter in
any way desired at any time step.

In all cases, the value for fluid specific heat initially specified (Ky) is
automatically adjusted by setting it equal to an average value at each time step:

E. -E
= = =82
K, = Cp T, - T, (27)
where E; and E, are the values for enthalpy corresponding to temperatures
Tg and T, for the appropriae fluid pressure. If these differences are too
small for accuracy, the calculation is temporarily bypassed, and the preceding
value is used.

The general computation procedure will be firs' to determine the predicted
final value, Fy, for the temperature of the thermal mass on the basis of in-
coming external energy rate Q or source temperature T,,, plus the cooling
effect of the incoming fluid at temperature T, and mass flow M,:

Fg=f(QorT,, T, M, K, K., K (28)
The decrement for Ty is then computed as a function of fluid mass flow

M; and is corrected for core material temperature T, by its ratio to ambient
temperature TO:

H = 1 xf &, K., Ky, Ky, M) (29)
-

The temperature, T,, is then incremented to a new value, T}, over the
time step, Ul, as:

Ty = Ty+ Ul x H, (F, - T,) (30)

Using the updated core temperature, Tg, and the in.oming fluid temper-
ature, T,, the exit fluid temperature, T!, is determinec:

T4 = £(T,, T}, Kq, Ky, M,) (31)
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Finally, either the rate of heat transfer, Q', or the external source tem -
perature, T}y, is determined:

Q' = f(Ty, T}, Ky

Tl = £ @, TY K,)

Equations for Type 0 -- Constant Q

For input variables T,, M,, and Q, the predicted final core temperature,

F,, is:

-]

S T

s - TR

The decrement for this temperature function is:

K,
W,K) 10
T

F, =T, + 9Q ) (33)

H, = M3K5K4<1 - e

e
The incremented value for T, is:

Ty = T+ Ul H, (F, - T,)

The corresponding fluid exit temperature is:

- K }
Ty =T, e MSK‘5+T§; l1-e

The ccrresponding external source temperature is:

Q

T'10=T9'+K~e

Equations for Type 1 -- Heat Leak

For input variables T,, M,, and Ty, the predicted final core temperature,
Fg, is:
(. o)
Fg___KJTm-f-l\/IqKﬁ 1-e aKs T
i)

Kg + M3K5<1 -e MaKs

The decrement for this temperature functior. is:




i MK TO
H, =K, + M3K5(1 - e °K‘5)K‘— (39)

The incremented value for T is:

T} = Ty + Ul x Hy (F, - T,) (40)

The corresponding fluid exit temperature is:

- Ky o Ka
M
Ty=T,e M"K“+ T,'(l-e 3K‘> (41)
The corresponding external heat flow is:
Q' =Kg (Tyy - Ty (42)

Equations for Type 2 -- Radiation

To determine the predicted final value for core temperature Fg in the
radiation case, it is necessary to solve the fourth-order equation:

Kg

K (T - Fd) + T, -Fy=0 (43)
leKs(l e VoK
If the dummy variable, x, is substituted for Fy, then:
£(x) = Ke ——— (T4 - x*) + T, - x (44)
-—R
MsKs(l T® MSKE)
and differentiating:
£'(x) = - e x® - 1 (45)
(MK
M,Ke\1-e 3"
Then the Newton-Raphson relation is:
f(xn)
X = Xp ~ %
n+ 107 fix) (46)

to be used recurrently until a solution of sufficient accuracy is obtained. This
is done in the model to a level of 107%, at which point the result is taken tobe Fj.

The corresponding decrement, H,, is:

- _Ka__.>

H,=K,‘M3K5(1 -e 38— (47)
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The incremented value for T, is:
Tg = Tg + Ul xHg (Fy - Ty)

The corresponding value for Tj is:

s ik
Ty =T,e Y0¥, iy - MoKs

The corresponding value for Q is:
Q' = Ke (rr‘m - T.!‘)

Liquid/Vapor Effects

For those cases in which a thermal load is located at the cold output of a
liquefication device, provision raust be made for flow of a liquid/vapor mixture
through the load. Under transient conditions, this mixture can vary from all
vapor, to mixture infvapor out, to mixture in/mixture out. In its present form,
the model handles only a Type ! (heat leak) load under these conditions.

or this portion of the model, the following additional variables and para-
meters are used:

Y7 = Liquid fraction entering

Y 8 = Liquid fraction leaving
= Enthalpy of vapor entering
= Enthalpy of vapor leaving
= Enthalpy of liquid

= Temperature of liquid

The first step in this procedure is to determine whether liquefication is
a consideration. To accomplish this, the entering temperature (T,, is com-
pared with .e liquid temperature, K5 If T, is above the liquid temperature,
liquefication is not present, and the computation proceeds as described in the
preceeding paragraphs.

If the entering temperature, T,, is equal to the liquid temperature, K,
a trial calculation of the liquid fraction is made. Assuming that the liquid
both enters and leaves the load structure, the liqui2 fraction leaving is calcu-
lated as:

K'a (Tn - Km)

Y8 = YT -
M, (Ev - Krr)

(51)

If this leaving fraction, Y8, is positive, the assumption is valid, and the
derivative for the core temperature is calculated as:




2(Ty) = K, [K, (Ty, - Ty) - Ky (T, - Km)] i2

Then the updated core temperature, Tg, is:
d
T} = T, +[a-t- (Tg)_] U1 (53)

The fluid exit temperature is the liquid temperature:
Tq = Kig (54)
The external heat flow to the load is:

Q =Kg (Ty - T, (55)

e

If the leaving liquid fraction calculated in Equation 51 is negative, it in-
dicates that the entering liquid is evaporated within the device, and the as-
sumption of the leaving liquid (with its associated constant temperature im-
plication) is not valid. It is then necessary to calculate the fractional distance
over the core, Z1, in which liquid is present as:

71 = M, (Ev -Kp) Y,
K, (T, - K,5)

(58)

The core temperature derivative is then:

£(T,) = K,,{K, (Ty - Tg) - KyZ1 (Ty - Kyp)

K
M, K, TO

- M,Kq (T, - Km)[l - e =
-]

The updated core temperature is:

S (] -21)]}

d
Ta o Tgek [E (Tg)] U1
The leaving fluid temperature is:

-Miiagu-zn
Tg =Ty - (Tg-Kgle °

The external hc.eat flow is:
Q =Kg (T - Ty)
The leaving liquid fraction is zero:
Y8 =0

Outline of Model Logic

The basic flowchart arrangement for the thermal load model is shown in
Figure 86.
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TURBOALTERNATOR MODEL
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The conceptual arrangement is shown sche-
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Figure 87. Schematic Diagram of Turboalternator Model

The system pressure and the pressure ratio are assumed constant. Under
these conditions fluid is applied to the turbine at temperature T,,, mass flow
M, results, and the fluid exits at temperature Ty3. Mechanically, the assembly
rotates at speed W,, at which the turbine develops driving torque L and delivers
mechanical power P to the shaft essembly. The alternator in turn develops
loading torque L, and auy difference between L, and L, will result in accel-
eration or deceleration of the assembly, with a consequent change in its stored
energy.

In the present simplified form of the model, the torque-speed functions
for both the turbine and the alternator are assuned to be linear. The alter-
nator function is assumed to be constant, while the slope of the turbine func-
tion will depend upon the inlet temperature. The torque-speed relations are
shown in Figure 88.

Accelaration
Torque
Alternator

|

I

]

1

w, Speed Wo = 1(T,,)

Figure 88. Torque-Speed Relations for T'urboalternator Model

In particular, in the model, L, is assumed to be constant, W, is a func-
tion of input temperature T;,, and L, is proportional to w,.

The fluid exit temperature, T,,, is determined by making the product of
mass flow M, and temperature difference T,,-T,, proportional to the turbine
snaft power, P. Inthe ideal case, in consistent units, this constant of pro-
portionality will be the reciprocal of the fluid specific heat.
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The model variables are:
T,, = Input fluid temperature

T,z = Exit fiuid temperature

M, = Mass flow through turbine
W, = Assembly shaft speed

L, = Turbine torque

L, = Alternator torque

P = Turbine shaft power

W, = Turbine maximum speed

The specified model parameters are:

Kg = Product of turbine mass flow and square root of inlet temperature

Ke¢ = Ratio of turbine maximum speed to square root of inlet tem-
perature

X1 = Slope of alternator torque-speed function

K,,; = Mechanical-thermal power conversion factor

~
—
L]
i

= Assembly shaft moment of inertia

-
o
!

= Turbine stalled torque

It is noted that the effective mechanical time constant for the assembly is:

T, = 1 (62)

M L
K la(wno' + K 1°>

This constant will vary with the texnperature as W, changes.

Model Equations

The mass flow, M,, is a function of the inlet temperature:
M, = —a (63)
Ty

The turbine maximum speed is a function of the inlet temperature:

Wo = Ko (T, (64)

The turbine torque is a function of the ratio of the present speed to the
maximum speed:

w
L, = Lo(l - W:) (65)
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The alternator torque is proportional to the speed:
L; = Ky W, (66)

Acceleration is proportional to the torque difference:
Ly = Kig (L, - L) (67)

Speed is incremented for a given acceleration and time step, Ul:
Wi =W, + Ul xL, (68)

A new value fo: the shaft power is determined as the product of the turbine
torque and speed:

P' =L, x W! (69)
A new exit fluid temperature is determined:

K

Optional Algebraic Solution

To avoid the effects of the normally short turboalternator time constant,
a direct algebraic solution for the shaft speed can be used as:

LWL,

Wy Ky Wo+ Lg

(71)

Typically, the speed can be computed transiently for a sufficient time to
permit acceleration to normal operating speed and then it can be updated al-
gebracially for subsequent time steps.

Outline of Model Logic

The basic flowchart arrangement for the turboalternator model is shown
in Figure 89.

JOULE-THOMSON LIQUEFIER MODEL

The Joule-Thomson valve and liquefier reservoir combination is treated
as a three-terminal device with provision for valve adjustment to increase
high-temperature flow and with provision for liquid drainage. The conceptual
arrangement is shown in Figure 90,

The device is assumed to be operating across the difference between two
constant pressures, utilizing the nonlinear temperature -enthalpy relations at
ncor-liquid temperatures in an idealized fashion, to achieve the desired functions.
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Figure 90. Conceptual Arrangement of Joule-Thomson Liquefier Model

The flow through the Joule-Thomson valve is assumed to be a function of
the inlet temperature, T,,, as:

M, = —KI‘F- (72)
13

Because the normal design operating point for the valve is at near liquid
temperature, the flow will be extremely small for most of a cooldown tran-
sient, effectively blocking any cooling operation of the lowest flow loop of the
system.

Assuming that some compensation for this effect will be made in a prac-
tical system, a flow bypass function is included in the model. The flow bypass
function provices preselected flow, K,,, to exist above a preselected temper-
ature, Ky, below which the design characteristics of the valve take over. This
procedure is illustrated in Figure 91.

\§~
_— . W W W
0

1 Temperature T,; [CR-4435

Figure 81. Flow Bypass Function Procedure
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With the flow into the device established, the remainder of the problem
involves determination of the thermal state existing and applying mass and
energy flow balance relations.

The input temperature, T,s»is known, and the enthalpy, E,,, for that tem-
perature at the input high pressure is also known. The valve output tempera-
ture, F,,, is then determined for the same enthalpy and for the lower exit
pressure. Several possibilities are then considered.

If there is no liquid (M,) present and the valve exit temperature, F,, is
above the liquid temperature, Kis, then the fluid is assumed to simply flow
through the device and:

M, = M,
Zu (73)
Mg = 0
Fia>K g

If the valve exit temperature calculation results in a value for F,, below
the liquid temperature, Ky, it is assumed that liquefication is taking place.
Under this condition, the output temperature, T, is taken to be the liquid
temperature. K;s, and a corresponding enthalpy, E,,, is determined.

If an accumulation of liquid exists, it is assumed that the output temper-
ature, Ty, is equal to the liquid temperature, K,q, with corresponding en-
thalpy E,,, regardless of the value of the valve exit temperature, F,,

Tyw=Kg

Ey = £(Ty,) = £(Ky)
FeKyg (714)
or

M.,>0

The rate at which liquefication of the incoming fluid takes place (M.) is
determined by the energy balance relationship:

Mg xEj3 = M, xK. + (Mg - M,) x By

E, - E
= =4 18
M, Ea R M, (75)

where K, is the enthalpy of the liquid.

The above relationships permit positive liquefication rate M., when the
valve exit temperature (and consequently E ,) is sufficiently low; the relation-
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ships also permit a negative liquefication rate (boiling off) when the valve exit
temperature rises while accumulated liquid remains to hold output enthalpy
E,, constant. When all of the liquid is gone and T, is above the liquefication
temperature, E,, = E,, and rate M, is zero.

The output flow for device M, will be the difference between input flow M,
and liquefication rate M.,,:

M, = Mg - M, (76)

The quantity of the existing liquid, M,, is determined by integrating the
liquefication rate, M., less any selected drain rate, K¢ for time step Ul:
Mg = Mg + Ul x(M, - Kj¢) (77)
Because it is possible for this integr ation to proceed through zero with a

negative rate, logic is provided to arbit: arily limit such a result at M, = 0.
The model variables are:

T, = Input temperature -- high-pressure side of Joule-Thomson

valve
E,s = Enthalpy for T,,
F,y = Ideal temperature -- low-pressure side of Joule-Thomson valve
T,, = Output temperature -- accumulator output at low pressure
E;; = Enthalpy for T,,
M, = Input mass flow -- Joule-Thomson valve plus bypass
M, = Output mass flow -- accumulator output at low pressure
M, = Mass flow to liquid
Mg = Accumulated liquid mass

The model specified parameters are:

K,s = Temperature at which bypass is closed
Ky = Total mass flow while bypass is open
Kis = Liquid temperature

Kije = Liquid drain flow rate

K,, = Enthalpy of liquid

K,e = Product of flow rate and square root of input temperature for
Joule-Thomson valve

Outline of Model Logic

The basic flowchart arrangement for the Joule-Thomson/liquefier model
is shown in Figure 92,
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Alternative (Split) Configuration

In certain refrigerator configurations the Joule-Thomson valve and liquid
accumulator will be separated by an intervening thermal load, or other device.
For these cases, separate models of the valve and accumulator devices are
provided, based upon the preceding development.

The following additional variables are introduced:

= Valve exit temperature
Ey = Valve exit enthalpy

Y0 = Valve exit liquid fraction

My = Accumulator entering flow

T, = Accumulator entering temperature
E = Accumulator entering enthalpy

Y1 = Accumulator entering liquid fraction

The basic flowchart arrangements for the separate Joule-Thomson valve
and liquid accumulator models are shown in Figures 93 and 94.

AUXILIARY FUNCTIONS

Temperature -Enthalpy Relations

To model the sys:em behavior properly at very low temperatures, it is
necessary to account for the variation in the fluid specific heat. To accom-
plish this, temperature -enthalpy fun.tions for the two pressures involved
are included. The general form of the true function is shown in Figure 95.

Noting that the true function approaches the ideal linear perfect gas re-
lationship asymptotically, a hyperbolic approximation was arbitrarily chosen
for calculation purposes. The general relation used is:

T -C)\? (E-ci\*
(Ca> (C.>'1 (78)

T Fluid temperature
E = Fluid enthalpy

Cn Constant parameter

This relation is equally useful for obtaining enthalpy for a given temper-
ature and for obtaining temperature corresponding to a given value for en-
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Figure 95. General Form of True Function

the symbol F is used in place of T, because it ig

thalpy. In the latter case,
peraturerather than the ultimate temperature

sometimes a trial value of tem
used. The two relations are:

E = c2+\/<%;)2 (T -CyY2-C,2

_ 2
F = C1 + C33+ M (80)

(79)

where F is the tria® value for temperature T.

To prevent possible erroneous results from the dual-valved hyperbolic
point of reversal, the approximation is terminated by

approximation near its
low-temperature end, as illustrated in Figure 96.

a linear segment at the

E

‘HH T
Approximation Terminated by Linear Segment

Figure 96.
at Low-Temperature End
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The relations for this terminating segment are:

E=C,(T-Cy | T<C, (81)
F=C,+ —g‘: E <C, (C, - Cy) (82)

There are two such temperature-enthalpy curves stored in the model, one
for the high-pressure side and one for the low-pressure return. These curves
are designated by a second subscript, Z, where:

Z =1 for high-pressure curve
Z = 2 for low-pressure curve
The constant parameters will then be of the form:
C(n, 2Z2) n=1to 7
Z=1to 2

The calculation will be entered with a value for either T(J,1) or E(J,1) and
a value for Z indicating high or low pressure. The output will then be the
corresponding E(J, 1) or F(J,1).

In somre cases, a better empirical fit can be obtained by a displacement
of the enthalpy reference axis (biasing E by a constant value). For this pur-
pose, an additional bias parameter, Cg, is included so:

E'=E+ Cg (83)
F' = f(E) = f(E' - C,) (84)

Miscellaneous Time Functions

In a transient model there are a few routine bookkeeping functions to be
performed. These functions include integration of incremental time steps,
Ul, to determine the total elapsed time, U:

U'=U+ U1 (85)

and a counter to determine the elapsed intervals between the desired printout
points:

I1' =11+ Ul (86)
It may also be desirable to change some load or other system parameter

at some selected point in time (or when any other system variable reaches
some preselected value). For example:

X=A | U<y
X=B | UsY, T>2Z

X=C | U>Y, T<Z
Etc.
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Because all computations are repeated from a fresh set of input data at
each time step, the application of such switching logic is limited only by the
ingenuity of the user.

MODEL NOMENCLATURE

The sets of system parameters and system variables are designated in
vector form using a descriptive letter with two subscripts. For example,
T(J,1) represents the temperature at the Jth point in a component device
model, for the Ith such device in the system.

The letter designations for the principal parameters and variables are:

K

1

Constant parameter

Temperature

Final (steady-state) temperature

Enthalpy

Decrement for transient temperature

Rate of mass flow

n

Torque

Shaft rotational speed

= Rate of heat flow

O S0 2 Do oo
i

= Mechanical power

These designations are numbered sequentially (first subscript) as they
appear in the following hierarchy of component device models (listed with their
descriptive abbreviations) (Table 12).

Table 12
FIRST SUBSCRIPT (J) ALLOCATION SEQUENCE

Letter H-E T-L T-A J-T/LIQ
K 1-2 3-17 8-12 13-18
T 1-6 7-10 11-12 13-18
F 1-6 9 -- 13
E 1-4 7-8 -- 13-18
H 1-8 9 -- -
M 1-2 3 4 5-9
Iy -- . 0-3 --
w -- - 0-1 -
Q -- No Subscript = -
P - o No Subscript --
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This basic numbering structure is illustrated in Figure 97 for Temperature
and Enthalpy functions.

The basic numbering structure for mass flow functions is similarly illus-
trated in Figure 98.

®
Heat

i
|
)
O—

®

©®

Thermal I.0ad

Turbo-
plternator

A R

Joule-Thomso | Liquid l
Liquefier Joule-Thomsony; Accumulator
_ — Valve /\
CR-4437
Figure 97. Basic Numbering Structure for Temperature and Enthalpy
Functions
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Heat
Exchanger@

®

Thermal Load

v

®

Turboalternator

I Joule-Thomson
Liquefier
Joule-Thoms
‘CD/ % eValvtza > ®/
I:_:_—' — G = T =

Basic Numbering Structure for Mass Flow Functions

® 10 [o
© | pu=a, |

Accumulator

||| <

Figure 98.

For example, any temperature T(9,1) will be the core temperature for

some thermal load, and any mass flow rate M(4,1) will be the flow rate for
some turboalternator.

Three special cases are noted. Whereas M,_, represents the mass flow

rate, Mg is the accumulated liquid mass rather than a rate. No first subscript
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is used for heat flow rate Q or for mechanical power P, because these arc as-
sociated exclusively with thermal loads and turboalternators, respectively.

The three directly related variables, present temperature T, final tem-
perature F, and enthalpy E, will always be consistently numbered (when they
have the same subscripts, they will refer to the same point in the system).

The second subscript, I, is used to number the devices of any given type
sequentially, beginning with the device at the coldest point in the system. For
example, T(J, 1) will be a temperature for the bottom heat exchanger, coldest
thermal load, lowest turboalternator, or the liquefier, depending upon the de-
vice type identification J. T(J, 2) will refer to the next coldest device of that
type, and so forth.,

The use of this nomenclature is illustrated for a typicai system assembly
in Figures 99 through 101,

Detailed Model Nomenclature

Following is a list of the model nomenclature:

Nomenclature Description
A Dummy variable for intermediate computation
B Dummy variable for intermediate computation
C Dummy variable for intermediate computation
C(J,2) Constant parameter for temperature-enthalpy function, J =
1to7, Z =1 for high pressure, Z = 2 for low pressure
D Dummy variable for intermediate cormputation
E Dummy variable for intermediate computation
E1 Dummy variable for intermediate computation
E2 Dummy variable for intermediate computation
E (J,I) Enthalpy at point J for device I
F (J,1) Final (steady-state) temperature at poin. J for device I
H J,1) Temperature decrement at point J for device I
I Subscript for particular device of its type
I1 Counter to control printont
J Subscript for point relative to device .vpe
K J,I) Constant parameter for device I, J = 1 to 18 i
L (0,I) Turbine stall torque for turboalternator I
L (1,1 Turbine torque for turboalternator I
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Figure 99. Example of Model Nomenclature for Devices




M(1,3)

M(5,1)

E(13,1)
M(7,1) $
rd

— 'r;Mt_B._HI

—_—

l CR-4440 l

Figure 100. Example of Model Nomenclature for M (J,I) (Mass Flow),
E (J,1) (Enthalpy), L (J,I) (Torque), and W (J,1) (Speed)
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T(1, 5)
T(10, 2)

T(5, 5) /Q(3)
T(6, 5) T(9, 3)

NN\
T(2,5)

T(11, 2)

T(1, 4)

T(7, 3) T(8, 3)

T(5, 4)

T(6, 4) 1
T(2, 4)
Y, -

T(1, 3) T(10, 2)
T(5, 3) (2)

T(6, 3) | NN T(9, 2)

T(2, 3)
AAAA T(11,1)

T(1,2)

T(1,2) TG,2)

T(5, 2)
§ F— ra)
(6, 2)

T(12, 1)

§

<

T(7, 1)

T(14, I)X
=

Figure 101. Example of Model Nomenclature for T (J, 1) (Temperature),
Q (I) (Heat Flow), and P (I) (Power)

T(13, 1)
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Nomenclature Description

L (2,1) Alternator torque for turboalternator I
L @3,I) Shaft acceleration for turktoalternator I
M J,I) Mass flow rate at point J for device I, J =1 to 7
M (8,1) Accumulated liquid mass
N1 Number of heat exchangers (2 1)
N2 Numer of thermal loads (2 1)
N3 Number of turboalternators (= 1)
N4 Joule -Thomson/Liquefier indicator (0 or 1)
N5 Print control (0 for data only, 1 for headings also)
Syntheticmass flow, J = 1 or 2, heat exchanger I
Shaft power for turboalternator I
Heat flow rate for thermal load I
Ambient temperature
Temperature at point J for device I
Elapsed time
Computation time step
Dummy variazble for intermediate computation
Maximum turbine speed for turboalternator I
Shaft speed for turboalternator I
X Dummy variable for intermediate computation
Y Dummy variable for intermediate computation
YO Liquid fraction at Joule-Thomson valve output
Yl Liquid fraction at accumulator input
Y7 Liquid fraction at thermal load input
Y8 Liquid fraction at thermal load output
Z Dummy variable for intermediate calculation

Z1 Dummy variable for intermediate calculation

COMPONENT DEVICE SUBROUTINES

The complete subroutine mechanization of the principal component devices
is shown in flowchart form in Figures 102 through 107,




E=)

—— e ey
WNGIAMI DL NL
seens-a‘ oo ouscna |

supnosqng Jadueydx:y 1eagf Jo 1JeYIMOLy

[
WL 020 Bidt s 1 1M
NHL/ALATBA U BH

1

°T01 dandyq

I

1

1 :

SMIDLe ¥V

ML 2 2el1¥od XN Dol 1) A 104 ok VI XT o4
LUK it T 44 =)

LAVINT- 0l DI (VAT AB o)1 B L

LLOCTETUR] < I N T Y W oy
BAN QLAY M AT oA ) DD Vo dd XA D ab ' 130 o

LR

QAL LR TN TP YT« ST
LTTIEE TLR E ER L IR Y O TR )

a4
4

A N2 AN I8
(L TR

[RE R TEIR FFET e BT TR (TR o]




dedio?

JeTwi?

Ie i
dopmin
fetmi
& & KN, 1 M, 11 K, 10
T Al
€
o
E
- A KI4IPIRTE, DNTOD, 1-TI9, 1NsK(3, 1P ITI0,11-KI1 5, 1) 23 ¢ MILIOIRG, D-KINT, IV YT/ K ) (T, 1)-X 013, D)
. T, 116 TID, 1R ACLISTO/ TIO, 1) A KI3I1-Z1)/ R0, 1oKIS, 1IN
TI9, N e K13, 1) BeEXP-A)
Q) « K8, 11 (TUD, DT(O, 1N

Q) e R IITITUIO, N-TI9, 1N

. Yaed
B
Ele£-TI10,1H IO, 1) 0 VR4&, 1ITT 10,00 D THT, 00/ 1KIG, 1} D)*) Fiu 1} T17,1+Q081/ D
(3 ERIX LY SF Y1 119,13} = D°K14, 1) TO/ TP, 1)
TI9, 10« T2, 1) U - N0, F(9,0)-T(9,1)

TIR, 1} = TV, 1P BT C
T010.1)« TI9,10QAY/ K8, I}

Fis il e X

B, 11e K (4,1)°D*TO/TID, 1)
TS, 15+ T(O, 17U 118,11 (F(9,1)-T(9,1)
TW U TO,NReTH C

QO KIS ITO0, 11 4-Ti9, 1114}

091

bsgen - 1= mnn

Lol

Figure 103. Flowchart of Thermal Load Subroutine




M(4,1) = K(8,1)/SQR(T(11,1))
w(0,I) = K(9,1)*SQR(T(II,1))
L(I,1) = L(0,1)*(1-W(1,1)/ W(0, I))

U< 100?

- \/
= K(IO0,I)*W(I,I)

W(1,1) = W(0,D*L{v, 1)/ (K(10, 1)* W(0, )+ L(0, I s B
(1,1) = W(0,1)* L\, 1)/ (K(10, I)* W(0, I)+L(0, 1)) W(1,I#U1*L(3,1)

[

P(I) = L(1,D)*W(1,1)
T(12,1) = T(11,D)-K(11,1)*P(1)/ M(4,1)

Turboalternator Subroutiue

Input: T(IL,I) 3
W(I,I)
K(J,1) J=81toI2
L(o,I)
N3 EIH to N3

T(12,1)
L{J, D) J=1to03

Pa) J

Figure 104. Flowchart of Turboalternator Subroutine




M(5,1) = K(14,1) M(5,1) = K(18, 1)/SQR(T(13,1))

. :
J =13
Joule -Thomson/ Liquefier Subroutine Z=2
Input: T(13,1)
E(13,1) I
M(8, 1)
’ 2 Enthalpy-Temperature
K(J, 1) J=13to 18 Subroutine
Output: T(14,1)
E(14,1)
M{J, b J=5¢t08
‘es
Fiis, 11<KI15, | PP—2ss

T(14,1) = K(15,1)
T(14,1) = F(13,1) =1
E(14,1) = E(13,1) 7 -2
Enthalpy-Temperature
Subroutine

I

!

Y = (E(14, 1)-E(13, 1))/ (E(14,1)-K(17, 1))

No Yes

M(7,1) = Y*M(5,1) M(7,1) = M(5,1)

L |
¥

M(s, 1} = M(5,1)-M(7, 1}
M(8,1) = M(8, 1+(M(7-1)-K(16, 1)*U1

M(6, 1) = M(5, 1)
M(7,1) = 0
M(8,1) = 0

Return

Figure 105. Flowchart of Joule-"homson/Liquefier Subroutire
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\"‘-\._"4'-1

Ti13, 1)< K(13 1)7

M(5, 1) = K(18, 1)/SQR(T(13, 1))

M(5.1} = ¥(14, 1)

M(5,1) = K(14,1)/2

i

J

Joule-Thomson Valve Subroutire

Input: T(13,1)
E(13,1)
K, 1 J=13t0 18

Outpu : T(15,1)
E(15,1)
Y0
M(5, 1)

Enthalpy-Temperature
Subroutine

Fi13, 1)> Ki18, 177

T(15,1) = K(15,1)

:

T5, 1) = F(13,1) |
E(15,1) = £(13,1)
Y0 =0

:

Temperature~Enthalpy
Subroutine

;

v0=(E(15,1)-E(13, 1 DAE(15, 1) -K(17, 1)

Riturn |

F'igure 106. Flowchart of Joule-Thomson Valve Subroutine
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Mg, 1) > 07

T(14,1) = T(18,1)
E(14,1) = E(18,1)
Y:=0

Temperature-Enthalpy
Subroutine

= K(15,1)

T(14,1) = K(15,1)

Temperature-Enthalpy
Subroutine

Temperature -Enthalpy
Subroutine

3

Y = (E(18,1) - E(14,1)/(K(17,1) - E(14,1))

Y-Yl-l

|

M(7,1) = Y * M(8,1)
M(6, 1) = M(8,1) - M(7,1)
M(8,1) = M(8,1) + M.7,1) *U1

Liquid Accumulator Subroutine

Input:

Figure 107.

T(18, 1)

M8, 1)

M(8, 1)

Y1

KU, 1) J = 15,17
T(14, 1)

E(14,1)

M(6, 1)

M(7,1)

M8, 1)
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NUMERICAL EXAMPLE

The specific configuration considered is shown in Figure 108. The steady-
state design point is shown in Figure 109.

} }

Heat
Exchanger 5

Thermal
Load 3

Heat

Exchanger 4 Turboalternator 2

Heat
Exchanger 3

Thermal
Load 2

Heat

Exchanger 2 Turboalternator 1

Heat
Exchanger 1

Joule-Thomson
Valve

Thermal
Load 1

Liquid Accumulator |CB-4442|

Figure 108. System Configuration
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331.0°KI |3

20. 94
Grams per Second'

72.15°K

|

35. 0°K

21.06
lGrams per Second

ll 06.2 Watts

81. 00°K

64.97°K

1¢.64
Grams per Second

.

>

77.54°K 80. 00°K|

12.75

Grams —® 650. 0 Watts
per Second

54555 Rpm

12. 07°K

65. 78°K e—— 8.3 Grains per Second

5. 00 wWatts

!

14, 20°K

11.22°K

N

14, 00°K

—® 127.7 Watts

47970 Rpm

3.44 ¢
Grams per Second

4,40°K

11.44°K

4-—— 9,2 Grams per Second

6.214°K

/

4

Pressures: 3.80/1,18 Atmospheres

l s Ambient Temperature: 322°K

Grams per Second

4.5°K

—— 5,05 Wxtts
(4. 20 Watts)

0.1% Grams per Second CR-4443

Figure 109.

Steady-State Design Point




From these data, plus information regarding the thermal time constants
of the various component devices, the specifying parameters for all devices
(e.g., the K (J,I)) can be determined algebraically using Equations 1 through
86. The specific numerical values for this case are given in Figures 111 and
113,

In this experimental transient run, neither the true sequence and timing
of the events nor the proper time step size for stability is initially known.
For this reason two program variations were used. The first of these, des-
ignated ARPALl, contains ambient temperature initial conditions. The second,
designated ARPA2, contains a set of arbitrary initial conditions. This sec-
ond variation is used 1o restart the run at any point -- in particular, when a
change in the step size is needed. At any such point, the new initial conditions
are set to the last valid values of the system variables from the preceding por-
tion of the transient run.

In this particular case, the step size was initially set at 1 second; it then
was increased to 10 seconds and finally it was increased t5 100 seconds at the
beginning of the run. This permitted the turbines to accelerate to normal op-
erating speed and allowed the system to settle into the steady cooldown mode
in a stable manner.

Toward the end of the rooldown transient it was necessary to reduce the
step size to 20 seconds, 10 seconds, 5 seconds, 1 second, and finally to 0.1
second, as the thermal time constants were reduced by the lowering temper-
atures.

To simulate the temperature rise at the input to the cryosection (com-
pressor and intercooler), that input temperature was initially set at the am-
bient 322°K and was arbitrarily made to rise exponentially to the steady-state
design value of 335°K with a time constant of 60 seconds.

As an experiment, ithe flow through the Joule-Thomson valve was aroj-
rarily programmed simulating cooldown control) to permit 200 percent of
the steady-state design flow initially and then 100 percent of the design flow
below 50°K. Finally, at 6.25°K, control was removed. The purpose of this
experiment was to aid cooldown ot ‘he massive thermal load (Thermal Load

1) at that point.

For the transient run, load Q, for Thermal Load 1 was set to be 4, 20

watts at 4.5°K (a change from the steady-state design point of 5. 05 watts at
4 . E'r K)a

COMPCNENT DEVICE TIME CONSTANTS

The estimated time constonts for the various component devices at 350°K
were:




Component Time Constant (seconds)
Heat Exchanger 1 560

Heat Exchanger 2 158
Heat Exchanger 3 500
Heat Exchanger 4 5,870
Heat Exchanger 5 12,300

Thermal Load 1 5,670
Thermal Load 2 100
Thermal Load 3 8, 004

Turboalternator 1 5

Turboalternator 2 5

The very great range among devices dictates the progress of the stepwise
computation procedure. In particular, the short time counstants for the cold-
end heat exchangers require relatively short time steps, and the long time
constants among the remaining devices determine a relative long total elapsed
time for cooldown.

To aid in the computational procedure without significantly affecting the
s’mulated system performance, the turboalternator time constants were
simply eliminated algebraically after the turbines had completed their accel-
eration to normal speed (after 100 seconds).

The equations used for calculation of thermal load decrements were de-
scribed above under '"Thermal Load Model." The manner in which values
for the heat exchanger time constants were calculated is outlined below.

The time constant for a counterflow heat exchanger was defined. It is
assumed that, for the two streams in the ~ounterflow, the products of the
flow rate and the heat capacity (heat capacity flow rate) are the same. With
the heat exchanger at a steady-state condition, and with one of the two inlet
stream t2mperatures held fixed, the temperature of the other inlet stream is
suddenly changed to a new constant value. The outlet temperature of that
stream will gradually go through an excursion to a new steady-state value.
The time constant is defined as the time required for that outlet temperature
to go .hrough a fraction 1-(1/e) of the total temperature excursion. This
fraction is equal to 0.632.

A further definition needed is for thermal effectiveness. This parameter
is defined as tl.e ratio of the amount of heat actually transferred between
streams to the maximum amount nf heat that could theoretically be transferred
in an infinitely large counterflow heat exchanger.
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To calculate the heat exchanger time constants, the following assumptions
were made:

¢ Heat capacity flow rates are the same for c¢ach stream.

® Heat exchanger thermal effectiveness is sufficiently high that the
temperature difference between streams is small relative to the
temperature difference along the length of the streams.

Thermal wave propagates along the length of the exchanger without
diffusion (a rectangular wavefront remains rectangular).

Heat capacity of the gas within the exchanger at a given time is small
relative to the heat capacity of the exchanger itself.

Reference 4 was used as the basis for derivation of the following equation:

M.C, (87)
MCp (1 - ¢)

Time Constant = 0.316
= Mass of heat exchanger core
= Specific heat of heat exchanger core material
Mass flow rate for gas
Specific heat of gas
= Exchanger thermal effectiveness
For example, the time constant for the largest heat exchanger (Heat
Exchanger 5) was calculated as follows:
70.2 kilograms
= 0.91 joules per gram °K
= 21.0 grams per second
= 5.2 joules per gram °K
= 0.985

70, 200 x0.91
21 x 5.2 (1-0.985)

= 12,300 seconds

1
TC =——=10.3
Kas

TEMPERATURE-ENTHALPY DATA

The sample points listed in Figure 110 are taken from the (continuous)
empirically derived temperature-enthalpy functions used.




PRESSURE = 3.8
T

24.4307
27.9366
32.7544
38.414
46.9
54.0273
10 60.5477
11.44 69.3684
13.91 83.6812
20 117177
40 222.93
65.78 357.4".3
7754 418.056
100 5354433
200 1054.79
300 1573.91
322 1688+11
335 1755.58

PRESSURE = 1.18
T H

27.7686
29.9474
36.0442
42.9076
54.5915
10 65.5578
11.33 72.704
12.07 7646515
20 118.405
40 222.653
64.97 352.478
72.15 389.791
100 534.493
200 1053.96
300 1573.37
322 1687.64
331 1734.59

Figure 110. Temperature-Enthalpy Sample Points
SAMPLE PRINTOUT -- ARPA]

Figure 111 is a reproduction of the heading printout and sample data for
the beginning of a transient run. The heading information includes parameter

data for all compcnent devices. The first data sheet defines and illustrates
the normal data printout.




ARPA TRANSIENT REFRIGERATOR MODEL
AMBIENT START (ARPAl)

HEAT EXCHANGERS =- 5
THERMAL L@ADS -- 3
TURB@-ALTERNAT@RS -- 2
J=T VALVE/LIQUEFIER

AMBIENT TEMPERATURE-- 322 DEG K
INITIAL TIME STEP-- 1 SECONDS
TIME STEP ADJUSTED BETWEEN O«1 AND 100 SEC DURING RUN

HEAT EXCHANGER 1
Kl= 46.5251 K2= 1.66371 E-3

HEAT EXCHANGER 2
K1z 15.9946 K2= 5.89669 E-3

HEAT EXCHANGER 3
Kl= 560.522 K2= 1.86335 E-3

HEAT EXCHANGER 4
Kl= 64.5278 K2= 1.58718 E-4

HEAT EXCHANCER 5
Ki= 1160.98 K2= 7.57461 E-5

THERMAL LOAD 1 TYPE 1

K3= 50«5 ¥*= 9.52652 E-6 KS= S.19
K6= 1.32283 E-2

THERMAL LOAD 2 TYPE 1

K3= 20.9395 Ka4= 5.49081 E-4 KS= 5.19
K6= 1.62449 E-2

THERMAL LOAD 3 TYPE 1

K3= 53.5899 K4= 3.74264 E-6 KS= 5.19

K6= 0.+440665

TURBO-ALTERNATOR 1
K8= 34.4306 K9= 25.6356 K10= 5.54947 E-2
Kil= 0.192789 Kl2= 0.900987

TURBO~-ALTERNATOR 2
K8= 74.2374 Kys 121989 K10= 0.218396
K11z 0.190937 (12= 0.228942

J=T VALVE/LIGQUEF[ER
K13= 50 Ki4s 7.1 K15= 4.4
K16= O K17= 10.96 K18= 8.8494

COCLCOWN FROM AM IENT TEMPERATURE

CONSTANT PRESSURE 3.8/1.18 ATM

WITH LIQUEFIER

CONTRALLZD J-T VALVE-=M=7.10 FOR TEMP ABOVE 50
==M=3.55 FOR 50 T@ 6.25
-=NO CONTROL BELOW 6.25

Figure 111. Heading Printout and Sample Data for ARPA1l
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TIME--SECONDS
T=TEMPERATURE~=DEG K
O=HEAT FLOW--WATTS
M=MASS FLOW--GRAMS/SEC
WeSHAFT SPEED-~RPM#1000

P=POWER--WATTS

TIME

H-E T1 T2 T3 T4

T-L T8 T9 T10 Q

T-A T12 M4 L] P
J=T/L1Q T14 ) M7 M8

TIME= @

H-E 1 322 322 322 322

H-E 2 3a2 322 322 322

HE 3 322 322 322 322

H-E 4 322 322 322 322

H-E 5 322 322 322 322

T-L 1 322 322 3a2 L

T-L 2 3a2 e 322 0

L 3 322 3ae 322 0

T-A 1 322 191874 0 0

A 2 3a2 4.13709 0 0
J=T/L10 3a2 Tel 0 0

TIME= 10

H-E 1 321.914 322. 322.023 322.
HE 2 322. 321.914 318.12 321.952
HE 3 321.99 322. 321.952 322.
E 4 3a2 321.99 310.659 321.997
H=i" S 323.996 322 321.997 322.001
T-L 1 322.023 322. 3a2 =2.72495 E-6
T-L 2 322. 322. 3a2 4.33786 E~7
L 3 Jaa. 322 aze 0

T-A 1 303.762 1.91874 36.8207 181.51%
T-A 2 285.935 4.13709 39.3955 781.423
J=T/L10 322.023 Te1 0 0

TIME= 200

H-E 1 317.712 321.939 322.023 321.562
HE 2 321.689 317.712 314.175 319.588
HE 3 321.511 321.689 319.588 321.938
HE 4 322. 321.511 305.152 321.828
H-E 5 334.536 d22. 321.828 322.125
T-L 1 322.023 322.004 322 5459119 E-5
T-L 2 321.944 321.949 322 8+24565 E~-4
T-L 3 3a2. 322 3a2 0

T=A 1 286.844 1.9188 79.3834 349.722
T-A 2 268.257 4.13709 72.8156 1157.96
J=TrsLI0Q 322.023 Te1 0 0

Figurc 111. Heading Printout and Sample Data for ARPA1 (Continued)
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TIME= 1200

H=E 1
H-E 2
HE 3
HWE 4
WE S
T-L 1
L 2
-L 3
T-A 1
A 2
J-T/L1Q
TIME= 2200
H-E 1
H-E 2
HE 3
HE 4
H-E 5
T-L 1
T-L 2
=L 3
T-A 1
T-A 2
J=T/L10
TIME= 3200
H-E 1
H-E 2
HE 3
HE 4
HE 5
T-L )
T-L 2
L 3
T-A 1
A 2
J-T/LIQ
TIME= 4200
H-E 1
H-E 2
HWE 3
HE 4
H-E S
T-L 1
L 2
L 3
T-A 1
T-A 2
J-T/L1Q

312.066
317.243
319.103
321.97
335.

321.82
318.141
321997

283.715
268.556

321.852

307.482
312.572
316.833
321.883
335,

321.419
313.461
321.986

279386
268.547

3214465

303,245
308.068
314.665
3214745
335

320.881
308.907
321.964

275415
268.529

320.941

299.285
303.822
312.589
321.562
335

320.221
304.603
321.929

271.145
26845

320.292

321.085
312.066
3)17.243
319.103
321.97

321.952
318.202
321.999

1.92895
4.1371

Te1

320.183
307.482
312.572
316.833
321.883

321.715
313.522
321.995

1+94326
4.13717

Te1

319.211
303.245
308.068
314.665
321.745

321.318
308.965
321.983

195758
4.1373

7.'

318.166
299.285
303.822
312.589
321.562

320.781
304.658
321.96

1.97142
4.13752

Tel

321.852
309.229
314.701
303.986
320.985

322
322
322

79.311
72.8155

0

3214465
304.781
310.068
302.434
320.189

Jee
3a2
322

79.2092
72.8151

0

320.941
300.715
305687
300.897
319.422

Ja2
3e2
Ja2

79.1075
72.8143

0

320.292
296.922
301574
299.415
318.677

322
3a2
322

79.0095
72.8131

0

3164161
314.701
32022

320.985
323.051

6.28504 E-4
6.16998 E-2
2.72323 E-4

349.066
1157.96

0

311.712
310.068
317937
320.189
323.91

3.77279 E-3
0.137723
2.3181 E-3

348.169
1157.94

0

307.764
3054687
315.681
319.422
324.703

9.02759 E-3
0.211757
0.007699

347.276
1157.92

0

304.079
301.574
313.516
318.677
325.437

1.61262 E-2
0.281724
1.76758 E-2

346.416
1157.88

0

Figure 111. Heading Printout and Sample Data for ARPA1 (Continued)
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SAMPLE PRINTOUT -- ARPA2

Figure 112 is a reproduction of data taken near the end of the transient
cooldown run.

At tuis point (Time = 314,710 seconds) the point of liquefication is just
"eing reached, and the Joule-Thomson valve flow control is at the point of
switching to normal (uncontrolled flow). A time step of 0.1 second is being
used, and printout occurs at intervals of 120 steps (12 seconds).

PROGRAM LISTNGS

ARPA1 PROGRAM

Figure 113 is a complete listing of the ARPA1 model program,.

ARPA2 PROGRAM

Figure 114 crntains a portion of the listing for the ARI’A2 model program.
This portion contzias the specifi ~ation of initial conditions. The remainder
of the program is identical to the ARIPPAl listing in Figure 113.




ARPA 'TRANSIENT REFRIGERATOR M@DEL
ARBITRARY START (ARPA2)

TIME= 314710

H-E
H-E
A-E
H-E
H-E

NbWN -

T-L
T-L
T-L

WN -

T-A 1
T=A 2

J=T/L1@
TIME= 314722

H-E
H-E
H-E
H-E
H-E

NHWN -

T-L
T=L
T-L

WN -

T=-A
T-A 2

—

J=T/sL14

TIME= 314733

II?II
mEmemm
vYh WO -—

T-L 1
T-L 2
T-L 3
T-A 1
T-A 2
J=-T/L1Q

13.8483
16.9121
108.541
125.214
335

4.41793
17.0205
129.49

137763
105.635

4.418717

13.8465
16,9106
108.535
125.207
335

4e4
17.019
129.483

13.775
105.628

4.4

13.8473
16.92
108.529
125.201
335

4e4
17.0266
129476

13.7812
105.623

404

625855
13.8483
16.9121
108.541
125.214

404943
172073
130597

83456
652385

355

624631
13.8465
1649106
108.535
125.207

4.49077
17.205
130.59

8.34598
6452404

3.54078

6424704
13.8473
16.92

108.529
125.201

4.48819
172107
130.583

8.34413
652421

3.5406

4.41877
13.7232
14.6882
106+ 46

119.16%

3a2
3a2
322

50.306
61.0917

0

4e4

13.7217
14.6864
106.454
119.156

322
322
322

50.3049
61.0909

2.49769 E-3

404

13.726
146879
106 ¢ 449
119.149

322
322
322

50.3102
61.0902

8.25501 E-3

13.5984
14.6882
106.913
119.162
331.757

4.20006
4.95133
B84.3446

140.44
815.096

0

135959
14.6864
106.907
119156
331.757

4.20011
4.95135
84.3476

140.434
815.076

Te14274 E-4

13.595S
14.6879
106.903
119.149
331756

4.20014
4.95127
84.3507

140¢464
815.057

B.74099 E-2

Figure 112. Transient Cooldown Sample Data for ARPA2

175




TIME= 314745

H-E 1 13.8519 624793 4.4 135966
HE 2 16+9295 13.8519 13.7217 14.6935
HE U 108.523 169295 14+6 )35 106.899
HE 4 125.194 108.523 106 + 445 119.143
HE S 335 125+194 119143 331756
T-L 1 4.4 4.48648 322 4.20016
T-L 2 17.036 17.21917 322 4495113
T-L 3 129469 130.576 322 8443537
T-A 1 13.7888 8.34183 503168 140.5 |
T-A 2 1054617 652438 61.0895 815.038
J-T/L1@ 4.4 3.54035 9.36468 E-3 0.193739
TIME= 314757
H-E 1 13.8578 6.24854 4.4 13.5993
HE 2 169389 13.8578 13.7378 14.7004
HE 3 108.518 169389 14.7004 106.896
H-E 4 125.188 108.518 106.44 119+136
HE S 335 125.188 119.136 3314755
T-L 1 4.4 4.48535 322 4 20018
-L 2 17.0454 17.2291 322 4.950917
T-L 3 129.462 13057 322 84.3567
T-a 1 13.7965 8+33953 50.3234 140.537
T-A 2 105.611 6452455 61.0888 815.019
| J-T/L18 4.4 3454017 1.00148 E-2 0.31042
TIME= 314769
H-E 1 13.8641 624897 4ed 13.6032
H-E 2 16.9478 13.8641 13.7442 14.7075
H-E 3 108.512 16.9478 14.7075 106.892
H"E 4 125.181 108.512 106.436 119.13
HE 5 335 125.181 11913 331.755
T-L 1 4.4 4.48461 3ep 4420019
T-L 2 17.0545 17.2332 322 4.95082
L 3 129.456 130.563 322 84.3597
T-A 1 13.8039 8.33732 50.3297 140.573
T'A 2 105-606 6052413 6]-088' KiDe
J=T/L1Q 4.4 3.54005 1.03591 E-2 0.432927
TIME= 314780
H-E 1 13.8704 624927 bded 13.6079
HE 2 169562 13.8704 13.7504 14.7147
H-E 3 108.506 169562 14.7147 106.888
H-E 4 1254175 108506 106.431 119.124
H-E 5 335 125.17% 119.124 331.754
T-L 1 4.4 4.45412 3ee 4.2002
T-L 2 17.063 17.2468 322 4.95068
T-L 3 129.449 130.556 322 84.3628
T-4 1 13.8108 8033524 90.3357 140.606
T-A 2 105.6 645249 61.0874 814.981
J-T/LIQ 4.4 3.53997 1.05038 E-2 0.558272

Figure 112, Transient Cooldown Sainple Data for ARPA2 (Continued)}
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TIME= 314792

H-E 1 13.8766 624949 4.4 13.613
H-E 2 16.9638 13.8766 13.7564 14.7215
H-E 3 10845 16.9638 14.7215 106.885
H-E 4 125.168 108.5 106 .427 119117
HE S 335 125.168 119.117 331.754
T-L 4o 4 4.48379 322 42002
ko T-L 2 17.0708 172548 3e2 4.95055
] T-L 3 129.442 130549 322 843658
; T-A 1 13.8171 8.33334 50.3412 1404637
3 T-A 2 105.594 652507 61.0867 8144962
i J~T/L.1@ 4.4 3.5399 0.01052 0.684515
i TIME= 314804
H-E 1 13.8824 6424966 4.4 13.6184
HE 2 169708 13.8824 13.7621 14.7279
H-E 3 108.494 16.9708 14.7279 106.881
H-E 4 125.162 108.494 1064422 119.111
: H-E 5 335 125.162 119.131 331.753
4 T-L 1 ded 4.48358 322 4.2002
T-L 2 17.0779 17.2622 322 4.95044
T-L 3 129.435 130.542 322 54.3688
T-A 1 13.8229 8.3316 503461 140.664
: T-A 2 105.589 6.52524 61.0859 814.943
1 J=-T/L1IQ 4.4 3.53986 0.010456 0.810428

Figure 112, Transient Cooldown Sample Data for ARPA2 (continued)
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00010 PRINT “ARPA TRANSIENT REFRIGERATOR M@DEL'’

00020 PRINT "AMBIENT START CARPA1)"

00030 PRINT 3
00040 PRINT -
00050 READ N1»N2,N3,N4 )

00060 READ TO»U1

00070 READ NS 5
00080 IF N5=0 THEN 190 ,
00090 PRINT °**HEAT EXCHANGERS ==" N1 4

00100 PRINT *THERMAL LOADS =-=* N2 g -
00110 PRINT *“TURB@-ALTERNATORS -=" N3

00120 IF N4=0 THEN 140

00130 PRINT "J-T VALVE/LIQUEFIER" 3
00140 PRINT 9

3 00150 PRINT *"AMBIENT TEMPERATURE~-''T0" DEG K" *

1 00160 PRINT "INITIAL TIME STEP=="U1" SECDWDS"

g 00170 PRINT "TIME STEP ADJUSTED SETWEEN 0.1 AND 100 SEC DURING RUN" 4
00180 PRINT {
0Ci90 FOR I=1 TO NI
00200 F@R J=1 TO 2
00210 READ K(J»1I)

00220 NEXT J

00230 IF NS=0 THEN 270

00240 PRINT °**HEAT EXCHANGER ''1
00250 PRINT “Ki="K(1,1),"K23"K(2,1)

: 00260 PRINT -

)| 00270 NEXT 1

i 0C280 FOR I=1 TO N2

g 00290 FOR J=3 TO 7
R 00300 READ K(J»1)

00310 NEXT J

] 00329 IF NS5=0 THEN 370
] 00330 PRINT *THERMAL LBAD *'I,"TYPE "K(7,1) !

00340 PRINT "K3="K(3,1),"K4="KC(4s1),"K5=2"K(S5, 1) 1
00350 PRINT "K6="K(6,1)
09360 PRINT i
~ 00370 NEXT 1 :
- 00380 FOR I=1 TG N3 ‘
00390 FOR J=¢ Td 12
00400 READ K(J» 1)
00410 NEXT J
00420 IF N5=0 THEN 470 i
00430 PRINT "THMRBO~ALTERNATOR "1 ,
a 00440 PRINT "K8="K(B, 1), "K9="K(9,15,"K10="KC10,1)
3 00450 PRINT **K11="KC11,1),"K12="K(12,1)
E 00460 PRINT

00470 NEXT I

00480 IF N4=0 THEN 560

0C 490 FOR J=13 T 18

00500 READ K(¢J»1)

00510 NEXT J

00520 IF N5=0 THEN S70

00530 PRINT ""J~T VALVE/LIQUEFIER"

O 173 o

i Figure 113. Complete Listing of ARPA1 Program
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00540 PRINT “K13="K(13,1),"K14="KC(1451),"K155"K(15,1) 3
00550 PRINT “K16="KC1651),"K17="K(1751),"K18="K(18,1) |
00560 PRINT k-
00570 F@R Z=1 TP 2

00580 READ C(15Z)»C(25Z35C€352)»CC4s2)2CC522)5CC65Z)5CCT»2)»C(852)

00590 NEXT Z

00600 REM INITIAL CONDITI®ONS

00610 REM PRINT CONTROL

00620 LET I11=1C

00630 REM INITIAL TIME

00640 LET U=0

0U650 REM H-E TEM?

00660 FOR I=1 T@ NI

00670 F@R J=1 TB 6

00680 LET TCJ,I)=TO :
00690 NEXT J ]
00700 NEXT I .
00710 FOR I=1 T@ N’

00720 F@R J=1 T@ 2

00730 LET ECJ,1)=1688.10

00740 NEXT J

00750 F@R J=3 TO 4

00760 LET ECJ,1)=1687.64

00770 NEXT J §
00780 NEXT I ‘

00790 REM ADDITIGNAL H-E IC

00800 REM ADDITIONAL H=-E IC

00810 REM ADDITI@NAL H-E IC

00820 REM ADDITIONAL H-E fC i
C0B30 REM ADDITIONAL H-E IC |
00840 REM ADDITISNAL i=E IC

00850 REM ADDITi@NAL H-E IC

00860 REM ADDITIONAL H-E IC

00870 REM ADDiiI@NAL H-E IC

00880 REM ADDITIONAL H-E IC

00890 REM T-L TEMP & @

00900 FOR I=i T@ N2

00910 F@R J=8 T@ 10

00920 LET T(J,1)=TO

00930 NEXT J

00940 LET Q(¢JI)=0

009506 NEXT 1

00960 LET I=1

00970 FOR J=7 T9 8

00980 LET E(J»1)=1687.64
00990 NEXT J

01000 FBR 1=2 TP N2

01010 FOR J=7 TO 8

01020 LET ECJ»1)=1688.10
01030 NEXT

01040 NEXT 1

01050 REM ADDITIONAL T-L IC
01060 REM ADDITIBNAL T-L IC

Figure 113. Complete Listing of ARPA1 Program (Cc.uatinued)




01070 REM T-A TEMP,SPEED,POWER, TGRQUE,MASS FLOW
01080 F@R I=1 T@ N3
01090 FBR J=11 TO 12
01100 LET TC¢JoI1)=TO
01°'0 NEXT J
91120 LET W(1,1>=0
01130 LET P(CI)=0
01140 NEXT 1
01150 LET L(0,1)=5.32416
01160 LET L(0,2)=23.8292
01170 LET M(C451)=1.91874
01180 LET M(4,2)=4.13709
01190 REM ADDITIONAL T-A IC
61200 REM ADDITY@NAL T=A IC
01210 REM J-T/LIQ TEMP,ENTHMALPY,MASS FLOW
01220 LET TC14,1)=T0
01230 LET T(15,1)=TO
01240 LET M(S5,13=T.1
01250 LET MC6,1)=7.1
01260 LET M(7,1)=0
01270 LET M(8,13=0
01280 LET E(251)=1688.10
01290 LET E(851)=16B7.64
01300 LET Y0=0
01310 LET Y8=0
01320 REM ADDITIONAL J-T/LIQ IC
0133C REM ADDITIONAL J-T/LIQ IC
01340 REM CHECK F@R CONSISTENT INTERCECNNECTIONS
01350 GASUB 4610
01360 F@R J=1 TO 2
01370 FOR I=1 T@ NI
01380 LET NCJ»I)=MCJ» 1)
01390 NEXT I
01400 NEXT J
01410 REM SPECIFY RUN TYPE
01420 IF NS=0 THEN 1780
01430 PRINT "CO@LDOWN FROM AMBIENT TEMPERATURE®
01440 PRINT "CONSTANT PRESSURE 3.8/1.18 ATM"
01450 IF N4=0 THEN 1500
. 01460 PRINT "WITH LIQUEFIER"
> 01470 PRINT "CUNTROLLED J-T VALVE=-=M=7.10 FOR TEMP AB@VE 50
01480 PRINT ** ==M=3+55 FOR 50 TO 6.25"
01490 PRINT ==No CONTROL BELOW 6.25"
01500 PRINT
01510 PRINT
01520 PRINT
01530 PRINT
01540 PRINT
. 01550 PRINT

g 01560 PRINT "TIME--SECONDS"

01570 PRINT ""T=TEMPERATURE--DEG K"

: 01580 PRINT "Q=HEAT FLOW--WATTS"
3 01590 PRINT "M=MASS FLOW--GRAMS/SEC"

IFigure 113. Complete Listing of ARPA1 Program (Continued)
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01600 PRINT "W=SHAFT SPEED--RPM%1000"
01610 PRINT '"P=PROWER--WATTS"

01620 PRINT

01630 PRINT

01640 PRINT “TIME"

01650 PRINT

01660 PRINT "H=E'"»"T1°',*T2","T3","T4"
01670 PRINT

016‘0 PRINT '.T-L'.’"TB"’ .'Tg""l‘rlo'l"l@ll
01690 PRINT

01700 PRINT "T=A","T12%,"M4", "W "P"
01710 PRINT

01720 IF N4=0 THEN 1750

01730 PRINT "u=T/L1@",""T14",""M5","MT7","ME"
01740 PRINT

01750 PRINT

01760 PRINT

01770 PRINT

01780 IF I1<10 THEN 1980

01790 REM PRINT PRESENT STATE

1800 PRINT "TIME=""U

L1310 PRINT

0.:820 FOR I=1 TO NI

01830 PRINT "H-E "I1»TC1,1),TC2,1),T(351),TC451)
01840 NEXT I

01850 PRINT

01860 FOR I=1 TOQ N2

01870 PRINT "T-L "1,TC(B»1)>T(9,1),TCi10,1),0CI)
01880 NEXT 1

01890 PRINT

01900 FOR I=1 TO@ NJ

01910 PRINT "T=A "I,TC12,1),MC4,1),W(1,1),PCI)
01920 NEXT I

01930 PRINT

C1940 IF Na=0 THEN 1970

01959 PRINT "J=-T/LIQ"»TC14,1)5MC(5,1),MCT51)2,M(8,51)
C196C PRINT

01970 LET I1=0

01980 REM HEAT EXCHANGER CALCULATI®ON
01990 GOSUB 2140

C2000 REM THERMAL LOAD CALCULATI®N

02010 GO SUB 2800

02020 REM TURBO-ALTERNATOR CALCULATI®N
02030 G@sSuB 3470

02040 IF Na=0 THEN 2090

02050 REM J-T VALVE CALCULATION

02060 GOSUB 3620

02070 REM LIQUID ACCUMULATOR CALCULATI®N
02080 LvUSUB 3900

02090 ~EM MISCELLANEOUS TIME FUNCTIONS
021069 GJISUE 4400

02110 ReM INTERCONNECTIONS

02120 GUSUR 4610

IFigure 113.

Complete Listing of ARPA1 Program (Continued)
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02130
02140
02150
02160
02170
02180
02190
G2200
02210
02220
02230
02240
02250
02260
02270
02e80
02290
02300
02310
02320
02330
02340
02350
02360
02370
02380
02390
02400
02410
02420
02430
02440
02450
02460
02470
02480
02490
02509
02510
02520
02530
02540
02550
02560
02570
02580
02590
02600
02610
02620
02630
026 40
02650

G® TO 1780

REM HEAT EXCHANGER SUBROUTINE

FOR 1=1 TO N)

IF M(2,1)=0 THEN 2610

FeR J=1 T3 2

LET Z=1

GASUB 4250

NEXT J

FOR J=3 T@ 4

LET Z=2

GosuB 4250

NEXT J

IF ABSCTC(1,1)-T(2,1))<.01 THEN 2280

IF ABS EC1,1)-EC2,1))<+.01 THEN 2280

LET NCLI)=MCLL I *CCECIL I)=EC2, 1)) /CTC1, 1) =TC2, 1)) /5.2
IF ABS(T(4,1)-T(3,1))<.01 THEN 2310

IF ABSCE(C4-1)-E(3,1))<.01 THEN 2310

LET NC2o 1)=M(2, I)*(CEC4, 1)=EC35 1)) /CTCas1)=TC3,1)))/5.2
IF ABSC(NC2,I1)-NC1,1))<.001 THEN 2430

IF NC2,1)>NC1,1I) THEN 2380

LET A=KC1,I)%(1/NC2,1)-1/NC2-1))

LET B=1-(NC2,1)/NC1,1))*EXP(-A)

LET C=14(NC2,1)/NC1,1))

LET D=31=(NC2,I)/NC1,1))

GO TO 2450

LET ASKC1,I)*C1/NC2,1)-1/NC1,1))

LET B=1-(NC1,I3/NC2,1))*EXP(A)

LET C=1+(NC1,1)/NC2,1))

LET D=21-(NC1,1)/NC2,1))

GO To 2500

LET A=KC1,1)/NC1,1)

GO T 2550

LET F(2:I)=(D*T(lal)¢(I-EXP(-A))*(C-I)*T(S:I))/B

LET F(4ol)=((l-EXP(-A))*T(lol)*D*EXP('A)*T(So!))/B
LET F(Sol)=((I-oS*C*EXP(-A))*T(lol)*oS*D*EXP(-A)*?(SoI))/B
LET F(6ol)=(o5*D*T(loI)+(.5*C'(C-I)*EXP(-A))*T(3:I))/B
Go T@ 2650

LET F(aoI)=(D*EXP(A)*T(I:I)#(I-EXP(A))*T(G:I))/B

LET F(4al)=((l-EXP(A))*(C'I)*T(lol)+D*T(3:l))/B

LET F(5;I)=((-5*C-(C'I)*EXP(A))*T(lal)*-S*D*T(SaI))/B
LET F(6ol)=(o5*D*EXP(A)*T(IaI)*(I-.S#C*EXP(A))*T(SoI))/B
GO T 2650

LET B=1+A

LET FC2,1)=C(TC1,1)+A%T(3,1))/B

LET FCA I)=CA%TC1,1)+TC3,1))/B

LET FCSoI)=CCeS+A *TC1,1)+45%T(3,1))/B

LET FC6o1)%CeS*TCLoI)+Co54A)%T(3,1))/B

G® TO 2650

FOR J=2 TO 6

LET FCJoI3=TC1,1)

NEXT J

GO TO 2650

LET FCloI5=TC1,1)

Figure 113. Complete Listing of ARPA1 Program (Continued)
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02660 LET F(3,1)=T(3,1)

02670 LET H(1,1)=0

02680 LET H(3,1)=n

02690 LET H(2,1)=K(2,1)%TO/T(6,1)

02700 LET HC4,1)=K(2,1)%TO/T(5,1)

02710 LET H(S,I)=H(4,1)

02720 LET H(6,1)=H(2,1)

02730 NEXT 1

02740 FOR 1=1 T@ NI

02750 FOR J=1 T@ 6

02760 LET TC(Jo1I)=TCJo 1) +ULIRHCJL 1IRC(F(J21)~T(Jr 1))
02770 NEXT J

02780 NEXT 1

02790 RETURN

02800 REM THERMAL LOAD SUBRGUTINE

02810 FPR 1I=1 TO N2

02820 IF I=1 THEN 2880

02830 FOR J=7 TO 8

02840 LET Z=1

02850 GOSUB 4250

02860 NEXT J

02870 G2 TO 2920

02880 FOR J=7 TO 8

02890 LET Z=2

02900 GASUB 4250

02910 NEXT J

02920 IF T(8,I1)-T(7,1)<«01 THEN 2940

02930 LET K(S»I)=C(E(B8,1)-Ci /s 1))/(T(B,1)-T(7,1))
02940 IF TC(T7»1)>KC15,1) THEN 2960

02950 60 Te 3270

02960 LET A=K(3,1)/(M(3,I)%K(5,1))

02970 LET B=EXP(-A)

02980 LET C=1-B

02990 LET D=M(3,1>%K(S,1)*C

03000 LET E=K(6,1)/D

03010 IF K(7,1)=0 THEN 3210

C3020 IF %{7,1>=1 THEN 3150

C3030 LET EI=E#*TC10, 1) t4-E4F(9,])1t4+T(7,1)-F(9,1)
C3040 LET E2=1+4%E*F(9,]1)¢3 '

03050 LET X=F(9,I)+EI1/E2

03060 IF ABS(X-F(9,1))<1E-5 THEN 3090

03070 LET F(9,1)=X

03080 G2 T@ 3030

03090 LET F(9,1)=X

03100 LET H(9,1)=K 4, 1)%D*TO/T(9,1)

03110 LET TC€9,1)=TC9» 1)+U1%H(9, I)*(F(9,1)=-T(9,1))
03120 LET T(B,I1)=T(75,1)%B+T(9,1)%C

03130 LET @0CI)=K(6,1)%(TC10,1)14-T(9,1)14)
03140 G4 TO 3450

03150 LET F(9,1)=(KC6,I)*TC10, 1)+DxTC751))/C(K(651)+D)
03160 LET H(9,1)=(K(6,1)+D)RKCA, 1)*TO/T(9,1)
03170 LET TC9,I)=TC(9, 1)+UI*H(I» 1) *(F(9,1)-T(9,1))
03180 LET T(8,1)=T(7,1)%B+T(9,1)aC

FFigure 113, Complete Listing of ARPA1 Program (Ccncinued)
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03190
03200
03210
03220
03230
03240
03250
03260
03270
03280
03290
03320
Q3310
03320
03330
03340
03350
03360
03370
03380
03390
03400
03410
03420
03430
03440
03450
03460
03470
03480
03490
03500
03510
03520
03530
03540
03550
02560
03570
03580
0359¢
03600
03610
03620
03630
03640
03650
03660
03670
02480
03690
03700
03710

LET QCIX=K(6,1I%(TC10,1)=-T(9,1))

GO T@® 3450

LET FC9,I)=T(7,1)+QC1)/D

LET H(9,1)=D%KC4»1)*TO/T(S»1)

LET TC95 I)=TC(9 I)+UL*HC» ID)%(F(951)=T(951))
LET TC(8,I)=T(7,1)*B+T(9,1)*%C

LET TC10,1)=T(9,1)+QC1)/K(6,1)

GA TO 3450

LET Y8=YT7-K(3,I)%(TC95 I)=KC1551))/CMC3, I)*#CECT,1)2=-KC1751)))
IF Vo< THEN 3300

GO TO 3410

LET Z1=M(3, I)*%CECT,1)-KC(1751)2%YT/CKC3,1)%CTC951)=K(15512))
LET A=K(3,1)%C(1=-Z1)/(M(3,1)%K(S,1))

LET B=EXP(-A)

LET C=M(3, II*K(S, IX*C(TC(951)=KC15,1))%C1-B)
LET X=KC{4r I1)%(K(6,1)%C(TC105,1)=TC9,1)))

LET D=X=K(4, I)*C(KC(3,1)%Z1%(T(9:5)=KC155,1))+C)
LET TC951)=T(9,1)+D*U1*TO/T(9, )

LET TC(BoI)=T(9,1)=CTC(9»I)~K(15,1))%B

LET QCIX=K(6,1)*%C(TC105,1)-T(9,1))

LET Y8=0

GO TO 3450

LET A=K(A» I)*C(KC6, 1% C(TC10,1)=TC95 1)) =K(3,ID*CTC9»1)=KC15,1)))
LET TC9,1)=T(9,1)+A%U1%*TO/T(9,1)

LET T(3,1)=K(15,1)

LET Q@CI)=K(6,1)%(TC10,1)-T(9,1))

NEXT I

RETURN

REM TURBO-ALTERNATOR SUFRGUTINE

F@R I=1 TO N3

LET MC4, 1)2K(8,I)/SQR(TC11,1))

LET WC0,I)=K(9, I)*SQRC(TC(11,1))

LET LC1,1)=LC0s I)*%C1=WC1,1)/WC0,1))

IF U<100 THEN 3550

LET WC1,1)=WC0, I1I%LC021)/CKC105 1) «WC0s ID+LCO5 1))
GO To 3580

LET L(2,1)=KC1051)%WC1,1)

LET LC3,1)=2K(12,1)%(LC1,1)-LC2,1))

LET WCl, 1 =WC1,1)+U1%LC3,1)

LET PCI)SLC1, D)*WC1, 1)

LET TC12,10=TC11,1)=-KC11, 1)%PCI)/MC4,1)
NEXT I

RETURN

REM J-T VALVE SUBROUTINE

IF TC13,1)>6.25 THE!N 3660

LET M(5,1)=KC18,1)/SQRC(T(13,1))

Go To 3710

IF TC13,1)<K(13,1) THEN 3700

IF M(5,1)<K(14,1) THEN 3700

LET M(5,1)=K(14,1)

Ge T@ 3710

LET M(S:i)=K(l4,1)/2

LET 1I=]

Figure 113, Complele Listing of ARPAl Program (Continued)
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03720 LET J=13

03730 LET 2=2
03740 G@SUB 4320
03750 IF FC13,1)>KC15,1) THEN 3860
03760 LET TC15,1)=KC15,1)
03770 LET I=1

, 03780 LET J=15

4 03790 LET z=2

4 03800 GOSUB 4250
03810 LET YO=CEC15,1)=EC13,1))/CEC1S,1)=KC1751))
03820 IF YO>1 THEN 3840
03830 GO T@ 3890
03840 LET YO0=1
03850 G@ T@ 3890
03860 LET TC15,1)=FC13,1)
03870 LET EC15,1)=EC13,1)
03880 LET Y0=0
03890 RETURN
03900 REM LIQUID ACCUMULAT@R SUBROUTINE
03910 LET I=1
03920 LET J=18
C3930 LET z=2
03940 GOSUB 4250
03950 IF Y1>0 THEN 4080
03960 IF M(851)>0 THEN 4010

03970 LET TC14,1)=T(18,1)
[ 03980 LET EC14,1)=EC18,1)

;- 03990 LET Y=0

3 04000 G@ TO 4140

04010 LET TC14,1)=KC15,1)

04020 LET I=1

04030 LET J=14

Na040 LET Z=2

04050 GOSUB 4250

04060 LET Y=CEC18,1)-EC12,i))/7CKC17,1)-EC(14,1))

o 04070 G@ TO 4140
04080 LET TC14,1)=K(C15,1)
04090 LET I=1
04100 LET J=14
04110 LET Z=2
04120 G@SUB 4250
04130 LET Y=YI1
04140 LET MC7,1)=Y%M(9,1)
04150 LET MC&,1)=M(951)=MCT,1)
04160 LET M(8,1)=M(8,1)+M(7,1)*Ul

i 04170 IF M(8,1)<0 THEN 4190

04180 GO T@ 4240
04190 LET TC14,13=TC18,1)
04200 LET EC14,1)=EC18,1)
04210 LET M(6,152=M(9,1)
04220 LET M(C7,1)=0

p 04230 LET M(8,1)=0

: 04240 RETURN

Figure 113. Complete Listing of ARPA1 Program (Continued)
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04250
04260
04270
04280
04290
04300
04310
04320
04330
04340
04350
04360
04370
04380
04390
04400
04410
04420
04439
02440
94450
04460
04470
04480
04490
04500
04510
04520
04530
04540
04550
04560
04570
04580
04590
04600
04610
04620
04630
04640
04650
04660
04670
04680
04690
04700
04710
04720
04730
04740
04750
04760
04770

REM TEMP TO® ENTHALPY SUBROUTINE
IF TC¢J»1><C(5,Z) THEN 4300

LET V=C(CC4,Z)/C(3,2Z))t2)%CCTCJs1)-CC1,2))12)-CC4s2) 12
LET ECJs1)=C(2,2Z)+C(8sZ)+SQRCV)
G@ TV 4310

LET ECJr1)=CCTsZ)%(TCJs1)~C(6,2))
RETURN

REM ENTHALPY T@ TEMP SUBROUTINE
IF ECJoI)<C(7,Z)%CC(5,2Z)~C(652)) THEN 4380
LET E3=E(J»1)-C(8,2)

LET V=C(3,Z)12+((E3~C(2,2))12)/CCCC4,2)/C(352Z)) 12)
LET F(Js1)=C(1,Z)+SQRCV)

GO TO 4390

LET FC(JrI)=C(62,Z)+ECJ,1)/C(T523
RETURN

REM MISCELLANE®US TIME FUNCTION SUBRGUTINE
LET U=U+U1

LET Il=1i+1}

LET TC1,5)=TO+13%(1-EXP(~U’60))
IF TC1,1)>15 THEN 4470

LET Ul=2

GO TO 4600

IF TC1,1)>60 THEN 4500

LET Ul1=10

GO TO 4600

IF TC1,1)>120 THEN 4530

LET Ul=20

Ge TO 4600

IF U<100 THEN 4560

LET ul=100

G8 T 4600

IF U<10 THEN 4590

LET U1=10

GO TO 460C

LET Ul=1

RETURN

REM INTZRCONNECTION SUBROGUTINE
REM MASS FLOW RELATIONS

LET MC1,1)=M(5,1)

LET MC1,2)2M(5,1)

LET MC1,3)3M(5,1)+MC4,1)

LET MC1,4)=M(55,1)+MC4,1)

LET MC1,5)=M(551)+4MC4,1)+M(4,2)
LET M(2,1)2M(651)

LET M(2,2)=M(621)+MC4r0 1)

LET M(25,3)=M(6,1)+MC4,1?

LET M(2,4)=M(651)+MC4s1)+M(4,2)
LET MC2,5)2M(6,1)+MC4s1)+MC4,2)
LET M(3,1)=M(5,1)

LET M(3,2)=M(4,1)

LET M(3,3)=MC4,2)

LET M(Y»1)=M(5,1)

REM TEMPERATURE RELATIONS

FFigure 113. Complete Listing of ARPA1 Program (Continued)
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04780
N4T90
04800
04810
04820
04830
04840
04850
04860
04870
04880
04890
04900
04910
04920
04930
04940
04950
04960
04970
04980
04990
05000
05010
05020
05030
05040
05050
05060
05070
05080
05090
05100
05110
05120
05130
05140
05150
05160
05170
05180
05190
05206
05210
05220
05230
05240
05250
05260
05270
05280
05290
05300

LET TC1,1)=TC2,2)

LET TC1,2)=T(2,3)

LET TC153)=T(2,4)

LET TC12,4)=T(2,5)

LET TC(351)=TC14,1)

LET TC3,2)=CMC2,1)%TC451)+MC451)%TC1251))/CM(25,1)+M(451))
LET T(3,3)=T(4,2)

LET TC35,4)=2(MC25,3)%T(4,3)+M( 423 %T(12,2)3/(M(2,3)+M(4,2))
LET T¢(3,5)=T(4,4)

LET TC721)=T<C15,1)

LET TC7,2)=T(2,3)

LET TC753)=T(2,5)

LET TC11,1)=T({122)

LET TC11,2)=T(E,»3)

LET TC13,1)=T(2s1)

LET TC185,1)=T(8Bs1)

REM ENTHALPY RELATIONS

LET EC13,1)=E(2,1)

LET EC18,1)=E(8,1)

REM LIGUID FRACTION RELATIONS

LET Y7=YO

LET Yi=YS8

RETURN

DIM K(20,10)

DIM T(C20,10)

DIM EC20,10)

DIM F(205,10)

DIM H(20,10)

REM NUMBER BF H-E»T-L»T-A»J-T/LIQ
DATA 5,3,2,1

REM AMB{ENT TEMP, TIME STEP

DATA 32:2,1

REM N5=1 F@OR HEADINGS» =0 F@R DATA ONLY
CATA 1

REM Kl1,K2 FOR £ACH HEAT EXCHANGER
DATA 46.5251, 00166371

DATA 15-9946, «00589669

DATA 560.522,.00186335

DATA 64.8278,.000158718

DATA 1160985 0000757461

REM 1K3,K4,KS»K6sKT FOR EACH THERMAL LO@AD

DATA 5055, .00000952672s5¢19, 013228351

DATA 20.93955+00054908155.19,0162449,1

DATA 53.58995 «0000037426455¢195 « 4406655 1

REM K8,k9,K10,K11,K12 FOR EACH TURB®-ALTERNATER
DATA 34.4306,25.635650605549475 1927895900987

DATA T4.2374512:19895 218396519093 75 «228942

REM K13,K14sK15,K16sK17oK18 FOR J-T VALVE/LIQUEFIER
DATA 5057 e154¢4,05,10:9658+.8494

REM C1,(25sC3,C45C5»C6,C75C8 FOR EACH T-H FUNCTI®@N
DATA «8414227,21.530455:22598527.122856¢155¢497385,40.5405,0

DATA 2¢(853518¢90175,2+18996511¢374654¢3,3.5202,35¢6099,7+1523
END

Figure 113. Complete Listing of ARPAl Program (Continued)
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00540
00550
00560
00570
00580
00590
00600
00610
00620
00630
00640
00650
00660
00670
00680
00690
00700
00710
00720
00730
2740
00750
00760
00770
00780
20790
00800
00810
00820
00830
00840
00850
00860
00870
00880
00890
00900
00910
00920
00930
c0940
00950
00960
00970
00980
00990
01000
01010
01020
01030
01040
01050
01060

sk i e il

PRINT "K13="K(13,1),"K14="K(14,1),"K15="K(15,1) '
PRINT "K16="K(1651),"K17="K(17,1),"K18="K(18,1) ¢
PRINT T
FOR Z=1 TO 2
READ CC15Z)5C(25Z)5CC352)5CCA»Z)2C(552)5C(652)5C(T75Z)5C(Bs2Z)
NEXT 2Z
REM INITIAL CONDITI@NS
REM PRINT CONTROL
LET I1=i20
REM INITIAL TIME ;
LET U=314710 1
REM H-E TEMP ”
LET TC1,5)=335 1
LET T(2,1)=6.25855 E
LET T(2,2)=13.8483 '
LET T(2,3)=m16.9121
LET T(2,4)=108.541
LET T(2,53=125.214
LET T(4,13=13.5984
LET TC(4,2)=14.6882
LET TC4,3)=106.913
LET TC4,4)=119.162
LET TC4,5)=331.757
LET T(S»1)=13.7234
LET T(5,23=15.8002
LET T(5,3)=107.727
LET T(5,43=122.188
LET T(5,5)=333.378 -
LET T(6,1)=5.33866 '
LET T(C6+,2)=13.7858 ]
LET T(6,3)=15.8002
LET T(€65,43>=107.500
LET T(6,5)=122.188
REM ADDITI@NAL H-E IC
REM ADDITIO@NAL H-E IC
REM T-L TEMP & @
LET T(8s,13=4.41/93
LET T(8,2)=17.0205
LET T(8,3)=129.490
LET T(951)=40.49430
LET T(9,2)=17.2073
LET T¢%»37=130.597
LET TC10-1)=322 f
LET TC10,2)=322 4
LET TC10,3)=322 i
LET @C1)=4.20006
LET 8¢2)=4.95133 1
LET Q¢3)=84.3446 i
REM ADDITI@NAL T-L 1IC
REM ADDITIGNAL T-L 1IC
REM ADDITI®NAL T-L IC }
T-L
T-L

S

REM ADDITIONAL IC 1
REM ADDITIONAL ic

Figure 114, Partial Listing of ARPA2 Program
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01070
o1080
01090
01100
01110
01120
01130
01140
01150
01160
01170
01180
01190
01200
01210
01220
01230
01240
01250
01260
01270
01280
01290
01300
01310
01320
01330
01340
01350
01360
01370
01380
01390
01400
01410
01420
01430
01440
01450
01460
01470
01480
01490
01500
01510
01520
01530
01540
01550
01560
01570
01580
01590

REM T-A TEMP:SPEED:P@WER:TﬂRQUE:MASS FLOW
LET TC12,1)=13.7763

LET TC12,2)=105.633

LET WC¢1,1)>=50.3060

LET WC1,2)=61.0917

LET PC1)=140.440

LET P{2)=815.096

REM ADDITIONAL T~A IC

LET LC0»1)>=5.32416

LET LC0,2)=23.8292

LET M(4,1)=8.34560

LET M(C4,2)=6.52385

REM ADDITIONAL T-A IC

REM ADDITI@GNAL T-A IC

REM J-T/L1G@ TEMP,ENTHALPY»MASS FLOW

LET TC14,1)=4.41871

LET TC15,1)=4.34172

LET M(5,1)=3.55

LET M(651)=3.55

LET M(7,1)=0

LET M(8,1)=0

LET E€251)=28.8775

LET E(8,1)=30.2261

LET YO0=0

LET Y8=0

REM ADDITIONAL J-T/LIQ IC

REM ADDITI@ONAL J-T/LI1Q IC

REM CHECK FOR CONSISTENT INTERCONNECTIONS
GASUB 4610

FBR J=1 TO 2

FOR I=1 To NI

LET NuJsId)=MCJL 1D

NEXT 1

NEXT J

REM SPECIFY RUN TYPE

IF N5=0 THEN 1780

PRINT ""COOLDOWN FROM AMBIENT TEMPERATURE"™
PRINT °'CONSTANT PRESSURE 3.8/1.18 ATM"

IF N4=0 THEN 1500

PRINT "WITH LIQUEFIER'

PRINT "CONTROLLED J-T VALVE--M=7.10 FOR TEMP ABOVE 50"
PRINT * -=M=3.55 FOR 50 TO 6.25"
PRINT * ~=N@ CONTROL BELOW 6.25"
PRINT

PRINT

PRINT

PRINT

PRINT

PRINT

PRINT “TIME--SEC@NDS'

PRINT "T=TEMPERATURE--DEG K"

PRINT *"Q=HEAT FLOW--WATTS'

PRINT "M=MASS FLOW--GRAMS/SEC"

Figure 114. Partial Listing of ARPA2 Program (Continued)
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Section 4

POWER CONDITIONER FOR COMPRESSOR MOTORS

Each of the three cryogenic refrigeration systems considered in this
study will require about 40 kilowatts at roughly 850 hertz and a power factor
of 0.8. Shipboard auxiliary power is 60 hertz, so an interfacing power con-
ditioner must produce 850 hertz for the compressor drive motors.

A practical choice of power conditioners is limited to two types: solid-
state and dynamic. The strong points and weaknesses of each type of power
conditioner are discussed below in a subjective manner, based largely on ex-
perience because no new investigation was conducted under this contract. A
simplified approach would be to compare only cost and reliability factors.
However, the implied assumption that one would be a direct replacement for
the other is invalid; therefore, additional characteristics of potential impor-
tance are enumerated and briefly discussed in the following paragraphs.

Motor and generator technology of the type applicable to power condition-
ers is broad, having matured many years ago; even so, the technology by no
means is stagnant. Solid-state technology is of recent origin. Changes and
improvements are being vigorously pursued; progress is therefore current.

The attributes of solid-state technology center mainly on the ease of con-
trol and the absence of rotating parts, thereby implying no wearout mode.
Starting, accelerating, and maintaining a motor speed or speed profile can be
accomplished with ease, using integrated circuit control. Compressor speed
is controlled simply by changing the frequency. The frequency may be made
a function of a feedback error signal between a speed signal and a reference.
Except for some transformer noise, there is very little acoustic noise. The
nverter should weigh half as much as a motor-generator set, but would prob-
ably occupy the same floc:r space and volume,

Either type of power conditioner may be cooled with forced air and/or
water. The solid-state type of conditioner will employ auxiliary fans and fil-
ters; therefore, some maintenance will be required. The same is true for
bearing lubrication of the motor-generator set.

Acceleration of the compressors to operating speed may be of small con-
sequence, because it will probably be accomplished at dockside, where ample
power is available. If the compressors were restarted at sea, they could be
a strain on the soft shipboard power system.

A dynamic power conditioner would probably have a two-winding drive
motor. One winding would be for half-speed operation; the other winding
would be for the rated speed. A reduced voltage acceleration would permit
the compressor motors to track the generator frequency, enabling the whole
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system to come up to speed together. A low-voltage start would be less de-
manding of the soft shipboard power system,

The more sophisticated solid-state power conditioner would bring the
compressor motors up to speed with little or no noticeable effect on the power
system. Frequency and slip are precisely controlled over the speed range,
which is the inherent advantage of the solid-sta'e system. At dockside, where
plenty of power is available, this feature would be of less significance.

The inverter in a solid-state system would need adjustable direct current
for acceleration and fixed direct current for steady-state operation., Rectifi-
ers are notorious for creating difficulties with the power source, unless very
complicated circuits (with many phases) are employed. The output waveshape
of an inverter is typically full of time harmonics, These harmonics can be
reduced best, in this case, with harmonic transformers and nonresonant filters.
On the other hand, a motor-generator set is ideal for power conversion, be-
cause it automatically produces a sine wave output.

Reliability can be improved, for either type of power conditioner, to ac-
ceptable levels with suitable redundancy. In general, the dynamic type is sig-
nificantly more reliable than the solid-state type. Considerably more expense
in the way of quality control, burn-in, and testing is required for the solid-state
type, to make their reliabilities comparable.

The dynamic power ccnditioner will operate longer without failure, will
require less time to repair, will cost much less to repair, will require fewer
spare parts to inventory, will use simpler robust tools, and will require re-
pair crews with less training,

The solid-state power conditioner is more susceptible to shock and vibra-
tion and explosions under battle conditions than is lhe stronger motor-genera-
tor set. The solid-state type is more vulnerable to line trarsients and in its
simpler versions passes on line voltage sag to the load mecior,

Shortcomings of either type of power conditioner can be overcome at addi-
tional expense. The solid-state conditioner has further to go, so dynamic power
conditioning appears to be the most cost effective method, However, this con-
clusion should not be made the only basis for selection; othe.~ criteria must be
considered. Other pertinent features and characteristics are summarized in
Table 13,

No documentary evidence is submitted to justify the individual items listed
in Table 1?. Instead, this summary merely reflects the experience of the author.
Some of the assertions are contrary to popular belief and therefore will be de-
batable until resolved by considerable work.




Table 13

COMPARISON OF POWER CONDITIONER FEATURES

OR CHARACTERISTICS

Feature or Characteristic

Solid State

Dyn~mic

Technology base

Relative recurring cost
Relative development cost
Redundancy cost

Relative volume and space
Relative weight

Efficlency (percent)
Relative maintenance
Acoustic Moise

RF noise

Cooling

Speed (and frequency) control

Compressor acceleration

Effect on source

Effect on motor load

Shock and vibration tc;lerance
Reliability

Mean time between failures
Relative mean time to repair
Availability

Relative cost to repair
Inventory of spare parts
Wear-out mcde

Repair tools and instruments
Repair crew training

Emergency repair
possibility

Fault-produced toxic furies

Susceptibility to line
voltage transients

1solation from power source

Medium, recent, exp.anding
2

3

Expensivc

1

1

«85

1, (filters and fans)
Little

Much

Air or water
Inherent

No line surge
(simultaneous start possible)

Degrades by chopping
Time harmonic losses

Expensively packaged

Sherter
3
Less

5

Many

Abusive frequent repairs

Complex, costly, many are fragile
cng and expensive (experts only)

Improbable

Potting compounds

High

Low

Broad, mature
1

1

Inexpensive

1

2

=85

2, (bearings and brushes)
Some

Little

Air or water
Adr’ed control

Some surge, reduced
vo'iage (sequential start)

None
None
Inherent

Longer
1
Greater

1

Few

Insulation age

Simple, robust, few

Short and eimple (mechanics)

Every service shop
Motor insulation

Low

Very high
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Section 5

LIQUID METAL CURRENT COLLECTOR TECHNOLOGY

PURPOSE

The purposge of these investigations in the area of liquid metal current
collector technology is to identify potential problems pertaining to the use of
liquid metals other than NaK for superconductive power applications. During
the studies reported in the first seiniannual technical report, it was conc’uded
that only gallium (or ga/'ium-indium) of the many potential metals and alloys
considered offered any promise of providing a better solution to the problems
of liquid metal current collection than that obtained using NaK as the liquid
metal.

The advantages of gallium over NaK are confined primarily to the lower
speeds of operation typical of motors (as contrasted to generators) in which
I°R losses or inefficiencies resulting from electromagnetically driven motion
of the liquid metal are predominant over those resulting from centrifugal and
viscous shearing forces in the liquid metal generated by high speeds. Th:se
functional advantages are of course independent of the problem areas in.olv-
ing material compatibilities.

Gallium has no significant chemical reaction with water, as does NaK.
It is also nontoxic and thus is preferable to mercury. It does have chemical
(amalgamation) reactions with many metals (e. g., iron, copper, and their al-
loys) that are satisfactory with NaK =nd that are electrically, magnetically,
and structurally advantageous in the design of electrical machinery.

Therefore, much of the effort during this reporting period was devoted to
the design and material and process selection and application in the prepara-
tion of test specimen equipment for use with gallium during the testing activ-
ities of Phase III,

GALLIUM COLLECTOR TESTS

The use of gallium as a collector fluid in place of NaK in a semiflooded
system has the advantage of offering an inherent safety factor in the event of
an accident. Due to the higher density and viscosity of gallium, one's first
impression is that higher collector losses would occur. It can be shown, how-
ever, that in low-speed applications such as those typical of ship propulsion
motors, the use of gallium results in lower viscous losses.

In Reference 5 (Equation 28), the average viscous loss in a radial collec-
tor gap is shown to be: £V 3

o)
Pav =3 [1+3&] 6<1 (89)
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[2(+sNeE-11 8551 (90)

where § is a dimensionless ratio relating the electromagnetic forces acting
on the fluid to the viscous forces, specifically:

2JBd

©T fvg

= Fanning friction factor

< Lo ]
n

Colleztor peripheral velocity
= Collector fluid density
= Current denrity in collector gap

Magnetic flux density

Q. o “ o
1

= Collector radial gap

The effect of fluid properties cn the loss is not immediately evident from
the above loss expressions. For various machines considered earlier in the
study, it has been found that the typical values of § are well above 1.0 for mo-
tors and well below 1.0 for generators, when NaK is assumed 3s a collector
fluid. It is therefore instructive to simplify Equations 89 and 90, assuming
extreme values of the dimensionless ratio, 6:

fpV03
Pvs——, <<l (91)

_ (JBdY’3
Pav = p)y7™ . 6>>1 (92)

It is seen from the above equations that for low-speed machines (6>> 1),
the collector loss varies inversely with the fluid density, and thus the use of
gallium can improve the efficiency. This is due to the fact that in this condi-
tion, the fluid velocity is much higher than the collector peripheral velocity,
and it becomes the governing factor in the viscous loss. Increased density
lowers this fluid velocity and hence lowers the losses. To give a concrete

example, consider the propulsion motor presented in Table 43 of Reference 6,
where:

¢ Power = 40,000 hp

¢ Inner collector radius = 12, 13 inches

® Outer collector radius = 18,53 inches

® Magnetic flux density = 5, 0 webers per square meter

® Design current = 150,000 amperes

Speed = 200 rpm
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At the inner and ocuter collectors, the dimensionless ratio, 6, has the fol-
lowing values when the collector fluid is NaK (density = 0.85 x 10° kilograms
per cubic meter):

6, = 22,9

1

6 18.2

o

Assuming a radial clearance of 0. 050 inch in both collectors, the inner
and ¢ iter Reynolds numbers with NaK (4 = 4.7 x 1074 kilograms per millisec-
ond) are:

(Rc)i 29,600; therefore, fi = 0. 0086

n

(Rc)0 45,200; therefore, fo = 0. 0035

where friction factors arc obtained from Figure 8 of Reference 7.
If in this machine the NaK is replaced by gallium (p = 6.0 x 10° kilograms

per cubic meter, u = 15 x 107 kilograms per raillisecond), the above parame-
ters change to:

(Rc)i' = 65,400
(Rc)o' = 100,000
f' = 0.0084
) = 0.0083
5! = 3.32
5, = 2,64

The ratio of NaK collector 10ss to gailium collector less can be obtained
from Equation 90:

Gallium loss  _ ['p' (1 + 6')\/5? -1

NaK luss fo (1 +¢)/26 -1

IFor the inner and outer colleztors, these ratios become:

<Gnllium loss\
Nak loss /;

= 0.44

((-allmm 1085) = 0.45

\ NaK loss

Thus, for this illustrative case, the collector losses can be halved by the
substitution of gallium for Nak. Another advantage of gallium over NaK is its
much greater compatability with organic sealing and insulating materials.

197

e




e 2 - —

The usc of gallium in a dynamic current collection system has, however,
acquired a very poor reputation, due to a phencmenon sometimes called "past-
ing." It has been found that liquid gallium, when exposed to air and agitated
:n a manner typical to that of a current collection system, in a period of time
measured in minutes undergoes a thickening into a paste. Although this phe-
noinenon defied ratiounal explanation for some time, more recent experience
has led to the conclusion that the paste formed is composed of microscopic
spherules of liquid metal with an extremely thin skin of gallium oxide. The
solution to the problem has been to protect the galliumn from oxidation by the
use of an inert cover gas having very low oxygen and water vapor content.
Practical gallium collectors have been experimentally operated continuously | I
for more than 500 hours, with no significant degradation of the liquid. It is ’ {

h

felt that pasting can be postponed indefinitely in such a system with the addi-
tion of a bypass gallium purification loop consisting of either a filter or an
electrolytic purifier.
|

Other distinct disadvantages, however, also result from the physicai prop- |
crties of gallium, The greater density of gallium causes an increase in liquid
mgetiul pressure generation in a flooded disk machine by a factor of seven over
NaK. This increase may preclude the use of an uncirculated flooded collection
system on a propulgion motor, as the resulting pressures may be impractica-
bly high from the stendpoints of both sealing and rotor thrust and may dictate
the necessity of fluid circulation or of unflooded collectors. Another short-
coming of gallium is its indicated incompatability with metals having good elec-
trical conductivities, such as aluminum, and its alloys, at room temperaturea
and with copper and carbon steels at temperatures over 100°C.

Figure 115 shows the cross section of a collector device that has been
fabricated to determine the problems in the design and nperation of an inflooded
gallium system. As the clectromagnetic forces acting on the liquid of such a
system, as applied to a marine propulsion motor, equal or exceed the dynamic
forces, such a test device must include the current flow and the magnetic field.
The present device is designed to duplicate conditions found in the collector re-
gion of a disk-type motor (the collector current being radial and the magnetic
field axial). The magnetic field is obtained by placing the collector rig in the
bore of an existing superconducting solenoid having a maximum central ficld
flux density capability of 5.7 webers per square meter, This solenoid is fully
described in Reference 5. The overall diameter of the test rig is thus re-
strained to a diameter of 8 inches, in order to fit the bore of the solenoid dewar.

The test rig consists of two collector sets of large and small diameter.
The inner collectors (disks) are electrically connected at the hub to provide a
centinuous electrical circuit from the large diameter outer collector, through
the paired inner collectors, to the small diameter outer collector. The two
outer collector circvits are available to outside circuit connections through two
concentric annular conductors that also form the outer housing of the test ma-
chine. Due to the difference in disk diameters, a net voltage will be generated,
and current can be circulated through an external load resistor.
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A variable speed motor is the power source. Input torque and speed and

electrical power output can be measured. An external current supply will be
3 _used to conduct motoring tests, particularly at the locked rotor condition at
" which time the liquid metal initially rests in a pool at the bottom of each col-
lector. Visual observations can be made through the glass window at the un-
driven end and the transparent wall of the small diameter collector cup. The
normal test mode will be with the outer housing stationary, but the rig can al-
go be short-circuited or open-circuited in the contrarotating mode, the outer
housing being driven by a V-belt. The baseplete can be tilted up to 30 degrees
about the pitch axis, to simulate shipboard use. Pertinent specifications of
the collector test rig are listed in Table 14.

Table 14
SPECIFICATIONS OF CURRENT COLLECTOR TEST RIG

Specification Paramet:r
Speed
Single rotation 0-4000 rpm
Contrarotating ’ 0-1000 rpm
Drive motor 25 hp
Current
b Self-generating . 10,000 amperes
3';‘ External source 2,000 amperes
Generated voltage (3.0 watts per 0. 68 volt

square meter, 2000 rpm,
Central magnetic field (maximum) 5.7 watts per square meter

Collecctor diameter

Inner 4,75 inches
. Outer 6.00 inches
Maximum tilt angle (pitch axis) 30 degrees

The problem of material compatability between the gallium and the test
rig structure was first approached with the idea of a plated barrier of gallium
resistant metal that would be applied thickly enough to resist penetration with
normal carc in handling. Eleetroless nickel plating (e. g., the Kanogen pro-
cess) appearced to have the best potentiai, from several standpoints, Available
data indicate that nickel was compatible with gallium. The clectroless plating
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process is capable of depositing heavy adherent coatings on a wide variety of
metals, including iron, copper, an’ aluminum. Whereas electrolytic plating
has difficulty with deposit thickness control on both sharp external corners

and in cavities, the electroless process can deposit a uniform plating on either
extreme. Durability of the resultant plating has been proven by many years of
service as a ccrrosion barrier applied to the inside of steel railroad tank cars.

Plated samples of low-carbon steel, OFHC copper, and 6061 aluminum al-
loy were preparcd and submerged in gallium, No attack was evident at room
temperature, but after two weeks at 100°C, small crystalline growths were vis-
ible on the plated surfaces, indicating that an attack was taking place. Quali-
tative analysis indicated the crystals to be a galliurn-nickel combination. No
further investigation of plating was made, and the decision was made to con-
struct the internal metal surfaces of the test rig of AIS1-304 stainless steel,
either solid, or as a cladding over copper in the current carrying parts.

Examination of Figure 115 will show that the two inner collecior disks
have cores of OFHC copper that limit the length of the current path in the stain-
less steel cladding {o small distances. Similar copper inserts are visible in
the outer collectors. A series of axial copper bars are placed in the axial por-
tions of the outer collectors to conduct the load current to the terminal points,
With this design approach, the total I°R losses ir the solid miembers were held
to a calculated 350 watts for each collector at a 'oad current of 10,000 amperes.
This level is acceptable in view of the calculated losses of approximately 850
watts within the liquid-filled gap. These losses are removed by directing cool-
ing with water on the outer collector copper inserts.

The copper inserts must be fully bonded to “ae stainless steel cladding, at
least in the areas across which the load current passes. The initial concept
was to cast the copper dire-tly into cavities in the stainless steel. Test spec-
imens were prepared by jnserting machined slugs of OFHC copper into match-
ing cavities in 304 stainless steel blocks, du .licating some of the governing
dimensions in the outer collector piece. It vas found that gross shrinkage cav-
ities formed during solidification of the copper, to the extent that the results
were not acceptable.

To preclude the possibility that the voids vere caused by dissolved gases
in the copper, picked up in the hydrogen furnace, new samples were melted in
a vacuum furnace. Voids of substantially the same siz: and distribution were
found when sectioning the pieces. Fusion of the copper was therefore not at-
tempted on the actual piece; instead, the copper slugs were bonded to the stain-
less steel by brazing with Nioro alloy (Au 18Ni) in a hydrogen furnace. This
part.cular braze alloy was chosen because its extremely good wetting qualities
gave the best assurance of success on this one-of-a-kind assembly. After the
copper slugs were brazed in place, the composite pieces were machined and
fitted with stainless steel cover plates to complete the encasement of the cop-
per. These covers were then electron-beam-welded to the steel cladding. No
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bond was necessary between the copper and the cover plates, because these
were not required to conduct either electrically or thermally.

Figure 116 ic a view of the partially assembled test rig without the outer k'
collectors. The two disks on tae left are the copper/stainless steel compos-
ite inner collector disks (Parts 16 and 17 of Figure 115), The semifinished
outer collectors (Parts 22 and 23 of Figure 115) are shown in Figure 117,

g

Austenitic stainless steel is not readily wetted by galliura, and if wetting
is not achieved, high surface resistances will result; however, it has been
found that a very tenacious coating of gallium can be achieved by electroplating.
The plated gallium has been proven to maintain excellent electrical contact un-
der operating conditions, without causing any apparent attack of the liquid on
the underlying stainless steel substrate. Gallium will {therefore be electroplat-
ed onto the conducting surfaces of the collectors, including the facing surfaces
on the hubs of the two inner collector disks.

L i

< Surfaces requiring electrical insulation will be coated with flame-sprayed

: alumina. After impregnation with epoxy resin and surface grinding, an insula-
ting surface results that has good insulating properties, is relatively durable
(from the mechanical standpoint), and is smooth enough to form a hermetic

! seal against an O-ring. The smaller of the two outer collector rings in Figure

: 117 shows the flame-sprayed coating on its outside surface as applied, but be-
fore impregnating and grinding.

The gallium in the test rig will be protected from contact with oxygen and
water vapor by minimizing the gas leakage through the enclosure walls and by
supplyin'. the interior with a slightly pressurized neutral cover gas of high purity.
All static joints in the outer housing will be sealed with Viton O-rings, chosen
to minimize the diffusion of atmospheric oxygen and water vapor. The dynam-
ic seal where the shaft penetrates the housing is a carbon face seal operating
against a titanium carbide ring. The floating face is sealed to the cartridge
body with a metal bellows., Cooling and lubrication of the seal is furnished by
an oil mist directed 1gainst the outside of the seal. The oil mist system also
lubricaties the beari:.gs.

A carbon ring clearance seal is placed around the shaft between the cur-
rent collector region and the carbon face seul. A constant purge flow of the
neutral cover gas will be bled from the current collector region, past this

.2 clearance seal, into the region containing the face seal, and thence out through
a restriction to the atmosphere. This purge bleed flow will have a relatively
high velocity through the clearance of the ring seal and thus will minimize the
diffusion of leakage and contaminants from the face seal into the gallium col-
lector region.

The cover gas is nitrogen and is supplied to the collector region through

a port in the observation window. The gas source is liquid nitrogen boil-off ]
or high-purity cylinder gas, each having impurity levels of approximately
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10 ppm. Before injection into the test rig, ihe cover gas is bubbled through a
column of NaK for final cleanup of the oxygen and the water vapor, The stream
of extremely small diameter bubbles is produced by forcing the nitrogen through
a fine glass frit having a pore size of 4 to 5.5 microns.

Liquid gallium is introduced into the collector cavities through a series of
passages drilled in the outer collector pieces and terminating in the tangential
perts in the inner walls of the outer collectors. These ports can be seen in
both of the semifinished outer Collector pieces shown in Figure 117, These
tangential openings are also used as impact ports to collect the liquid metal
during operation, developing sufficient pressure to circulate the gallium through
a coarse (40 to 60 microns) glags frit.

The final auxiliary is the cooiing system that will supply the cooling water,
at a controlled inlet temperature, to the heat transfer surfaces in the outer col-
lectors.

The detailed specifications of the various manufacturing processes and
techniques developed to construct the liquid metal current collector test rig
appear on the detailed parts drawings and will be released at the conclusion
of the testing,

In accordance with the requirements of this program, all rotating tests of
this test machine will be conducted in accordance with the statement of work
and the program plan for Phase III.

The results of tests on these collector configurations may indicate that
alternative configurations should also be evaluated. Such variations and sup-
plemental tests may be conducted within the Scope and schedule authorized un-
der Phases I and III of the program. However, the specific objective of this
portion of Phase III (evaluating gallium collectors in the patch roll and opera-
tional conditions of a superconductive power system applicable to Department
of Defense requirements and experimentally evaluating the suitability of the
control materials and processes related to such systems) will have been at-
tained if satisfactory test results are obtained during Phase III.
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Section 6

SUPERCONDUCTING COIL TECHNCLOGY

SUPEPCONDUCTING COIL SHOCK AND VIBRATION TESTS

The purpose of this investigation is to evaluate the performance of super-
conducting coils in withstanding external environmental impact and vibratory
: forces and torques equal to or exceeding those that might be anticipated in
# naval service.

The specific objectives of this investigation are to:

® Evaluate various coil mountings and support structures for cylindri-
cal superconducting coils of acyclic direct-current machines, which
are energized at a flux density of 6 tesla.

¢ Investigate the extreme conditions of environmental shocks and/or
vibrations that may be transmitted through the winding support struc-
ture and that could result in the quenching of the superconducting coils.

MODEL DESCRIPTION

The morjel setup for the shock experiments (Figures 118 through 120) con-
sists of a frume made of structural U-channels, a dewar with its cover plate
firmly supported by the frame, the superconducting coil and support structure
(which is elastically suspended from the dewar cover plate by a flexible tube
form mounting), and the falling weights that apply thc linear and torsional
shocks to the coil support structure.

The cylindrical superconducting coils (6-inch outside diameter by 3-inch
by 2-1/2-inch length) are mounted on the lower end of the support structure
E in such a manner that their longitudinal axes can be either vertical or hori-
zontal.

The coils will be spaced from each other and from the support plates by
Textolite® disks that provide cooling and axial alignment for the coils (Figure ]
121). Circumferential and radial grooves will be machined at each face of the g
4 disk, to allow for direct cooling of the surfaces at contact. ;

The coil support structure consists of a thin 304L stainless steel tube -
with flange F welded at its upper end and square plate P welded at its lower
end. The superconducting coils can be mounted on plate P in either of two
arrangements;

® Vertical Coil Longitudinal Axis. The coils are held flat against sup-
port plate P by square aluminum plate A, which is bolted directly on- '

to plate P (Figure 118). ]
‘3 ®Registered trademark of the General Electric Company
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Figure 118. Model Setup for Linear Shock Test Applications
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Figure 119, Model Setup for Torsional Shock Test Applications
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¢ Horizontal Coil Longitudinal Axis. The coils are held flat against
cach other by two rectangular aluminum square plates, S, each of
which has an aluminum structural angle welded on its top. The bolt-
cd assembly of coils and plates, S, can be fastened firmly against
support plate P, as shown in Figure 119,

[‘#sorosrsos

.
=== o

Figure 121. Textolite Disks for Superconducting Coil Alignment and Cooling

The shock and vibration that are applied to the superconducting coils and
their support structure are elastically absorbed by a tube form rubber mount-
ing (Figure 118). The outer shell of the rubber mounting is firmly fastened in-
gide the aluminam tubular housing on the top of the dewar cover plate, while
the inner hollow cylinder of the mounting is fastened to the coil support struc-
ture and is subjected to the applied shock and vibration.

The linear and torsional impact to the coil support structure is received
by a thick plate, T, which is mounted on top of the inner cylinder of the rubber
mounting. On onc side of plate T, an annular groove is machined in such a
way that the heads of the mounting bolts are recessed while, on the other side
of the plate, a radial rectangular groove is macnined to provide surport for
an aluminum bac with a square cross section. To receive the linenr impact,
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plate T is mounted so the mounting bolts ure recessed and so a set of sho 't |
prisms of rectangular cross section are laid symmetrically on the flat su face 1
of the plate, to absorb the impact through their plastic deformation. By \ iry-

ing the num!.>r of lead prisms laid on the plate, the impact foree and the re-

sulting acceleration can be varied.

To receive the torsional impact, an aluminum bar, B, with a square cross
section, is mounted into the reetangular slot of plate T, and the assembled unit P,
is then fastened to the inner eylinder of the rubber mounting (Figure 119),

The assembly of weights for applying the linear shoek consists of a set of
disks with a central bore and a tube bolted into one of them (the bottom one),
to serve as a guide for assembling the stack, The assembled stack of weights
slides about a verticsl tube at the center of the top eross beam of the structur-
al frame. Removal or addition of weights is performed by lifting the stack and
disassembling the weight at the bottom.

The torsional iinpact is applied by an anvil hammer, of adjustable weight
and height, to the projecting aluminum bar that is firmly attached to top plate
T. The impact force is absorbed similarly by a circular plate of lcad attached
to the hammer, Varying the outside and inside diameters of the lead plate,

the impact force and aceeleration ean be varied.

The model setup for excii'ng lincar vibrations is similar to the setup for
applying linear shocks, except the assembly of the weight stack is removed and
the vibrator is instead mounted onto the dewar plate (Figure 121),

The vibrator exciter (Figures 122 and 123) consists of a direet-current,
variable speed motor (1-1/2 hp, 3400 rpm), a shaft that is mounted on two pil-
low blocks, and a spherical roller bearing with an eccentric adapter sleeve
mounted in the middle of the section of the shaft between the pillow block bear-
ings. The amplitude of the vibration is determined by the eccentrieity of the
adapter sleeve of the spherical roller bearing, while the frequeney of the vi-
bration can vary by varyiug the speed of the motor.

To obtain a nearly uniform vibration fraquency, the pulley driving the vi-
brator shaft is designed to al30 serve as a fiywheel,

The position of the vibrator for exciting torsional vibrations is shown in
Figure 124, The vibration force is applied at the end of aluminum bar B, and

it is reacted by the force of the compressed coil spring at the opposite side of
oar B, For asscmbly purposes, a shorter vibrator shaft is used with this con-
figuration, while all the other components of the vibrator remain the same.
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Figure 122. Vibrator Arrangement for Linear Vibration Tests
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Figure 124. Vibrator Arrangement for Torsional Vibration Tests

SHOCK TESTS

REQUIREMENTS

In this expcrimental investigation, the following modes of environmental
shocks will be investigated:

¢ Linear Shoch Along the Longitudinal Axis. The coils will be mounted
on the support structure, as shuwn in Figure 118, and the vertical
stack of weights will be assembled on the frame.




" L
il

e Linear Shock Normal to the Longitudinal Axis Through the Center.
The coils will be mounted on the support structure, as shown in Fig-
ure 119, and the vertical stack of weights will be used to apply the
shock.

e Torsional Shock Along the Longitudinal Axis. The coils will be mount-
ed on their support, as shown in ¥Figure 118, and the anvil hammer as-
sembly will be mounted on the frame,

e Torsional Shock Normal to the Longitudinal Axis Through the Center.
The coils will be mounted, as shown in Figure 119, and the shock will
be applied by the anvil hammer assemktly.

The applied impact forces and torques will subject the coilg to the follow-
ing conditions:

¢ Acceleration of the coils at linear impact, up to 300g, for a shock
duration of up to 2 milliseconds

e Acceleration of the coils at torsional impact, up to 300g at the outside
diameter of the coil, for a duration of shock of up to 2 milliseconds

SHOCK TEST PROCEDURE

Preliminary Tests

The purpose of these tests is to determine the yield strength of the lead
prisms at high rates of deformations due to a shocx.

The test setup (Figure 125) consists of a vertical tube mounted on a rigid
metal foundation and a falling 24-pound weight, which is released around the
tube from a predetermined height. The lead prisms (1 by 1 by 1.5 inches)
are positioned symmetrically around the vertical tube.

-
N RN
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Figure 125. Test Setup to Determine Yield Strength of Lead
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"'he average yield strength of lead was calculated f{rom:

+
g._G-H ., _HTh
n- A . d ' aV 2
av
where:

G = Falling weight = 24 pounds
H = Distance weight falls before striking lead
Aav = Average cross section area of lead during deformation
Ab = Cross section area of lead before impact
Aa = Cross section area of lead after impact
n = Number of lead prisms

= Plastic deformation of lead

Table 15 summarizes the results of these tests. Based on these results,

the yield strength of lead is 4000 psi.

Table 15

RESULTS OF SHOCK TESTS TO DETERMINE YIELD STRENGTH OF LEAD

Bufem, Dimensions Average Plastic Load Lead Yield
Tait Before Shock After Shock Cro:s Section Deﬂ:ction Stli';)kc Prisms St:‘en.g)th
(squar:inches) (incPI:es) (squar: inches) (ir.::tl;es) (squa:'?vinchcs) (foich) Qhiehics) ! =
1 1 1,501 1,084 1,384 1,041 0.115 58.5 3 3900
1 1 1,500 . 1,050 1.416 1,030 0, 084 38.5 3 3560
m 1 1. 500 1,121 1,338 1,060 0,182 58.5 2 4088
v 1,059 1.416 1. 113 l 1,348 1. 085 0,068 38,5 3 1174

Determination of Test Parameters

Given an impact acceleration, o, and a corresponding shock duration, 6t,

the following expressions can be applied to determine required test parameters

A, m;, and H (see Appendix I, '"'Shock Parameters'). For linear shock:

Area of lead A= E-'S—ml

Shock duration &t = [2gH m;
(ml + ma)c,

(93)




For torsional shock:

\id
— (94)

I-a -1
r-S-R R
=_m_§.R.r.\,2gH
(I+ m, R? a

Area of lead A=

Shock duration 6t

A = Average area of lead during deformation
g = Standard gravity
H = Vertical distance that weights fall before striking
1 = Polar moment of inertia of superconducting coil and support
m, = Mass of superconducting coil and support
my = Mass of falling weights
R = Radius at point of torsional impact
r = Radius at point of linear acceleration ¢
. S = Average yield strength of lead during deformation
¥ 8t =  Shock duration
a = Linear acceleration at point of interest

w Angular acceleration of superconducting coil at impact

The mass, m,, and the polar moment of inertia, I,of the superconducting
coil assemblies and their support structure are summarized in Table 16.

Table 16
3 OF SUPERCONDUCTING COILS AND THEIR SUPPORT STRUCTURE
Msas Inertia
& , Item Designatlon lpoundm) (poundm-nqulre Inch)
* 1* u** ' 1
y 1 Superconductor coti and copper coll 26 28 265.8 149, 5
2 304 stsinless steel support tube, 13,02 13.0 50 50
3-1/2-inch SCH5
3 304 steinless stecl support plate, 5.25 5.25 42,9 42,9
- 7 x 7 ¥ 3/8 inches
1 4 304 stainicas steel disk Lz25 1,25 2,3 2.3
b, 5 Aluminum support plate 240 -- 10,6 .-
I’ T %7 x 1/2 inches
I : 68 Two sluminum support plates -- 7.10 -- 118
i T ¥ 6 x 1/2 inches
i
‘ 7 304 stainlesa steel flange 3.41 3,41 22,2 22,2
1 8 Steel disk for impact 0.0 0.0 60,39 80,3
0 Inner cyiinder of rubber mounting 12,47 12, 47 26,8 26,6
1€ Three textolite spacer dleks 2.0 2,0 12,2 18.0
for coiis
11 Fastening boita for coils 2.0 2.0 30,2 15.0
12 Aluminum square bar, 2-1/2 3 .- -- 1.5 7.5
2-1/2 1 7 inches
i3 Steeldisk for impact - - 28.5 28,5
14  Assembly for iinesr shock test 76.4 81.5 - =
A 3 15 Assembly for torslonal shock test -~ . 832,1 802,68
/& *] = Assenbly, where axis of SC 1s vertical
i ““]] = Assembly, where axis of SC is horizontal
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Instrumentation Test Procedure

The acceleration and shock duration will be measvred using an accelerom- '
eter that will be mounted on top plate T of the coil support structure. The
impact force will then be calculated from P=m,o.

The test will be carried out as follows: i

1. Set the test parameters (area of lead A, weight m,, and striking height

i H) so the desired acceleration and shock duration are obtained from
i Equations 93 and 94.

2. Perform the trial shock test in air or liguid nitrogen, to measure im-
pact acceleration o and shock duration § t, using the readings of the |
, accelermeter. Modify the tezt parameters as required to obtain the
acceleration and shock duration that were specified.

s, S

. 3. Cool the superconducting coil assembly to 4.2°K, energize the super- |
conalicting coil to a flux density of £ tesla, and perform the shock l
tests described above.

1
4 VIBRATION TESTS

REQUIREMENTS

4 The ccil configurations and modes of vibration that will be investigated
1 are;

e Linear Vibration Along Longitudinal Axis of Coils. The coils are as- " ;
sembled so their longitudinal axis is vertical (Figure 118). The vi- l

brator exciter is mounted on the top of the dewar cover plate, as shown
in Figure 122,

¢ Linear Vibration Normal to Longitudinal Axis of Coils. The coil as-

sembly is as shown in Figure 119, while the vibrator exciter is mounted
as shown in Figure 122. [

¢ Torsional Vibration Along Longitudinal Axis of Coils. The coils are l i
arranged as shown in Figure 118, aluminum bar B is mounted on piate b3
T and the vibrator is assembled as shown in Figure 124. B

|

® Torsional Vibration Normal to Longitudinal Axis of Coils. The coil

configuration of Figure 119 is used with the vibrator assembled as ‘ %
shown in Figure 124, %
!

‘ The vibration tests will run between 5- and 50-hertz frequencies in dis-
o crete intervals of 1 hertz at 15 seconds per interval. Discrete vibration table

excursions of 0.020, 0.040, and 0.060 inch will be applied throughout the
above frequency range.

! 21 9 ':
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VIBRATION TEST PROCFEDURE

Preliminary Tests

The purpose of these tests is to determine the vibration characteristics
] of the coil and their support structure in air and liquid nitrogen (see Appendix (
II, "Vibration Characteristics'): '

¢ Initial preload of the rubber mounting required to prevent separation of
b of the exciter cam from plate T
‘ ® Vibrator frequency nonuniformity

® Resonance frequencies, if any g

Instrumentation Test Procedure 2

The vibrator frequency will be determined by using either a mechanical
tachometer for approximate readings or a stroooscope for more accurate
measurements. The vibration acceleration will be measured using an accel-
erometer that is to be mounted on plate T.

The test will be carried out as follows:
1. Set the vibration amplitude mechanically by assembling a bearing

adapter sleeve of known eccentricity.

2. Set the initial preload of the rubber mounting and perform a trial vi-
bration test in air to assure that no separation of the exciter cam
from plate T occurs while the frequency nonuniformity is acceptable,

3. Cool the superconductive coil assembly to 4.2°K, energize the coil
to a flux density of 6 tesla, and perforia the above vibration test.
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Appendix |
SHOCK PARAMETERS

LINEAR IMPACT

Assuming that masses m, and m are moving at velocities v, and v, re-
spectively, just prior to an impact, that e is the coefficient of impact, and that u,
and u, are the velocities just after the collision, then, by the definition of the
coefficient of impact:

u, -uz = -e(vy - vy)
and the momentum balance equation is:
m,(u, - vy) + malug =~ vy) = 0
Velocities u, and u, just after the collision can then be determined:

vy - %) (1 + e)

u, = v, -

The loss of kinetic energy due to the impact is then:

1
S 232 2
m_uf mpuj

AK = lmlvf+ lmzvg -3 5

_'; 2 2
(95)
1 mm
= - et - 2(; -
| 2 T, + my (v1 va)2 (i - e9

When mass m, is at a standstill prior to the collision (v, = 0) and when
the impact is ideally plastic (coefficient of impact e = G), then Equations 95
and 96 yield:

] u=u =u; = v E—Tl—
3 1 2
3 (97)
! AK = 1 Dhila oo ,
(: 2 ml + ms b
" 8 :
=g %
\ If mass m, develops its velocity, v,, by falling from a standstill from ]
height H relative to the collision point, then its velocity prior to collision is: 4
E v, = \f2gH (98) ‘ j
1 Further, if the acceleration of mass m, just aftzr the collision and during the ; j
! duration of the impact is constant, then:
3 ¥
" ] lank | 223 ’%
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= A - M), o~y M
u = ay bt = my ot = Vlml-l-ma = J2gH

and the duration of the shock is:

VogH — L

(m;+my) ay

¢l

6t

ol 1o Y
(m,+ingy) P

VegH
where P is the internal impact force.

Equation 99 could also have been derived by considering the constant de-
celeration of mass m,:

étﬂ—l——lv_u=?rv-v - my (L . __aVy
o LY *mytmg,|ae, (mytmy)a

0w
T
3
3
|~

Making use of the principle that the loss of kinetic energy must be equal to
the work of the internal stresses, the following expression results for an
ideally plastic impact:

AK = = PLMa o p (100)
2 m+m, !

where:

: p

Impact force that is assumed to be constant during deformation

) Plastic deforrnation

4 TORSIONAL IMPACT

The following discussion considers the plastic collision of mass m,
moving cni a vertical plane about the center of rotaticn 0, with mass m,,
which is at standstill and has only one rotational degree of freedom on the
horizontal plane, about the axis of rotationZ (Figure 126).

Figure 126. Torsional Impact of Mass m, with Mass m,
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Let;

I = Polar moment of inertia of mass m, about vertical axis
of rotation Z
R = Radius at point of impact from axis of rotation Z
= Angular velocity of masses m, and m; after impact
v = \@E velocity of mass m just prior to collision

The rate of change of the angular momentum before and after the impact
will be egual to the torque of external forces with respect to the axis of rota-

tion Z, because the only external forces are the reactions through the axis of
rotation Z:

A6 = (Iw + mywR") - m,vR = 0 (101)

Equation 101 can be solved for the angular velocity, w:

w = % (102)

The loss of kinetic energy due to the impact would be equal to the work of
the internal stresses, and for an ideally plastic impact:

AK = -;—meve-%(lﬂkng"’)w2 =Px§ (103)
where:
P = Impact force (constant)
§ = Plastic deformation

Substituting, in Equation 103, the expression for w given by Equation 102
yields:

L 255/ . A
I+m R P x (104)

To determine the shock duration, constant angular acceleration w of
mass m, during the impact can be considered:

_ W _ m,vR 1
8t = e T+ m.R9 X3 (105)

Angular acceleration w is calculated from:
Iw = PxR

where P is the average impact force during the collision,

The linear acceleration at a given point of mass m, can be found from
angular accelerittion w as follows:
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= '106)
1

The impact is absorbed entirely by the plastic deformation of m, IfA

and S are the average area of deformation and the yield strength, respectively,
then:

P=A"S (107)
and Equations 105 tarough 107 can be combined to give:

- A*S*2-r
’ 1

m,*v*'R-r
(1 + maRa)Q

Vg




Apperdix I
VIBRATION CHARACTERISTICS

If the linear vibration of the coils and their support are nearly sinusoidal
(that is, if vibration displacement X were defined as follows:

X = Xosin(wt) (109)

for this case), then the governing differential equation of the forced vibration
would be:

m, $3 + KX = F (110)

where:
= Mass of coils and support structure
K Spring constant of rubber mounting

F Exciting force

Substituting for X, in Equation 110, the expression from Equation 109
yields:

(111)

If Fj is the initial compression force of the rubber mounting, then the
total applied force would be:

I' = Fj+ Fo sin(wt) (112)

To prevent separation between the vibrator cam and the vibrating structure,
the total applied force, given in Equation 112 should always be positive,
This requirement is fulfilled when the initial compression force, Fj, is:

F -

Fj > Fo = Xo 1-%—; K (113)

‘Th~ instantancous power requirement of the vibration is calculated from:

(X

T = haet
Iy dt

Fi+ Fo sin(wt)] Xow cos(wt) (114)
i

To meet this variable instant power requirement at a fairly uniform fre-
quency, the inertia of the vibrator shaft must be increased by the addition of

227




]

a flywheel. The differential equation that governs the frequency fluctuation {

due to the power variation is:

dw

I — = (F; + Fo sinwt) Xow cos(wt)

dt

Integrating Equation 115 over half a period (-1/2w, n/2w) yields:

(w3 -wd) = 2 Fj Xo

o] —

Introducing the coefficient of frequency nonuniformity:

Wo - W (W, = wW,)
¢ = —2——1 = 2 A
wot wy w
m

then Equation 116 yiclds the required flywheel incrtia:

I = 2 Fi XQ
w2 e
m
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