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FOREWORD 

This second semiannual technical report was prepared by 
the Research and Development Center of the General Elec- 
tric Company in Schenectady, New York,  under Advanced 
Research Projects Agency Contract No. DAHC-15-72-C- 
0235,  "Cryogenic Systems and Superconductive Power," 
ARPA Order No.  2200.    This contract is administered by 
the General Electric Research and Development Center for 
the Department of Deiense, Advanced Research Projects 
Agency,  Washington, D. C. 

The engineering development work reported covers the 
period from 1 December 1972 to 30 September 1973.   This 
work is under the direction of Mr.  B.D. Hatch, Principal 
Investigator. 
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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 
system with the extreme environments involved vill 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 survey of 
multiple applications in which the use of cryogenic 
and superconductive systems and components offer 
substantial advantages through impro /ements in the 
performance of propulsion,  communication, detec- 
tion,  or weapons systems. 

• Define, investigate,; and experimentally evaluate the 
key elements of a representative cryogenic turbore- 
frigeratjr subsystem suitable for providing reliable 
long-livsd 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- 
gram on the identification of potential materials and 
process problem areas and the demonstration of 
potential resolution of such problems. 

IV 
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Sect   1 1 

SUM   ^RY 

TECHNICAL PROBLEM 

The specific objectives of this pr. fjram are to: 

• Conduct a limited but broad application survey of multiple applica- 
tions in which the use of cryogenic and superconductive systems and 
components offer substantial advantages through improvements in 
the performance of propulsio. , communication, detection, or weap- 
ons systems. 

• Define, investigate, and exper mentally evaluate the key elements of 
a representative cryogenic tui^orefrigerator subsystem suitable for 
providing reliable long-lived c -yogenic refrigeration for a super- 
conductive ship propulsion syEiem. 

• Provide a sound technical basi- for subsequent applications of super- 
conductive power in the area o; 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 ider.i- 
fication of potential materials and process problem areas and the 
demonstration 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 system 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 lend was 
scheduled as shown in Figure I.    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:   cryogenic turborefrigerators and super- 
conductive power systems. 

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

Continuing work in Phases 11 and III was directed to the identification of 
potential materials 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 areas: 

• Liquid metal current collection technology 

• Superconductive coil technology 

Because no actual testing is to be conducted until Phase III, no effort is 
made here to centralize a report of these activities. 

INDIVIDUAL TASKS 

CRYOGENIC TURBOALTERNATORS DEVELOPMENT 
FOR EXTREME ENVIRONMENTS 

The original inten*. of the contract was to conbtruct, during Phase II, ad- 
vanced turboaltcmators for the purpose of bearing materials development 
and shock and vibration testing.   Before construction could be completed, all 
work related to the cryogenic refrigeration portion of Uie 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; one of these as- 
semblies was to be used for bearing materials Investigations and the 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- 
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alternator parts borrowed from another contract, a new bearing material 
(sintered titanium carbide) was experimentally evaluated for the first time 
at very low temperatures.   Uslnß helium gas boiled off from liquid, the tur- 
boaltemator was operated to temperatures as low as 9.80K.   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 turboaltentators 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 COiVlPRESSOR MOTORS 

A tentative conclusion from this work Is that a dynamic power conditioner 
(a motor-generator set) 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 I, 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 collection 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 gallium has no 
significant reaction with water and Is nontoxlc. It offers Increased safely and 
maintenance ease, compared to NaK.   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 generators, is the 
primary objective of this portion of the program.    During Phase 11, the prln- 
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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 ready to begin 
in Phase 111.   Upon completion 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 ind development of su- 
perconductive machinery.   It remains necessary to experimentally verify that 
these technological developments that have been proven ss 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 experimental verification of coil 
performance in a dynamic environment have been the principal objective of 
these Phase II activities. 

Equipment has been completed and is ready for Phase II testing. 
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Section 2 

CRYC 3ENIC TURBOALTERNATORS DEVELOPMENT 
FOR EXTREME ENVIRONMENTS 

DESIGN FOR PERFORMANCE 

A study was conducted to determine the moat 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 probably the best choice.    In 
addition  it was also shown that for one case the full admission radial reac- 
tion turbine will probably provide the most efficient turbine and hence im- 
prove the overall refrigeration cycle efficiency. 

To illustrate this posoible 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 la^bine 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 inposed to show the potential lor 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 Figure 2, where the turboalternator efficiency at 
each of the three stations was arbKrarily increased by the amount shown. 
Hiese results are based on influencing each turbine separately, leaving the 
other two turbines at the original cycle design point efficiency. 

TTien the results of improving all the turboalternator efficiencies simul- 
taneously were examined (Figure 3).   TTils 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 
(Ref. 1). 

The comparison of two low-temperature,  120K 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 
under this contract Included the operation of a turboalternator for perfor- 
mance evaluation of the Big Bertha frame size, as was originally establi&ied 
in the proposed approach for this program. 

Preceding page blank 
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Table 1 

A-C GENERATOR REFRIGERATOR 
TURBOALTERNA'COR DESIGN SUMMARY* 

Model and Inlet Temperature 

Design Parameters Big Bertha 
(120K) 

Big Bertha 
(35° K) 

Grizzly Giant 
(120°K) 

Total refrigeration power outputs (watts) 15.57 191.4 681.5 

Design speed (rpm) 72.960 72,820 64,640 

Maximum speed (rpm) 200, 000 200, 000 200. 000 

Refrigerator input power   (kilowatts) 

Principal Dimensions 

Journal-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 length (inches) 0.705 0.705 1.410 

Performance Factors 

Inlet temperature (0R) 21.6 63.0 216.0 

Inlet temperature (°K) 12 35 120 

Inlet pressure (psia) 41.35 41.77 42. 19 

Outlet pressure (psia) 17.08 16.83 16.58 

Pressure ratio 2.422 2.482 2.545 

Mass flow (pounds per hour) 67.14 53.44 57.92 

Turbine run number 630601006 630602001 630603005 

Wheel diameter (inches) 0.75 1.25 2.50 

Electromagnetic efficiency (fraction) 0.998 0.985 0.952 

Number of bludes 37 5^ 77 

Cycle required overall efficiency (fraction) 0. 4725 0.5086 0.4674 

Overall efficiency (fraction) 0.4809 0.5127 0. 4804 

Specific speed 23.57 15.95 10.79 

Total friction losses (watts) 4.89 9.03 93.66 

Design Geometry 

Admission (fraction) 0.3165 0.2216 0. 1567 . 

Cutter diameter (inches) 0.0278 0. 0293 0.0470 

Hlade height (inches) 0. 0935 0. 1085 0.1534 

Ulade-hi-ight-to-diameter ratio 3.36 ?.707 3.264 

Hlade angle (degrees) 60 60 60 

Nozzle angle (degrees) 80 80 80 

^Turbine type:   partial-admission, radial impulse 
Load alternator type:   permanent magnet 
Journal bearing type:   self-acting tilting pad 
Thrust bearing type: inward pumping, spiral groove |CR-2314| 
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Figure 2.   Effect of Turboalternator Efficiency Improvement on Total 
Refrigerator Input Power, with Each Turboalternator's 
Efficiency Changed Separately 
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Figure 3.   Effect of Simultaneous Turboalternator Efficiency Improvement 
in All Three Stages on Total Refrigerator Input Power 
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Table 2 

COMPARISON OF PARTIAL AND FULL ADMISSION TURBOALTERNATORS* 

Turbine Type 

Design Parameters 
Partial Admission, 

Radial Impulse 
(120K) 

Full Admission, 
Radial Reaction 

(120K) 

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 outside diameter (inches) 0.84 0.84 

Magnet length (inches) 0.705 0.705 

Performance Factors 

Inlet temperature (0R) 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) 

Cutter diameter (inches) 

Blade height (inches) 

Blade-height-to-diameter ratio 

Blade angle (degrees) 

Nozzle angle (degrees) 

0.3165 

0. 0278 

0.0935 

3.36 

60 

80.0 

*Model:   Big Bertha 
Load alternator type:   permanent magnet 
Journal bearing type:   self-acting tilting pads 
Thrust bearing type:   inward pumping, spiral groove 

1.00 

NA 

0.0222 

NA 

0 

81.9 
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The turbine performance would have been evaluated at the 80oK level, 
with a single heat exchanger ja a cryogenic section.    Pressure levels and 
flow rates available 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 aerodynamic 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- 
bines 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 

Characteristic Parameter 

Principal Dimensions 

Journal bearing span 3.82 inches 

Journal and magnet diameter 0, 50 inches 

Thrust bearing outside diameter 0. 84 inches 

Magnet length 0. 705 inches 

Performance Factors 

Inlet temperature 80, 0oK 

Inlet pressure 48. 7 psia 

Outlet pressure 19. 5 psia 

Pressure ratio 2.5 • 

Specific speed 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 pressure losses.   Then a pressure ratio of 
2.5 was selected as a typical refriger ^ion cycle pressure ratio.    This ratio 
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resulted in an inlet pressure of 48. 7 psia, which can be easily accommodated 
by the facility compressor. 

A aeries of full admission turbine computer design runs were carried 
out, and the results are shown as the first column of Table 43 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-off would have been made, because a corn- 

Table 4 

TURBOALTERNATOR DESIGN SUMMARY 

Turbine Typo 
Full Admission, Partial Admission,  Radial Impulse 

Design Parameters Radial reaction 

Hun Run Run Run Run Run 
630601014 630601017 ejoeoioig 630601021 63060122 630501023 

Total refrigeration power outputs (watts) 307.2 301.5 299.3 301.5 301   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 

Principal Dimensions 

Journal bearing span (Inches) 3.82 3.82 3.82 3.82 3.82 3.82 

Journal and magnet dlarm ter (inches) 0.5 0.5 0.5 0.5 0.5 0.5 

Thrust bearing outside di:imeter (inches) 0.84 0.84- 0.84 0.84 0.84 0.84 

Magnet length (inches) -- 0. 548B 0.4325 0.6114 0.6768 0.705 

Performance Factors 

Inlet temperature ("R) 144 144 144 144 144 144 

Inlet temperature (0K) 80 80 80 80 80 80 

Inlet pressure (pala) 48.7 48.69 48.69 18.69 48.69 48.69 

Outlet pressure (psia) 19.5 19.49 19.49 19.49 19.49 19.49 

pressure ratio 2.5 2.408 2.498 2.498 2.498 2.498 

Mass flow (grams per second) 5 5 5 5 5 5 

Wheel diameter (Inches) 1   693 1.000 0.900 1.050 1.100 1.000 

Electromagnetic efficiency (fraction) 0.980 0.975 0.975 0.975 0.975 0. 9806 

Number of blades 56.44 45.0 45.0 45.0 45.0 43.0 

Overall efficiency (fraction) 0.6237 0.4734 0.4700 0.4734 0.4727 0.4732 

Specific speed 20.97 10.97 22.38 18.94 18.00 19.97 

Total friction lodsea (watts) 31.22 29.82 34.91 27.94 26.38 27.74 

Design Geometry 

Admission (fraction) 1.00 0.2711 -- -- 0.2461 0. 2708 

Cutter diameter (inches) NA 0.03091 — — 0.0344 0.03253 

Blade height (Inches) 0. 0282 0. 1069 0.1068 0.1069 0.1070 0.1070 

Blade-height-to-diameter ratij NA 3.458 3.896 3.275 3.111 3.289 

Blade angle (degrees) 0 bU 60 60 60 60 

Nozzle angle (degrees) 83.85 30.00 80.00 80.00 80.00 80.00 

lCR-2348 | 
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GEOMETRY 
WHEEL  TIP  CLRARAUCE   (IN) 
EXDUCER TIP CLEARANCE   (IN) 

NOZZLE  ANGLE   (DEGREES) 
BLADE  ANGLE   (DEGREES) 
BLADE   INCIDENCE  AN^LE   (DEO.) 
EXDUCER  TIP  HLADH  ANGLE   (DEC) 

TOTAL  .WCMINE  SHAFT  LENGTH   (IN) 
JOURNAL  SHAFT  DIA.V.ETER   (I.J) 
JOURNAL  FRPE  SHAFT  LENGTH   (IN) 

ALlhKNATO.^ 
AL r«:H N AT OR 
ALfEhiMTOR 
ALTERWATOR 

DIAMETER   (IN) 
MAGNET  LENGTH   (IN) 
PERIF.   SPRED(F,P.S.) 
RADIAL  GAP   (IN) 

STATOR  OVERHANG   (IM) 
STATOH   LAMINATION  ^IA.   d") 
EMPIR.   ALTERNATOR  DlA.df) 

VELOCITIES 
SPOUTING  FELICITY   (EPS) 
rtHEEL  TIP   SPPEü(FPS) 
NOZZLF  DISCHARGE  VELOCITY   (FP^) 
BLADE   INLET RELATIVE  VRLOCI1Y(F?S) 
BLADE   INLET   MDIAL  VELOCITY   (FPS) 
BLADE   INLET  RELATIVE  MACH  "IHBfR 
SLIP  FACTOR 

EXDUCER   AXIAL  VELOCITY   (FFS) 
EXDUCER TIP  RBL.   VELOCITY   (FPS) 
EXDUCER TIP  REL.   .'.'.ACM  NUMRPR 

kHYMOLDS  NUMBERS 
TURBINE   DISC   REYNOLDS   MO. 
JOURNAL DIAMETER   REYNOLDS    U. 
ALTERNATOR  GAP   REYNOLDS  "0. 

0.^.?n6E-0? s 
0.10.^E-02 SE 

n,n:w5E+o? ALP2 
n. "P2 
0.I896E+02 I 
"i.rill6E+n? n? 

O.6O50E+01 sL 
• ).hoonF+oo U 
0.3?^')'-+0 nsM 

O.OOJOE+OO >0 
0.64I6!:+00 •;' 
0..~2V.?E+01 ^)i.' 

O.'HTSE-OI i-, 

0.R6P5R-01 'M 
0, I84bri+ni L 
o.^oar+on no- 

0. I657F>»M CJ 
0. II03R+04 J 
0.I074P+04 c? 
•l. \2,?'il:+''^ 'i?. 
'). liooE+rn V? 
0.778i)E-01 •'W2 
0.1074E+CX) SLIP 

O.PIBOr+m n 
0. "»491^+03 .t.-1 

0.?27ir+^) un 

0. 101 i-+o/ ••iMrrt 

O.^'i^O'+^S Kbir.j 

.l.'ln^ /'•+■) ) • .;•;- 

DKAG COEFFICIENTS 
rtHEEL  REYIOLOS  NUV.nER  CQRRECTH'H 
JDURMAL  DIAMETFR  DRA^ CÜFFF. 
ALTERNATOR  GAP  FOMENT  COEFF. 

;•, . HJ/I._,V>       /7 )S 
i. | /6/1'-0 5     j'i ; 

100  80.C   .1.31.1   I .126   D.O 
200   .y7b   ,4B 
^oo o.o ö.O'J .o:;n .500 
400   .H4    I.0   ."01^   ,0007 
bOO   150000.   200C00.   ^00. 
600  630601 OU  2 CR-2364-3 

Figure 4.   Fuli 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 80oK inlet temperature.   Results of th» je runs 
are shown in the remaining columns of Table 4. 

The design in the right-hand column would have been the selected 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 
GAS   IS  HELIUM 

HEFKIGEHATION'   PWH   0UT   (WATTS) 
ELECTHICAL   F0WEK   0UTPUT   (WATTS) 
SPEED   (KPM) 
3VEHALL   EFFICIENCY   (FHACTIOM) 

TEMPEKATURES#PHESSÜrtES.FLaW 
IMLET   TEMPEHATLWE   (rt) 
INLET   TEMPFKATLWE   <K) 
0VEKALL   TEMPEKATüKE   Drt0P   (K) 
0VEKALL   1EMPEKATUHE   DK0P   (K) 
0UTLET   TEMHEHATUKE   EXIT   (K) 
0UTLET   FEMPEKATUKE   EXIT   <K) 

INLET  PKESSUHE   (PSIA) 

INLET   PHESSiIKE   (ATM) 
0UTLET   PKESSURE   (PSIA) 
0Ü1LET   PRESSURE   (ATM) 
PRESSURE  RATI0 
FL0W   (LB/SEC) 
FL0W   (LB/H*) 
FL0W   (G/SEC) 

PRIMARY   DIMENSIONS 
WHEEL   TIP   DIAMETER   (IN) 
NUMBER   0F  «LADES 
BLADE   HEIGHT   (IN) 
BLADE   HI.   CUT.   DIA.   RATI0 

THRUST  aEARI>JG 
L0AD(LBS.)« 
0UTSIDE   DIAMETER(IN)* 
DIAMETER   RATI0 
CLEAR.   T0   DIA.   RATia 
L0AD  C0EFFICIENi 
BEARING  NUMBER 
CLEARANCE«LaADSIDE(IN) 
FR1CTI0N  PaWER(WATTS) 

Figure 5.,   Partial Admission Radial Impulse Design Point Computer 
Printout 

630601023 

0.30I3E*03 PTHL 
0.30I3E*03 PTA 
0.UI3E«06 N 
0.473qE*00 ETAT/! l 

0.I«40E«03 If) 
0.8000E^02 TA 
0.2086E^02 TEDR 
0.1I59E*02 1EÜK 
0.I23IE«03 T4R 
0.6841E«02 T4K 

0.4869E*02 PO 
0.33I3E«0I PA 
0. I9^9E*02 P3 
0.I326E^0I Pfl 
0.249HE*0I PR 
0.110IE-0I w 
0.3965E*02 WP 
O.SOOOE^OI WA 

0.lOOOE^OI D 
0.4300E«02 L 
0.1070E^00 BH 
0.3289E«0I BhCD 

0.3507t>00 BTL 
0.8400E*00 DT 
0.65/.Kr>On OR 
0.7000E-03 BDCR 
0.5685E-01 BTC 
0.7383E«00 
0.3880E-03 

ATN 
ELC 

0.I384E40I BTPL CR-2363- 1 
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JOUHNAL BEARING 
L0AD(LBS.) 
L0AD COEFFICIENT 
REAKING NUMBER 
CLEAR. 13 DIA. RATIO 
MACHINED CLEARANCE (IN) 
PIV. FILM THICK(IN) 
FRICTION POWER«WATTS) 

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

GAS BEARINGS 
KOIATING ASSEMBLY WEIGHT (LBS) 
ACCELERATION OF GRAVITY (••G") 
TOT. BEARING FRICTION (WATTS) 

PERFORMANCE TERMS 
ISENTROPIC HEAD (FT) 
HYDKAULIC EFF.. FIKbl 1EHM 
HYDRAULIC EFF.« SECOND IEKM 
HYDRAULIC EFF., THIRD TERM 
TIP CLEARANCE EFF. CORKECT )>J 
TRAIL EDGE EFF. CORRECTION 
BLADE RE. NO. EFF. CORR. 

0.|7S4E«00 BJL 
O.7199E-0I Bjn 
0. 1 7KOF*01 BCN 
0.B9I7E-03 BCD 
0.4459E-03 BMC 
0.3006E-03 BJMF 
0.4080E40I BJPL 

0. TOA 
0. PHL 
0.684IE*02 T4KH 
0. PHLS 
0. PHLH 

O.35O7E+C0 RAW 
0.IQOOE+OI ACG 
O.I0^4E^02 PLB 

0.426IE«0S HS 
0.6H62E*-00 ETAHI 
0. I??.3E*00 E1AH2 
0.597SE-04 ETAH3 
0.98i»7E»00 LC 
0.9430E«00 LE 
0.9RA9E*00 LR 

ALTERNATOR 
ALTERNATOR 
ALTERNATOR 

GAP FLUX (KGAUSS) 
C<aRE LOSS C3EFF. 
COPPER LOSS C0EFF. 

O.I^07E*02 AR 
O.|52tfE^0l KA 
0.6S96E*OI  KB 

TEMPERATURE WHEEL EXI1 GAS (R) 
TURBINE BLADE DISC VOL. FLOW (CFS) 

0.12I2E*03  T3 
O.I833E^O0  03 

PERFORMANCE FACTORS 
IIP SPEED TO SPOUTING VEL.RATIO 
NOZZLE COEFFICIENT 
SPECIFIC SPEED 
SPECIFIC DIAMETER 
FLOW FACTOR 

WHEEL EFFICIENCY (FRACTION) 
HYDRAULIC EFFICIENCY (FRACTION) 
ELECTROMAGNET EFF. (FRACTION) 

ISENTROPIC PCWER (WATTS) 
WHEEL POWER OUTPUT (WATTS) 
SHAFT POWER OUTPUT (WATTS) 

0.372SE*0C SVK 
0.9000E*00 PSIN 
0.1997E*02 NS 
0.2795E*0I DS 
0.4798E+0i WSTP 

0.S168E«00 ETAW 
0.S639E->00 ETAH 
0.9806E«00 ETEM 

0.6368E^03 PTAS 
0.3291E403 PTBW 
0.3074E+03 PTB CR-2363-2 

Figure 5.   Partial Admission Radial Impulse Design Point Computer 
Printout (Continued) 
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PAKASITIC   L3SSES   (WATTS) 
AUEKNA10K   T0TAL   EM 
TUrtBlNE  DISC   FH1CTI0N 
J0UKNAL  DIAM   SHAFT   FHICTI0N 
ALTERMAT0rt   GAP   FK1C110N 
BEAK I NO   FKICTI0N 
SUM  ALL   PAKASIT1C   L0SSES 

0.60B2E + 0I PLEL 
0.3809E*01 PLDF 
0.6884E*OI PLSF 
0.5243E*00 PLGF 
O.I044E*02 PLB 
0.2774E+02 PL IP 

GE0ME1KY 
WHEEL   TIP  CLEAHANCE   (IN) 
BLADE  PASSAGE  CUTTER   DIAMETE«   (IN) 
BLADE   TRAILING   EDGE   THICKNESS   (IN) 
ADMISSISiM   Af.C   (FRACTI0M) 
ADMISSI0N   ARC   (DEGREES) 
N0ZZLE  ANGLE   (DEGREES) 
BLADE  ANGLE   (DEGREES) 
BLADE   INCIDENCE  ANGLE   (DEG) 
BLADE  CH0RD   (IN) 
WHEEL   INSIDE   DIAMETER   (IN) 
BLADE   PRESSURE   SURFACE   RADIUS   (IN) 
BLADE   SUCTI0N  SURFACE   RADIUS   (IN) 

T0TAL  MACHINE   SHAFT   LENGTH   (IN) 
J0URNAL   SHAFT   DIAMETER   (IN) 
J0URNAL   FREE   SHAFT   LENGTH   (IN) 
ALTEf<^AT0R   DIAMETEK   (IN) 
ALIEKNAT0R  MAGNET   LENGTH   (IN) 
AL1ERNAf0rt   KEHIF.   SPEED(F.P.S.) 
ALTERNAI0rt   HADIAL   GAP   (IN) 
STAT0K  0VEKHANG   (IN) 
STAT0R   LAMINA1I0N   1)1 A.   (IN) 
EMPIR.   ALIERNATdR   DIA.(IN) 
WHEEL  BACK   SIDE   0PTIMUM  GAP   (IN) 

0.2000E-02 S 
0.3253E-01 « 
0.4000E-02 E 
0.2708E*00 ARC 
0.9748E*02 ARCD 
0.8000E*02 ALP2 
0.6000E+02 BFH 
0.1308E«02 I 
0.1I23E*00 C 
0.7753E*O0 D3 
0.648SE-0I Y 
0.3232E-0I X 

C.5050E*0I SL 
0.S000E4-00 DJ 
0.3I7SE«0I DSH 
0.5O00E*00 DG 
0.7028E*00 DM 
0.3085E*03 APS 
0.2875E-0I G 
0.8625E-0I DA 
O.I84SE^OI DL 
0.4042E«00 DGE 
0.1544E-01 CD 

VEL0CITIES 
SP0UTING vEL0crry (FPS) 

WHEEL   TIP   bPEED(FPS) 
N0ZZLE  DISCHARGE   VEL0CITY   (FPS) 
BLADE   INLET   RELATIVE   V/EL3Cn f(FPS) 
BLADE   INLET   RADIAL   VEL0CIIY   (FPS) 
RLADE   INLET  RELATIVE   MACH   NUMBER 

0.|6S6E«04 CO 
0.6I70E*03 U 
0.|49IE*04 C2 
0.27O6E*0n W2 
0.2589E*03 V2 
'J.I809E*00 MWf> 

REYN0LDS   NUMBERS 
BLADt   PASSAGE   REYN0LDS   N0. 
TURBINE   DISC   REYN3LDS   N0. 
J0URNAL   DIAMETER   REYN0LDS   N0. 
ALTEKNAT0i<   GAP  REYNOLDS  N0. 

0.|3IOE*05 NREB 
0.2930E*06 NRED 
0.7325E*05 NREJ 
0.3A47E*05 NREf- CR-2363-J 

Figure 5.   Partial Admission Radial Impulse Design Point Computer 
Printout (Continued) 
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DRAÜ C0EFFICIENTS 
TUKB1NC DISC DHAG C0EFF. 
J0UKNAL DIAMCTEK UHAG C0EFF. 
ALTEKNAT0rt GAP M0MENT C0EFF. 

100 80.0 3.313 1.326 5.0 
2 00 .9806 .50 
300 I.00 5.05 .500 .500 
400 .84 1.0 .0015 .0007 
500 0. 200000. 300. 
6 00 630601023 2 
7 00   .002   43.    .004 
ROD   bO.   60*    .9 
9 00   1 .   0.    1 . 

0.7402E-02 CMO 
0.5404E-02 CDS 
0.1848E-02     CDG 

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 electromagnetic design was established.   1 his 
design was based on the performt ice 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 for 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 80oK. 

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 = 80oK 
Turbine inlet pressure = 48. 7 psia 
Turbine outlet pressure = 19.5 psia 
Turbine Tioverall turbine ■ 0. 47 
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Isentropic temperature ratio 
Pa 

1.67-1 

= (2.5) i1**' r. (2.5)0'*oia 

1.44 

80 
Tout isentropic = -j—^ =55.5 

80- 55.5 ■ 24.5 

ATactual = 0. 47 x 24. 5 - 11.5 

Tout actual = 80 - 11. 5 = 68. 50K 

Flow = 0. 005 kilograms per second 

SBy ATload = | x 11.5 = 5.80K 

Qload = m Cp AT  =0. 005 x 5200 x 5. 8 

= 150 watts 

AT available to heat exchanger = 5. 80K 

300 

1 

ATend 

^max 

5.8 
225.8 

€ = 0. 974 

The design cycle for 98 percent is: 

1 - 0. 026 

0.98 = I-- ^Tend 
220 + ATend 

215.6 + 0.98ATend-220-ATend AT end 
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mm 

. 220 - 215.6 _ 4. 4 
ATend "        o. 98 ' 0. 98 

ATend= 4.4898 

Tcoldin = 80-4-4898 = 75-510 

300-80 220 
300-75.510     224.49 

= 0.9800 

GAS BEARING AND ROTOR DYNAMICS 

BEARING DESIGN REQUIREMENTS 

The journal and thrust bearing overall design requirements include: 

• Lubricant:   helium gas from cycle working fluid 

• Ultimate design life:   10,000 hours or more 

• Shock and vibration loads:   (to be determined) 

• Acceleration load:   design for 3. Ogin any direction   while operating 

• Design cryogenic temperature:   80oK (144° R) 

• Design speed:   141,300 rpm 

• Maximum operating temperature:   1250F (J85  R) 

• Ambient pressure:   19.5 psia 

• Starting:   many start-stop cycles 

• 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 
80oK. 

The above requirements assume: 

• No operating 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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3 O^g operating load 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 
turboalternator can tolerate are determined by analysis and environ- 
mtntal 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 SELECTIONS 

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

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

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

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

• 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: 

• Confidence in ultimate success 

• Prior manufacturing and cryogenic test experience 

• Broad stability range 

• Inherent self-alignment 

• Reasonable tolerance to dirt Ingestion and thermal distortion 

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

was selected because of: 

• Confidence in the ultimate success 

• Prior manufacturing and cryogemc test experience 

• Suitability for any attitude, plus g-loading 

• Suitability for complete self-alignment 

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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Y Axis 

Pivot Circle 

Kixeci 
Pivot 
Pads 

Pivoted Partial 
Journal Bearing 

Figure 6.   Schematic Diagram of Pivoted Pad Journal Bearing 

Stem 
Spring 

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 Outside Diameter 

Bearing 

07 Inch 

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

0.041 x 1.5S Inch 
Spring Rate = 167 
Pounds per Inch 

CR-2228 

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 expedience.    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 
accuracy, 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 microincl as 

• 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 

• T irst bending critical speed 25 percent above the operating speed 
range 

• Whirl threshold speed above the operating speed range 

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

• Minimum nondimensional pivot film 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 contemned: 

• 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 loss, 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 beam theory for computing two rigid body natural 
frequencies and the first bending critical speed of a system consist- 
ing of four bf.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 

• Logic 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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Performance 

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 

Stiffening 
Rib -\ 

Stem Spring 

Figure 10.    Tilting Pad Journal Bearing 
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• 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 
pf d pitch motions and therefore to minimize rubbing motion at the 
pxvots 

• Japacitance probes incorporated as monitoring devices, '>-» ensure 
that the bearings are as3embled 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. 

P'igures 12, 13, and 14 show a set of design parameters for a machined- 
in clearance (difference between the pad and journal radii), Cp, of 0. 00C625 
inch, with loadings of 0g, lg, 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.   A maximum 
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••CflNDITIPNS  AT  DRSMN   SpPPD** 

LAMHOA   (MD) 
AMRIENT  PWESSUHE   (PSIA) 
CLEAUANCE  (IN) 
JOURNAL OIAMETEH (IN) 
»^HG. TRANSVErfSF STIFF. (LVI 
RRG. VERTICAL STIFF. (IJVIU) 
RRO. PQHER LüSS (WATTS) 

I) 

SUDES WITH FIXED PIVOTS 

LOA!)   (L^) 
PIVOT FILM THICKNESS   (IN) 
PITCH STIFFNESS   (IK-LR/RAH) 
PITCH  CRITICAL   PRFO.    (RP/.') 

0.9460 
19.50 

0.000610 
0.500029 
10055.71 
45/9.6^ 
4.3015 

0.9112 
0.000276 
57.094 1 

203488. I 

SHOES nITH  SPRING MID. PIVOFS 

LOAO   (LR) 0.0112 
PIVOT  FILM THICKNRSS   (IN) 0.000275 
PITCH  STIFFNESS   (If.'-LP/RAD) 57 . 700 | 
PITCH CRITICAL  FRFO   (RPM) 204^81.2 
TRANS.   CRITICAL  FREO   (RPV) 350?6!.2 
STIFF OF  PRELOAD  SPRING   (LR/IK) 1^00.6 
PIVOT SOCKET  RAOIUS   (IN) 0,06^5 
PIVOT  RALL  RADIUS   (IN) 0.0620 

**GENHifAL  COMUITIOfiS^* 

nrtlRL  Sp^-D  LIMIT     (RPM) 
FIRST n'-r.niMj GRIT.   SPD.   ( 
SHAFf  RIGID  !V')DY  CRIT  SPU 
SHAFl   PIGIi)  ■};1DY  CRIT SPO 
SHAFf RI'JID  'VJDY CRIP SPD 
SHA1-T  RIGID  RUDY  CRIT  SPD 
SHOE  PITCH   INERTIA   (ir-LR- 
WEIGHT OF SHOE   (LR) 
THICKNESS  OF  SHOE   (IN) 
MACHINED-IN  CLEARANCE   (IN) 
START-UP  CLAMPING  FORCE   (L 
START-UP  CLEAR  ON  TOP   SHOE 

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

451772.«3 
RPI) 26R878.6 
(Pin'.) 77525.5 
(KPV.) 52521./I 
(, PM) 47201.| 
(ROM) 12.115.6 
SHC2) Ü.I257E-06 

0.Ü02252 
0.0450 

O.G00625 
B) 0. 

0.0U026 (IN) CR-241Ü-1 
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SPRING STIFFNESS (L^/IN) 
MACHINED IN CLEARANCE (IN) 
STARTINO PIVUT FILM THICK.(ND) 
^ALL RADIUS (IN) 
SOCKET RADIUS (IN) 
G LOADING 

O.I5üOlr:+04 
0.000625 
0.450000 
0.062000 
0.063500 

0. 

*****GAS  LURRICATED JOURNAL  REARINGS***** 

••CONDITIONS  AT MAXIMUM  SPEEDS* 

LAMBDA (NO) 
AMBIENT PRESSURE (F-SIA) 
CLEARANCE (IN) 
JOURNAL  DIAMETER   (IN) 
REARING X-STIFFt4ESS  (LP/IN) 
REARING Y-STIHFNESS   (LB/IN) 
REAR I NO POhER  LOSS   (NATIS) 

3,483 
19.50 

0.000590 
0.50005P 

10013.786 
4562.432 

16.39 

SHOES WITH FIXED PIVOTS 

LOAD   (LR) 
PIVOT FILM rmcKNEss CIN) 
PITCH STIFFNESS   (IN LM/RAil) 
PITCH CHUTCAL   (UPM) 

1.2061 
0.000346 
63.1129 

213951.8 

SHOES  i/ITIl  SPRING  MTD.   PIVOTS 

LOAD   (LR) 
PIVOT FIL'1 THICKNESS (IN) 
PITCH STIFFNESS (IN L.VRAD) 
PITCH CRITICAL (RPM) 
TRANSLATION CRITICAL (RPM) 

I.2961 
0.000347 
63.0344 

213618.8 
357253.1 CR-2410-2 

Figure 15.   Journal Bearing Performance 
(0-g Operation) (Continued) 
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••CGNDITIOHS  AT DESIGN 'JPEH^** 

LAMBDA (HD) 
AMBIENT PRESSURE (P3IA) 
CLEARANCE (IN) 
JOURNAL DIAMETER (IM) 
BRG. TRANSVERSE STIFF, (LVIN) 
BRG. VERTICAL STIFF. (LB/IN) 
BRG. POWER LJSS (.JAirS) 

SHOHS WITH FIXED  PIVOTS 

LOAD   (L'i) 
PIVOT FILM TrllCKNESS   (IN) 
PITCH STIFFNESS  (IM-La/RAO) 
PITCH  CRITICAL  FRFO.   (RPM) 

0.9460 
I 9. 'M' 

ü.C^iÜölO 
0,000020 
\?.?.'/o,59 

4,5670 

I.062? 
Ü,0()024B 

72.7662 
229725.0 

SHOES  nITH  SPRING   MTD.   PIVOTS 

LOAD   (I*)    • 
PIVOT  FILM THICKNESS   (IM) 
PITCH  STIFFNESS   (IN-LB/RAD) 
PITCH CRITICAL  FREO   (RRM) 
TRANS.   CRITICAL  FREO   (RPM) 
STIFF OF  PRELOAD SPRING   (LR/IN) 
PIVOT SOCKET RADIUS   (IN) 
PIVOT  PALL  RADIUS   (IN) 

0.911 .-' 
o.ooo?/1) 

57.7091 
204581.? 
3593f)I,2 

1500.0 
0.06'^? 
0.0620 

**GENERAL Cü^DITIONS** 

WHIRL SPEED LIMIT     (RPM) 
FIRST  RENDING GRIT.   SPD.    (HP'*) 
SHAFT  RIGID   SDDY  GRIT  SPD   (RPM) 
SHAFT RIGID BODY GRIT  SPD   (Rp..;) 
SHAFT RIGID  BODY GRIT  SPD   (RPH) 
SHAFT RIGID  BODY GRIT  SPD   (RP 0 
SHOE  PITCH   INERTIA   (IN-LB-SFCV) 
WEIGHT OF  SHOE   (LB) 
THICKNESS  OF  SHOE   (IN) 
MACHINED-IN CLEARANCE   (IN) 
START-UP  CLAMPING  FORCE   (LB) 
START-UP  CLEAR  ON TOP  SHOE   (IN) 

4S17/?. • 
269A| ,?.'5 

R5509,f-) 

56{<30. I 
5l976.;.i 
14 737.6 

'J.I 257E-06 
().0n??5 ■ 

0.045Ü 
0.00062': 

0. 
0.0002 

Figure 16. Journal Bearing Performar JC 

(1-g Operation) 
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SPRING STIFFNESS   (LB/IN) 
MACHINED  IN CLEARANCE  (IN) 
STARTING  PIVOT FILM THICK.(ND) 
PALL  RADIUS   (IN) 
SOCKET RADIUS   (IN) 
G LOADING 

0.1500E+04 
0.000625 
0.450 000 
0.062000 
0.06.3500 

1 .0000 

•••••GAS LUBRICATED JOURNAL  REARINGS****^ 

••CONDITIONS  AT MAXIMUM  SPEFO^* 

LAMBDA (ND) 
AMBIENT PRESSURE (PSIA) 
CLEARANCE (IN) 
JOURNAL  DIAMETER   (IN) 
BEARING  X-STIFFNESS   (LB/IN) 
BEARING Y-STIFFNESS   (LB/IN) 
BEARING POWER  LOSS   (WATTS) 

3.4B3 
19.50 

0.0 00596 
0.500058 

11976.443 
52I7.4B8 

17.17 

SHOES  WITH  FIXED   PIVOTS 

LOAD   (LB) 1.4511 
PIVOT FILM THICKNESS  (IN) 0,000320 
PITCH  STIFFNESS   (IN  LB/RAD) 74. HI 2 
PITCH  CRITICAL   (RPM) 231«92.5 

SHOES  WITH  SPRING  MTD.   PIVOTS 

LOAD (LB) 
PIVOT FILM THICKNESS (IN) 
PITCH STIFFNESS (IN LP/RAD) 
PITCH CRITICAL (RPM) 
TRANSLATION CRITICAL (RPM) 

1 .2991 
0.000346 
53.2513 

214186.3 
357 794.7 CR-2411-2 

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

LAMBDA   (ND) 
AMBIENT  PRESSURE   (PSIA) 
CLEARANCH (IN) 
JOURNAL DIAMETER (IN) 
BRG. TRANSVERSE STIFF. CLB/JN) 
BRG. VERTICAL STIFF. (LB/IN) 
BRG.   POWER LOSS   (WATTS) 

SHOES WITH FIXED PIVOTS 

LOAD (LB) 
PIVOT FILM THICKNESS (IN) 
PITCH STIFFNESS (IN-LB/RAO) 
PITCH CRITICAL FREQ. (RPM) 

0.9469 
19.50 

0.000610 
0.500029 
17201.64 
6961.61 
5.0738 

I .3642 
0.000206 
106.0393 
277317.3 

SHOES WITH SPRING MTD. PIVOTS 

LOAD   (LB) 
PIVOT  FILM THICKNESS   (IN) 
PITCH  STIFFNESS   (IN-LB/RAD) 
PITCH  CRITICAL  FRFO   (UiA) 
TRANS.   CRITICAL  FREQ   (RPM) 
STIFF  OF  PRELOAD SPRING  (LB/IN) 
PIVOT  SOCKET RADIUS   (IN) 
PIVOT  BALL  RADIUS   (IN) 

0.9112 
0.000275 

67.7091 
204581.2 
359361.2 

1500.0 
0.0635 
0.0620 

WHIRL 
FIRST 
SHAFT 
SHAFT 
SHAFT 
SHAFT 
SHOE 

••GENERAL CONDITIONS** 

SPEED  LIMIT     (RPM) 
BENDINÜ  CRIT.   SPD.    (RPM) 
RIGID  BODY  CRIT SPD   (RPM) 
RIGID  BODY  CRIT  SPD   (RPM) 
RIGID  BODY CRIT  SPD   (RPM) 
RIGID  BODY CRIT SPD   (RPM) 

PITCH  INERTIA   (IM-LB-SFC2) 
WEIGHT OF SHOE  (L^.) 
THICKNESS OF  SHOE   (IN) 
MACHI NED-IN CLEARANCE  (IN) 
START-UP  CLAMPING  FORCE   (IB) 
START-UP  CLEAR  ON TOP  SHOE   (IN) 

451772.H 
270691.0 
I 00824.6 
64693.0 
60B2I.3 
39638.3 

O.I257E-06 
0.002252 

J.0450 
0.000625 

0. 
0.00012 

Figure 17.    Journal Bearing Performance 
(3-g Operation) 

CR-2412-1 
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SPRING STIFFNESS (LR/IN) 
MACHINED IN CLEARANCE (IN) 
STARTIMG PIVOT FILM THICK.(ND) 
BALL RADIUS (IN) 
SOCKET RADIUS (IN) 
G LOADING 

0.I500E+04 
0.000625 
0.450000 
0.062000 
Ü.063500 
3.0000 

*****GAS LUBRICATED JOURNAL BEARINGS***** 

**CaNDITIONS AT MAXIMUM SPEED** 

LAMBDA (WO) 
AMBIENT PRESSURE   (PSIA) 
CLEARANCE   (IN) 
JOURNAL DIAMETER (IN) 
REARING X-STIFFNESS (LR/IN) 
REARING Y-STIFFNESS (LB/IN) 
BEARING POWER LOSS (WATTS) 

3.483 
19.50 

0.000596 
0.500058 
16294.734 
6656.919 

18.74 

SHOES WITH FIXED PIVOTS 

LOAD (LB) 
PIVOT FILM THICKNESS (IN) 
PITCH STIFFNESS (IN LB/RAD) 
PITCH CRITICAL (RPM) 

1.7521 
0.000278 
97.5424 

265983.0 

SHOES WITH SPRING MTD. PIVOTS 

LOAD   (LB) 
PIVOT  FILM THICKNESS   (IN) 
PITCH  STIFFNESS   (IN  LB/RAD) 
PITCH CRITICAL   (RPM) 
TRANSLATION CRITICAL   (RPM) 

1.290] 
0.Ü00346 
63.2513 

214186.3 
357794.7 CR-2412-2 

Figure 17,   Journal Bearing Pervormance 
(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 rpm, based on these results. 

Figures 18 through 21 give performance as a function of the eccentricity 
ratio,  e/Co, at design and maximum speeds for 1-g and 3-g loadings,  respec- 
tively.    Figures 22 through 25 list the performance parameters used to create 
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.    The Y axis on the stiffness curve 
passes through the journal center and the spring-mounted pivot;  the X axis 
is 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 

TURBOALTERNA TOR TILTING PAD JOURNAL 
GAS BEARING DESIGN SUMMARY 

Characteristic 

Type 

Pad wrap angle 

Pad pivot location, from leading edge 

Pad material and weight density 

Pad surface finish 

Diameter 

Pad length 

Angle between pivots 

Journal material and weight density 

Journal wall thickness 

Cold mach'4 »ed-in clearance 

Ball material and surface finish 

Socket material and surface finish 

Preload spring stiffness 

Shoe pitch inertia 

Nominal weight of shoe 

Nominal thickness of shoe 

Parameter 

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 carbide, 4 rms 

Titanium jarbide, 4 rms 

1500 pounds per inch 

1.289 x 10'7 inch-pound-aquare 
seconds 

.i. 2 x 10"3 pounds 

0. 045 inch CR-24X7 
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Figure 18.    Turboalternator Journal Bearing Performance as a Function 
of Pivot Circle Eccentricty (1-g Design Speed) 
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Figure 19.    Turboalternator Journal Bearing Performance as a Function 
of Pivot Circle Eccentricity   (1-g Maximum Speed) 
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Figure 20.    Turboalternator Journal Bearing Performance as a Function 
of Pivot Circle Eccentricity (3-g Design Speed) 
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21.   Turboaltemator Journal Bearing Performance as a Function 
of Pivot Circle Eccentricity (3-g Maximum Speed) 
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RUN   NO      1 

...iNrui... 

ROTtTIONtL   SPEED.RPM i.MlM    It 
«MRlfNT   PRESSURE.PSU l.miE   •} 
NACHINED-IN  CLEARANCE.IN     I.A^SIE-IJ 
VISCOSITY,LR-S/INctl n.l?40F-n8 
FIXES  PIVOT  riLN   in.IS I.MSIF-U 
RRO.   rtCE   TO  PIVOT.IN I.SRIIE-11 

»PHIENT 
jnuRHti 
PRELOAD 

TtNPERATURE.OEC  R.1.1441E   IS 
DIAMETER.IN l.fltfc   o« 
SPR.   STIFT.LB/IN O.lilOt    (4 

PAO  LEN6TH.IM I.9IIIE   11 
SPRING   PIVOT   FUN   TK.IN A.Z7tlF-01 

riVEB  PIVOT   SPACINR.DEO l.lttRE   13 

•••OUTPUT*«* 

CONC.    PIVOT   FILM   TK.IN 
PIVOT   CIRCLE   ECC   RATIO.ND I. 
APPLIED  LOAD.   LR I. 
POWER  LOSS.   WATTS I.44Z6C   SI 
•VT riLN TR, SHOES 1.2.IN I ,76«RF-«3 
PIVOT FILM TK. SHOE 3. IN ».766RP-03 
RRO   STirr   X   DIR.   LB/IM R,1I4IF   If 
PRO STIFF. T DIP. LB/IH 1.4699? 84 
PIVOT   CIRCLE   CLEARANCE.IN   ■.?668F-I3 

•.!•                  0.70                  1.3«                  ».4» «.»• 
I.1I97E  II I.PtHF  II   I.34R1F   11   LllflE  •• l.ltSSE  11 
C.4579fc   11 I.4A42E   11   t.47i7e   11   I.IMIE   »1 O.bOiJl    «1 
I.7934E-I3 •.74S1F-I3   o.776«F-»3   l.fl34E-l3 0.7ieit-l3 
l.27t«E-l3 «.?7«5F-B^   0.7B43E-t3   l.^ltE-IJ 8.J9»At-«3 
O.nsiE   19 l.tlRlE   19  I.1433E   19  I.1611E  19 l.ltttE   19 
I.9I61E.I4 ■.94B2E  14   I.9977E  14   D.6»aE   14 0.J74JI   14 
I.t99*fc-I3 •.?97'>E-I3   I.249«E-I3  I.7393E*I3 I.7327E*I3 

1.69 1.71 LSI 1.91 l.oo 
I.7746E II I.9413F 11 I.11Z3E It I.1393E II t.l996f II 
I.922IF II I.94I6F II I.9611E li l.9a29E II I.6I3BE II 

0.16IIE-I3   l.t46SF-l3   I.1S34E-I3 

PIVOT CIRCLE ECC R«T|0.3lD 
APPLIED  LOAD.   LI 
POWER  LOSS.   WATTS 
PVT   Ml"   TK.   SHOES   1.2.IN   I.1R6IF-I3   I.1?34F*I3 
PIVOT  FILM   TK,   SHOE 3.   IN J,3I43E.-I3  I.3X2IE-I3  0.319Jt-l3  L.J2ME-I3  LUSIL-. 
BR6  STIFF   I   DIR.   LB/IH I.2I64E   19   I.234SE   «9  •.2B73E  19  S.3I39E  19  l.34iaE   19 
BRO  STIFF.   1  DIR.   DVIH       I.BI42E   14   I.B971E   14  I.IIME.M  I.UtSE  19  I.124BE.I9 
PIVOT  CIRCLE   CLEARANCE.IN  I.2299E-I3   I.P196F-I3   I.2131E>I3  ■.2I67E-I3  l.2M«i>B3 CR-a4I5«| 

Figure 22.   Helium-Lubricated Hydrodynamic Tilting Pad Journal Bearing 
Performance Chiracteristics for Load Between Fixed Pivots 
(Design Speed,  Run 1) 

RUN  Nf      I 

• ••INPiiT»** 

ROTATIONAL  SPeCC.RPM " O.ZOOOC  O« 
«HBICST  PRESSURE.RSIA O.DSOC   03 
-ACH|',r.D-ls   CLEARAf.CE. I* 0.6J5CC-Q3 
Vl»COSITrfLB-S/|N**2 0.3070C-08 
FIXED >rV0T"TrDf Tk»|N 0.34Ö0C-03 
SRC.   FACE  TO  PIVOT.1W O.SBOOC-Ol 

THBI|¥TltWcftÄTüIE71l£«~F O^JMffnn- 

JOURNAL  DIAMCTCR.IN 0.9000t 00 
~>l»CL0*B Pt« ^flTFTlfTlN 'O.'tftOOK 04 

PAD  LCNCTH.IN 0.9000C   00 
SMINC ^IVOT  riLH   TK.lv       0.346CC-03 

FIXED PIVOT   8PACIN6,0CC O.HOOt  03 

... «••pvaeui««*  
_ . .CQHC. PJVQT fJVM_I«* I« 

PIVOT CIRCLE ECC R»TIO*^D     3. 
APPLIED LOAD. LB lt_  
PO«(ER LOSS. HATTS Clö^TE" 02 
PVT FILM TK. SHOES l»a»lN a.33«lC-o3 
PIVOT rilW-TR.-JMOE 3* U 3.33«lt-03 
BRB STIFF t DIP» LB/IN 0»ll02t QS 
BBB StlPFi Y OIK« Ll/r*« ' o.49t9t 04 
PIVOT CIRCLE CLEARANCE.IN a.33Btt-03 

0.10 
0»i4a8E Qp 
0".l7i2E o? 
0.32l2e-03 
C.3455E-03 
0.1231E 05 
C.9339E 04 
0.3293e-03 

0.2G 

o.iTffBroa 
U.3g43E-o3 
0.3829E-03 
O.tSSlE 09 
0.9S27C 04 
j^3»Se»Q3 

0.30 
O.4896C0O 
0.|8T3E 02 
0.2874E-03 
0.,i6o3C-03 
0.I9S4E QB 
0.B39al 04 
0.3U7g»03 

0.40 
0.6333t QO 
O.lW- 02 
e'ijB«-03 
0.36«2r-o3 
0.l7S4fc 09. 
077Ö44r'04 
0.a030t"03 

0.90 
0.B273E  O.p 
0.I944E 02 
0.2S36C-03 
0.3764f'-o J 
0.J0B3E 05 
0.7794E 04 
0.2949E-0J 

plvoT   CIPCUE   ECC   ijAlIo.ND O.«0 O.'O 0.B0 0.90 1.00 
APPLIED  LOAD,   LB 0.1041E   01   0.l27«t   01   0.t946E   01   0.1S94E   01 0.2213E   01 
PONtH'COgr.'HÄTTl- o«2023E   02  0.21|2E   02   0.2212E   o2  0.23ilE  02 O.JAAoro^ 
PVT FILH  TK.   SHOES   J.2.IN 0'2367E-o3  0,21«BE-o3  0.2029E-03  o.l'ftQt'OS 0.l69iE«o3 
FIVDT FILM TK.  SMOE  3.   r. o.38iBE-63 fi.3933^-03 ft.ioTTn-oT ö^ll'E-oS e.4aiU-o3 
PRC  STIFF  X   DIR.   LB/IN o«224«f-   05  0.25**1   QS  0*290iC  09  0.3319E  QB 0.3B|7E   QS 

"Bfteiurr?-? DiTnii/fN—v*wii oi D.vB48e 04 O.IOBOE os o.iai»e urir.TJBinjT 
PIVOT  CIRCLC  CLCARANCCIH O*2S63E-03  0.2770E-03   C.26«3E-03   0.26J2E-03 0.2'J3I£-OJ 

CR-2415b 

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     > 

»0T4TtONtL   SPEEO.HPN. 
«MHIFNT   PRFSSUKF.^SU 
MtCNlttEO-IN  CLEARtNCE.IN 
VISCOSITY,It-S/IN«*; 
riXF«   PIVOT   riLK   I«.IN 
RRO.   TtCF   TO  PIVOT.IN 

CONC. PIVOT riLH TR.IN 

•••INPUT*** 

I.141JE  I«       AHBIENT   UNPEMTURF.OEO  R I.144IE   03 
I.1UIE  II       JOURNIl   DUHETER.IN I.MME  II 
l.6ISIE-ia       PRELOAD   SPR.   ITirr.ll/lN I.KIIE   14 
l.l?4IE>lt       PID  LEMOTM.IN I.9IIIE  II 
l.tlllF*l]        SPHINC   PIVOT   FILM   TK.IN l.tT«IF-IS 

I.IRIIE^Il       FIVED  PIVOT   SPICINO.DEO l.l?IIE   13 

• ••OUTPUT»* 

PIVOT CIRCLE ECC RATIO.MO 
APPLIED LOAD. LI 
POHtR LOSS. WATTS 
PVT FILM TR. SHOES 1.2. 
PIVOT FILH TR. SHOE 3. 
RRO STIFF I DIR. LR/IM 
RR8 Mirr, T DIR. LB/IN 

I. 
1. 
I.46I4E.I1 

IN I.M49F-IJ 
IN l.tfllF-IS 

O.lMlf    IS 
I.SIS7E  14 

'IVOT   CIRCLE   CIFAR«NCF.IM   I.PMSF-I) 

I.II 1.21 1.31 1.41 «.«• 
I.IIKE II l.?ff«F 11 I.3S3IE II I.4RISF II I.A3I6E II 
l.47llE.tl.«.4UU. 11 ».«»iAC. 01 I.S««4E II l.9tM4 «1 
I.I4ISE-I3 •.?t«lF-l3 I.}1A3E-I3 I.7I3AF-I3 I.|VI«E-I3 
l.t9l7E«l3 I.>649E-I3 I.270II-I3 I.(7AIE*I3 0.2aiU-0] 
l.ir«3E 19 I.14I4F 19 I.19A9F 19 I.I761F 19 0.19841 19 
(.S497E.I4 I.992IE 14 l.«49tE 14 0.7087E 14 l.7t2IE 14 
I.247RE'I3  I.241IF-I3   I.2342E-I3  I.2277E-I3  0.77101-03 

PIVOT   CIRCLE   FCC   RATIO.ND I.«I 1.71 LSI 1.91 1.00 
APPLIFD  LOAD,   i« 1.71721   II  I.I924F   11   l.t149E   II I.137IF   II I.166U   II 
POUER  LOSS.   MATTS I.9422E  It   l.9St4E   11   I.9R14E  11 l.ftl22E   II I.«2I4E   It 
PVT  FILM  TR.   SHOES  1.2.IN I.17I2E>I3  4.1A94F-03   I„1927C>I3 o.l400f-03 I.1273E-I3 
PIVOT   FILN   ^.   SHOE   3.   IN I..2I7IE-13  0.2935E-I3   I.3II7E-I3 •.3«73f-0J ».3l47f-»3      . 
RRO  STIFF   X   DIR.   LB/IN •.2242E  If  •.2937E  19  I.ERttF   19 0.3278F   19 I.3993F   09 
BIB  STIFF.   Y  BIB.   LB/IN. 0.I467E  14  0.OA39F   14   1.1173«.19 0.1191F   19 I.131IE   19 |,.u  ,.,.  1 
PIVO/   CIRCLF   CLEARANCE. IN •.2I47F-I3   I.EIRIF-IS   l.2R2bE-l3 I.1I9IF-I3 I.1I96E-IS CJÜlIlzM 

Figure 24.   Helium-Lubricated Hydrodynamic Tilting Pad Journal Bearing 
Performance Characteristics for Load Between Fixed Pivots 
(Design Speed, Run 2) 

RUN Nn    2 

• ••|NPi-T*** 

ROTATIONAL  S^CEC.RPH  "     "OTWöOfO« 
*-'>It.,T   PRESSURE.»sl* 0.1050C   02 
"•c-l'f.-:-.  CLEARANCE.Iv     0.6290C-03 
*ISC0SITr,LB-5/Is.»2 0.3070E-0O 
EUCD   PIVOT   PlLH   tK.IH O.2'B0C-03 

»TiiUnT ^tHFlRATüIf^JR T O.BISDC 01" 
JQURKAL   DJAHtTtR.K 0.9000C  00 
PRCLOAO  SP".  STlPr.L«/IN    C.ISOOC  04 
PAD LCNC.N.IN O.SOOOC  00 
S'RlNC   PIVOT   FILH   TK.IN        C.J46cE-C3 

BRC.   FACE   TO  PIVOT.|N O.aBOOC-BI       pIRCO PIVOT  tPAClNC.pec CUOOC   03 

CONC.   P|VOT   FII^   TR^IN 
PIVOS   CIRCLE  ECC BATIO.NC 0. 
*PPLIt.-'  LOAD.   LB n^  
n»n UM.  «ATTJ olllW  02 
PVT FILH 7K, SHOES 1.2.11- o*326At-03 
MVCT riLH^Tir.-SH0irf7~IK o.32*4E-o3 
BRC  STIFF   X   DIR.   LB/IN o.UÄ«t   OS 
BRC STIFf.-y DI*. tB/t- o.9226r 04 
PIVOT CIRCLE CLEARANCE.is  p.3264t«o3 

•••OUTPUT*** 

0.10       0.20 
P»U<;g 0<» 0«29«lE 0Q. 
C.1767E C? a.!?!« 02 
C.3|O0E-C3 Ü.2937E-03 
0.3330E-03 C.3300C-03 
0.I327E 09 a.1486t. Qb 
0.5670e 04 o.6i99E o* 
0.3iyyE-03 0»30>0t-03 

0.30       0.40 
0.46SOE QO Q.>«*«t OQ 
0.1B72E 02 0.ie3AC oi 
0.2"4E-03 Q.26||E-o3 
0.3466C-03 0.3939E-C3 
C.1669E OS 9,16771 OS 
0.6796E 04 0.7*7*1 04 
0»30oaE-03 0.2920E-03 

0.90 
0.B4BQE QO 
0*200'e 02 
0.;44SE-u3 
0.36'|4E-0J 
9.21I9E 09 
0.I260E 04 
0.aB36E-o3 

PlvOT CIRCLE ECC R*TIO.si    0.60      0.;o      0.60      0.90      I.00 
APPLIED LOAD. Lb       0.1061E 01 O.I3p«E 01 0*t96oE oi 0.1*071  01 Q.2269e oi 
PÖHEW TOn.-WATTT- o.20««C 02 6.2l7eE 02 d.2278E o2 O.JSBTE 02 0.2505E 0J 
PVT FILH TK. »HQCS 1*2«IN 0«2a64e'03 0«ai2lt'03 0.|990E-o3 0.1'99E>03 0.1t32£-oJ 
PIvBT riLH TK. ÄMÖK 3; Ik e,3ii4C-03 0.3jft3E-03 T.^Ji^C^OnT^oTIfVWTiA^nJr-aT- 

I-. 0.2369E OS 0.22olE 05 0.3065E 09 0.3499E OS 0.4021E o9 
'\V 0«9ISSE 04 Ö.IÖfBE 05 0.II38E o5 0.J279E 09 0.l493t js 

pRC STtrr x niH» ii/t 
BRC siirPT j-Om. w; 
PIVOT  CIRCLE   CLEARANCE.IN   0*27S|E-03  0.20ft«t-o3   O.?5»7t-o3   0.25o7t-o3   0.2428E-3j CU-2416b 

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: 3.0g 

• 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 

• 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 thrum bearing selector program for uniform clearance 
was used to obtain design and performance parameters.   This same program 
was used for the spiral groove bearings, to compute the fikm righting moment 
at a load of approximately 3 g.    Pivot characteristics were then computed so 
the pivot friction moment equaled tht film moment with collar misalignment 
at the maximum load 

The spiral groove thrust bearing selector program for uniform clearance 
wan used to first evaluate the thrust bearing design.   The program is based on 
analytical expressions for computing the load capacity of a spiral groove bear- 
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 steop 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 stiffhess 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 comparing 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: 

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

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

• Ball-socket combinations are used for pivots (Item 5) 
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• One ball 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. 

|CH-237^ 

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 DiamettM 
of Bearing 

Inside Diameter 
Grooved Region 

Inside Diameter 
of Bearing 

RO for Given Theta 

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 load 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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Figure 28.   Load Capability Versus One-Side Clea ranee 
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figure 29.    Power Versus One-Side Clearance 

iiWiriiiiiiimMmwioMiii' 



mmmmm ^f^mmmim mmmmm 

***INPUT*** 

DESIGN  RUN  NUMBER 

SPEED,RPM 
TEMPERATURE,DEG.R 
REARING ID,IN. 
AMBIENT PRESS.,PSIA 
SWASH ANGLE,DEG 
OT DEN BRG MAT,LB/IN3 
SHAFT WEIGHT,LB 

0.1413E+06 
0.I440E+03 
0.5470E+00 
0.1950E+02 
0.1950E-02 
0.2830E+00 
0.3020E+00 

4307 32 

GROOVE LT/BRG  WIDTH 
GROOVE/RIDGE WIDTH 
GROOVE  ANGLE,DEG 
EXP COEFF.BRG,IN/IN F 
EXP CQEFF.RUN,IN/IN F 
MIN ALLOW.   RIDGE  W,IN 
CLE^R  AT OPT GRV.D,IN 

0.7300E+00 
0.I930E+0I 
0.7120E+02 
0.7000E-05 
0.7000E-05 
0.2300E-01 
0.5000E-03 

MACH NO.   AT OD 
GI MBAL MTD  BRG TK.,IN 
MAX  NO.   OF GROOVES 
MOLECULAR  MFP,   IN. 
GROOVE DEPTH,   IN. 

***OUTPUT*** 

0.3736E+00 
0.1160E+00 

32 
0.1393E-05 
0.1525E-02 

MIN, NO. GROOVES 
VISCOSITY,LB-SEC/IN2 
BEARING OD, IN. 
BRG. INER. IN-LB-SEC2 
TIP SPEED, FT/SEC 

27 
0.1240E-08 
0.1127E+01 
0.6427E-05 
0.6947E+03 

CLEARANCE, MICRO INCHES 
LOAD, LB 
POWER, WATTS 
RELATIVE SWASH AMPLITUDE 
MAX DISTORTION TO CLEAR RAT. 
AXIAL FREQUENCY,CPM 
TILT 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 

50 
0.342iE+01 
0.3745E+02 
0.I70IE+39 
0.1593E+01 
0. 
0 
0. 
0. 
0.I062E-08 
0.2Ö33E+02 
0.3687E+03 
0.2387E-03 
0. 
0.2883E+ÜI 
0. 

150 
0,2979E+01 
0.1452E+02 
0.1533E+00 
0.1957E+00 
0.2794E+05 
0.9123E+05 
0.6700E+04 
0.5866E+03 
0.1I74E-08 
0.7900E+02 
0.4097E+02 
0.2149E-02 
0.5187E+00 
0.3203E+00 
0.1474E-01 

250 
0.2203E+0I 
0.9291E+01 
0.8653E-01 
0.7I99E-0I 
0.2881E+05 
0.9407E+05 
0.7I24E+04 
O.6237E+0 3 
0.1199E-08 
0.1317E+03 
0.1475E+02 
0.5968E-02 
O.öOOöE+OO 
0. 1153E+00 
0.5473E-02 

CLEARANCE,   MICROINCHES 
LOAD,   LB 
POWER,   WATTS 
RELATIVE SWASH  AMPLITUDE 
MAX  DISTORTION TO CLEAR   RAT. 
AXIAL FREQUENCY,CPM 

350 
0.1509E+01 
0.6949E+01 
0.78Ö5E-01 
0.3707E-01 
0.2554E+05 

450 
0. I004E+01 
0.5Ö10E+01 
0.8973E-01 
0.2254E-01 
0,2109E+05 

550 
0.6708E+00 
0.4736E+01 
0.1136E+00 
0.1514E-01 
0.16O5E+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    FHEQUENCY, 
AXIAL  STIFFNESS 
TILT    STIFFNESS 
EFFECT.   VIS.   LB- 
REYNOLDS NO, 
LAMBDA 
CONVECTIVE   INERT 
TRANSIENT   INERTI 
LOCAL COMPRESS. 
LOCAL COMPRESS. 

CPM 
LB/IN 
IN-LB/RAD 
SEC/IN**2 

IA  RATIO 
A   RATIO 
RATIO,SS 
RATIO,DYN 

0.g339E+05 
0.5598E+04 
0.4901E+O3 
0.I211E-08 
0.1843E+03 
0.7b25E+01 
0.1170E-01 
0.5941E+00 
0.5884E-01 
0.2475E-O2 

0.6885E+05 
0.3817E+04 
0.3342E+03 
0.1217E-08 
0.2 37ÜE+03 
0.4b52E+01 
0.1934E-01 
0.5443E+00 
0.3559E-0I 
0.1236E-02 

0.5534E+05 
0.2466E+04 
0.2169E+03 
0.1221E-08 
0.2897E+03 
0.3047E+0t 
0.2889E-01 
0.4829E+OO 
0.2383E-01 
0.66Ö2E-03 

CLEARANCE,   MICRO INCHES 
LOAD,   LB 
POrtER,   WAITS 
RELATIVE SWASH  AMPLITUDE 
MAX  DISTORTION TO  CLEAR  RAT. 
AXIAL  FREQUENCY,CPM 
TILT     FREQUENCY,   CPM 
AXIAL  STIFFNESS  LB/IN 
TILT    STIFFNESS   IN-LB/RAD 
EFFECT. VIS. LB-S£C/IN**2 
REYNOLDS NO. 
LAMBDA 
CONVECTIVE INERTIA RATIO 
TRANSIENT INERTIA RATIO 
LOCAL COMPRESS. RATIO,SS 
LOCAL COMPRESS. RATIO,DYN 

650 
0.45Ö6E+OÜ 
0.4118E+01 
0. I499E+00 
0.1087E-01 
0.1358E+05 
0.4433E+05 
0.I582E+04 
0.)385E+03 
0.1224E-08 
0.3423E+0 3 
0.2182E+01 
0.4035E-01 
0.4249E+OO 
0.170ÖE-01 
0.3815E-03 

750 
0.3184E+00 
0.3Ö55E+01 
0.I997E+00 
0.8175E-02 
0.1095E+05 
0.3575E+05 
0.I029E+04 
0.9009E+02 
0.1226E-08 
0.3950E+03 
0.1639E+O1 
0,5372E-01 
0.3750E+00 
0.1281E-01 
0,2311E-03 

850 
0.2277E+00 
0.3294E+01 
0.2Ö49E+00 
0.6373E-02 
0.8931E+04 
0.29I6E+05 
0.6R44E+03 
0.5992E-i-02 
0.1227E-08 
0.4477E+03 
0.127ÖE+01 
0.6899E-0I 
0.3333E+0Ü 
0.9976E-02 
0.1467E-03 

CLEARANCE, MICRO INCHES 
LOAD, LB 
POWER, WATTS 
RELATIVE SWASH AMPLITUDE 
MAX DISTORTION TO CLEAR RAT. 
AXIAL FREQUENCY,CPM 
TILT  FREQUENCY, CPM 
AXIAL STIFFNESS LB/IN 
TILT STIFFNESS IN-LB/RAD 
EFFECT. VIS. Ln-SEC/IN**2 
REYNOLDS NO. 
LAMBDA 
CONVECTIVE INERTIA RATIO 
TRANSIENT INERTIA RATIO 
LOCAL COMPRESS. RATIO,SS 
LOCAL COMPRESS. RATIO,DYN 

950 
0.I66ÖE+00 
0.3003E+OI 
0.3478E+OO 
0.5i07E-02 
0.7373E+O4 
0.2407E+05 
0.4664E+0 3 
0.4033E+Ü2 
0.1229E-08 
0.5003E+03 
0.1021E+01 
0.8ÖI8E-01 
0.2988E+00 
0.798ÖE-02 
0.9697E-04 

1050 
0.I245E+00 
0.27Ö4E+01 
0.4509E+00 
0.4184E-02 
0.6159E+04 
0.201 IE+05 
0.3255E+03 
0.285ÜE+02 
0.1230E-08 
0.5530E+03 
0.8361E+00 
0.10Ö3E+00 
0.2702E+00 
0.Ö538E-02 
0.6631E-04 

1150 
0.9487E-01 
0.2563E+01 
0.5771E+00 
0.3490E-02 
0.5202E+04 
0.1698E+05 
0.2322E+03 
0.2033E+02 
0.1231E-08 
0.6057E+03 
0.6970E+00 
0.1263E+00 
0.24Ö3E+00 
0.54b0E-02 
0.4670E-04 

CR-2420-2"| 

Figure 30.   Helium-Lubricated Spiral Groove Thrubt Bearing Parameters 
and Performance (Design Speed,  One Side, Ratio of Outside 
Diameter to Inside Diameter = 2. 06)   (Continued) 
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CLEARANCE, MICRO INCHES 
LOAD, LB 
POWER, WATTS 
RELATIVE SWASH AMPLITUDE 
MAX DISTORTION TO CLEAR RAT. 
AXIAL FREQUENCY,CPM 
TILT FREQUENCY, CPM 
AXIAL STIFFNESS LB/IN 
TILT STIFFNESS IN-LP/RAD 
EFFECT. VIS. LB-SEC/IM**? 
REYNOLDS NO. 
LAMBDA 
CONVECTIVE INERTIA RATIO 
TRANSIENT INERTIA RATIO 
LOCAL COMPRESS. RATIO,SS 
LOCAL COMPRESS. RATIO,DYN 

CLEARANCE, MICRO INCHES 
LOAD, LB 
POWER, WAITS 
RELATIVE SWASH AMPLITUDE 
MAX DISTORTION TO CLEAR RAT. 
AXIAL FREQUENCY,CPM 

FREQUENCY, CPM TILT 
AX IA I. 
TILT 

STIFFNESS LB/IN 
STIFFNESS IN-LB/RAD 

LP,-SEC/IM**2 EFFECT. VIS. 
REYNOLDS NO. 
LAMBDA 
CONVECTIVE INERTIA RATIO 
TRANSIENT INERTIA RATIO 
LOCAL COMPRESS. RATIO,SS 
LOCAL COMPRESS. RATIO,DYN 

1250 
0.7349E-O1 
0.239IE+ni 
0.7293E+00 
0.2956E-Ü2 
0.4439E+04 
0.1449E+05 
0.I691E+Ü3 
0.I480E+02 
Q.1231E-08 
0.6584E+03 
0.5900E+00 
O.i492E+0O 
0.2261E+00 
0.4613E-Q2 
0.3372E-04 

I 550 
0.37I5E-01 
0.1999E+01 
0.I376E+01 
0.1925E-02 
0.2902E+04 
0.9475E+Q4 
0.7228E+I)? 
0.6328E+Ü1 
0.1233E-O3 
0.eiö4E+03 
0.3837E+00 
0.2294E+00 
0.18I6E+00 
O.3C00E-O2 
0.1434E-04 

1350 
0.5779E-01 
0.2243E+01 
0.9I07E+00 
0.2536E-02 
0.3322E+04 
0.124HFf05 
C.1253fc+03 
0.1097E+02 
0.123?E~03 
0.71I0E+03 
0.5058E+00 
0,17405+00 
0.2090E+00 
0.3955E-02 
0.2439E-04 

1450 
0.4606E-01 
0.2113E+01 
0.1I25E+01 
0.2199E-02 
0.3318E+04 
0.I083E+05 
0.9448E+02 
0.8272E+01 
0.1232E-08 
O.7637E+03 
0.4384E+00 
0.2 008E+00 
0.1943E+00 
0.342aE-02 
0.1B73E-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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AXIAL  FREQUENCY,CPM 
TILT     FREQUENCY,   CPM 
AXIAL  STIFFNESS LB/IN 
TILT     STIFFNESS   IN-LB/RAD 
EFFECT.   VIS.   LB-SEC/IN**2 
REYNOLDS  NO. 
LAMBDA 
CDMVECTIVE  INERTIA  RATIO 
THANSIEMT  INERFIA RATIO 
LOCAL COMPHRSS,   RATIO,SS 
LOCAL  COMPRESS.   RATIO,DYN 

CLEARANCE,   MICRO INCHES 
LOAD,   LB 
POWER,   WATTS 
RELATIVE  SWASH  AMPLITUDE 
MAX   DISTORTION TO  CLEAR   RAT. 
AXIAL  FREQUENCY,CPM 
TILT     FREQUENCY,   CPM 
AXIAL  STIFFNESS  L3/IN 
TILT    -STIFFNESS  IN-LB/RAD 
EFFECT.   VIS.   LR-SEC/IN**2 
REYNOLDS NO. 
LAMBDA 
CGNVECTIVE   INERTIA   RATIO 
TRANSIENT   INERTIA   RATIO 
LOCAL  COMPRESS.   RATIO,SS 
LOCAL  COMPRESS.   RATIO,OYN 

0.4426E+Ü5 
0,M45E+nö 
0.1681E+0J 
O.I472E+(.'4 
0.2742E-QC< 
0.2597E+02 
0.2ö34E+'J2 
0.164BE-Ü? 
O.I025E+00 
0.20ÖOE+OQ 
O.IOÖ1E-OI 

650 
0.1522E+01 
0.1943E+U2 
Ü.9200E-01 
0.3I95E-0I 
0.2453E+05 
0.800BE+05 
0.i5l63E+04 
0.4520E+03 
0.2883E-0B 
0.4823E+02 
0.7638E+01 
0.5ÖR4E-02 
0.7Ö4IE-0I 
0.5972E-Ü1 
0.I7O5E-02 

0.3737E+05 
0. 1220E+06 
0.II9HE+Ü5 
O.I049E+04 
Ü.2008E-08 
Ü.3339E+02 
0,I594E+02 
0.2724E-02 
0.9598E-0I 
0.I246E+00 
0.5419E-02 

750 
0.I068E+01 
0.I736E+02 
0.I2I3E+00 
0.2419E-0I 
0.I989E+05 
0,i6492E+05 
0.3393E+04 
0.2971E+03 
0.290ÖE-08 
0.55Ö4E+02 
0.5737E+01 
Ü.7567E-02 
0.6777E-01 
0.446ö;i-0l 
0.I038E-02 

0.3040E+05 
0.9925E+05 
0.7Q30E+04 
0.6943E+03 
0.P852E-08 
0.4081E+02 
0.10Ö7E+02 
0.4069E-0? 
0.8618E-01 
0.834 IE-0I 
0.2051 E-O,? 

R50 
Ü.7676E+00 
0.f572E+02 
0.1597E+00 
0.1895E-Ü1 
0.1623F+05 
0.5315E+05 
0.2274E+04 
0.1991E+03 
O.2924E-0B 
0.6306E+02 
0.4467E+01 
0.9719E-02 
0.604ÖE-01 
0.3492E-01 
0.661ÖE-03 

CLEARANCE,   MICROIflCHES 
LOAD,   LB 
POWER,   WATTS 
RELATIVE SWASH  AMPLITUDE 
MAX  DISTORTION TO   CLEAR   RAT. 
AXIAL  FREQUENCY,CPM 

FREQUENCY,   CPM 
STIFFNESS  LB/IN 
STIFFNESS   IN-LB/RAD 
'.   VIS.   Ll-SEC/IM**2 

REYNOLDS  NO. 
LAMBDA 
CONVECTIVE   INERTIA  RATIO 
TRANSIENT   INERfIA   RATIO 
LOCAL  COMPRESS.   RATIO,SS 
LOCAL  COMPRESS.   RATIO,DYN 

TILT 
A,XIAL 
TILT 
-FFEC 

950 
0.5639E+00 
0.1439E+02 
0.2085E+00 
0.I525E-0I 
0.1 .^4SE+05 
0.4400E+05 
0.1559E+04 
0.1 165F+01 
0.2938E-08 
0.7048E+02 
0.357öE+ri 
0.1214E~OI 
0.5436E-01 
0.2796E-01 
0.4385E-03 

1050 
Ü.4228E+00 
0.1328E+02 
0.2690E+00 
0.1253E-01 
0.1I29E+05 
0.3684E+05 
0.1093E+04 
0.95ü9E+02 
0.2950E-08 
0.779ÜE+Ü2 
0.2927E+01 
0.1483E-01 
0.4927E-01 
0.22B9E-01 
0.300ÖE-Ü3 

1150 
0.3229E+00 
0.1235E+02 
O.3430E+00 
0.1048E-01 
0.955 IE+04 
0.3118E+05 
0.7827E+03 
0.Ö853E+02 
0.2960E-08 
0.B532E+02 
0.2440E+Q1 
0.1779E-01 
0.4500E-Ü1 
0.1908E-0I 
0.212ÜE-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 

PC3HEH, tHTTS 
RELATIVE SrtASH AMPLITUDE 
MAX ÜISTJRTION TO CLEAR RAT. 
AXIAL FREQUENCY,CPM 
riLT FREQUENCY, CPM 
AXIAL STIFFNESS LB/IN 
riLT     STIFFNESS   IN-LP/RAD 
EFFECT.   VIS.   LB-SEC/IN**2 
REYNOLDS  MO. 
LA/tHDA 
CÜNVECTIVE   INERTIA  RATIO 
FRANSIENT   INERTIA   RATIO 
LOCAL COMPRESS.   RATIONS 
LOCAL COMPRESS.   RATIO,DYN 

1250 
0.25070+00 
0. 1 I55E+0? 
0.4.12 I E+00 
0.eö9öE-02 
0.RI62E+04 
0.2665E+05 
0.57I7E+01 
Ü.5005E+02 
0.296RE-0'-- 
0.O274E+02 
0.2Ü65E+0I 
0.21O2E-OI 
0,4139E-0I 
0.16I5E-0I 
0.I534E-03 

1150 
O.I97bE+Oü 
0.I085E+02 
0.5332E*00 
0./645E-02 
Ü.7038E+04 
0.2297E+05 
0.4250E+03 
0.372IE+02 
0.2975E-08 
0.1002^+03 
0.177ri+01 
0.2452E-0I 
O.3R30E-01 
0.I385E-0I 
0.I I34E-03 

1450 
0.I577E+00 
0.I024E+02 
0.6632E+00 
0.6640E-02 
0.61 17F+04 
0.1 OQ7E:+05 
0.32 11E+03 
0.2811E+Ü2 
0.2981E-08 
0.1076E+03 
0.1535E+01 
0.282BE-Ü1 
0.35Ö5E-01 
0.1200E-01 
0.8542F-04 

CLEARANC-,   MICROINCHES 
LOAD,   LB 
PQiVER,   rtATfS 
RELAl'IVE SrtASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR   RAT. 
AXIAL FREQUENCY,CPM 
TILT    FREQUENCY,   CPM 
AXIAL  STIFFNESS  LB/IN 
1ILT     STIFFNESS   IN-LR/RAO 
EFFECT, VIS. LB-SEC/IN**2 
REYNOLDS NO. 

1550 
0.1274E+00 
0.9Ö98E+01 
0.8094E+00 
0.5822E-02 
0.5356E+04 
Q.l743E+05 
0.2461E+03 
0.2I55E+Ü2 
0.2986E-08 
0.M50E+05 

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

0.3232E-01 
0.3334E-0I 
0.1050E-01 
Q.6545E-04 

LAMBDA 

CR-,?42l-3 

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) 

The following input is printed with the output: 

• Title indicating the gas, used ao the lubrication 

• Ratio of the outside diameter to the inside diameter 

• Shaft rotational speed  (rpm) 

• Gas temperature (0R), used in computing the viscosity 

• Bearing inside diameter (inches) 

• Ambient pressure (psia) 
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• 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 (pounds), used in computing the axial frequency output 

• Groove-length-to-bearing-width ratio (nondimensional), measured 
radially 

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

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

• Coefficient of thermal expansion for the bearing material (inches per 
inch 0F), used to compute dishing due to bearing film shear heating 

• Coefficient of thermal expansion for the thrust runner material (inches 
per inch 0F), 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 optimized (inches) 

The 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 grooves   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 
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• Bearing outside diameter obtained from the inside diameter and the 
ratio of the outside diameter to the inside diameter 

• Groove depth (inches) 

• 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 swas'i 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 frequency (cycles per minute), the natural 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, viscosity, 
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 should 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 ol 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 compared 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 be 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 en 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 9; the coordinates 
for the mask are given in Figure 3 6. 

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

Table 6 

TURBOALTERNATOR SPIRAL GROOVE THRUST 
BEARING DESIGN SUMMARY 

Characteristic 

Outside diameter 

Inside diameter 

Inside dkimeter, grooved region 

Number of grooves 

Ciroove angle 

Groove width to ridge width at constant radius 

Angular spacing at inside diameter of grooved region 

Groove width 

Ridge width 

Depth of groove 

Collar swash angle 

Total axial clearance 

Bearing material, coating, and surface finish 

Collar material, coating, and surface finish 

Parameter 

1. 125 inches 

0.287, 0.547 inch 

0. 703 inch 

30 

71.2 degrees 

1.93 (nondinunsion.il) 

7.904 degrees 

4.096 degrees 

0.00152 inch 

0.00195 degree 

0. 002 inch 

Beryllium copper, 
none, 8 mis 

304L, nitride, 4 rms 
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Figure 3 2. Helium-Lubricated Spiral Groove Thrust Bearing Performan-e 
(Design Speed, Two Sides, Ratio of Outside Diameter to Inside 
Diameter = 2.06) 
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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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•mu^r ^SLAR CDa^ATH  MEASURES ClQCKuSB FOR ÜMF 
IHRUbl   FACE  AND COUNTER  CLOCKWISE FÜR THF OTHER 
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Figure 36.   Radial and Angular Coordinates for Drawing Logarithmic 
Spiral Grooves in Flat Thrust Face 
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TURBINE WHEEL THERAAAL 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 

W 

Temperature (0K) 

80 

320 

Speed (rpm) 

150,000 

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 fits onto a 
stainless steel shaft."    The thermal expansion of titanium is less than that of 

0.-lP9-Inch 
r.Mamcler 

^ 

Figure 37.    Impulse Wheel 

steel.    The wheel-shaft assembly is made at room temperature; therefore,   as 
Condition C is approached, the wheel contracts less than the shaft and becomes 
loose on the shaft,  unless the v/heel-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 thermal 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. 
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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 
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 inter- 
ference fit,  are presented in Figures 38 and 39.    Because the state of stress 
is tnaxial,   stress results are presented in the form of von Mises effective 
sti'ess contours. 

Impulse Wheel 

Note:   Contours show stress 
levels in KPSI. 

CR-2434 

Figure 38.    Impulse Wheel Effective Stress Contours (0. 5-Mil Fit on Radius 
Condition C) ' 

-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 regurd 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 mei: )d used to design against creep is to use the Larson-Miller 
parameter, cp,  and experimentally obtained creep-rupture curves,  as shown 
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Impulse Wheel 

Figure 40.    Impulse Wheel Effective Stress Contours 
(0. 5-Mil Fit on Radius,  Condition W) 

'   1.3 Mils   ' 

-0.1 0.0 0.1 0.2 
J L 

0.4 

X Axis 

O.n 0.7 0.8 0.9 

Figure 41.   Impulse Wheel Displacement (0. 5-Mil Fit on Radius, 
Condition W) 
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6^ = 0.002 
c 

€?!<  = 0.001 

Larson-Miller Parameter, cp 

Figure 42.    Larson-Miller Parameter (cp) and Experimentally Obtained 
Creep-Rupture Curves 

schematically in Figure 42.    Such curves define the maximum applied stress. 
a*, that can be present if a structure is to creep no more than amount e*. 

The parameter, cp, is defined for titaH.um by the relationship: 

cp   =   T (20 + log10t) x 10^ 

where T is the temperature (0R) 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 cp is 15. 2,  and for Condition C the value of cp is 1. 9.   From 
*he General Electric Materials Data Book (Ref. 2), the value of cp* correspond- 
ing to e * = 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 can be shown, using two different techniques, that the impulse 
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.    Minimum  Contact Stress Versus Interference Fit 
condition C) 
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Figure 44. 
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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 
oi the wheel.    For a yield stress of 120.000 psi. Figure 44 shows that the 
largest acceptable interference fit is 0. 8 mil (on the radius).    Thus   the in- 
terference fit, 6, desired can be given as: 

6   =   0. 5t%* mil 

REACTION WHFF L 

RAl   I^V^-"^ W
J
heel iS ShOWn in FigUre 45-    Because the wheel is made of 

bAl-4V titanium and fits onto a stainless steel shaft,  its thermostructural re- 

Figure 45.    Reaction Wheel 

sponse is similar to that of the impulse wheel,    and the same process is fol- 
lowed m its analysis as was followed for the impulse wheel (to determine the 
room temperature mterferenco required to maintain wheel-to-shaft contact 

terSrencenfit) t0 determine thp stress^ ^ Condition W with this in- 

mil ^nm^iT611?. ^ required is 0- 5 ^ (0- 0005 inch) on the radius or 1  0 

tTa ttrmal exn ^     e ''.^eter-    ThiS fit iS SUfficient to off^ *e dif^eren- 
shl^tZc^T   rl0n ?. Centrifugal forc^ Ending to separate the wheel and 
shaft in Condition C,  so the wheel can resist the operating torque     The states 

ttfe^ce^ ^"l ^ ^ ^ ^^ C'  ^h t^ value of in   S 

pufseTheel   Ihe I't/Ti     ln FlgUreS 46 ^ 47'    As in the Case of the im- 
SeL contour/   rl 1 f ^f+

1S presented in thc for- of von Mises effective 
using the? 5-mil Zft     *    ^T * the WheeJ at Condition W was calculated using me u. 5-mil (on the radius) interference fit (Figure 48). 
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Reaction Wheel 

Note:   Contours show stress 
levels in KPSI. 

Figure 46,    Reaction Wheel Effective Stress Contours (0. 5-Mil Fit 
on Radius,  Condition C) 
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Figure 47.    Reaction Wheel Displacements (0. 5-Mil Fit on Radius, 
Condition C) 
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Reaction Wheel 

Note:   Contours show stress 
levels in KPSI. 

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 
tor 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 
parameter, qj,  are 1. 9 for Condition C and 15. 2 for Condition W.    Because 
the reaction wheal is made of 6A1-4V titanium, the value of a* correspond- 
ing to s >:< = 0. 001 is greater than 85, 000 psi for both Conditions C and W 
ihe 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 design of both wheels in the interface region is 
similar. 6 

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 Advanced Research Projects Agency Big Bertha alternator. 

altPrnP
n+^al^aterialS ^^ USed in the Stator Core ^ rotor iield to maximize 

alternator efficiency.    A mckel-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 
density with the stator material.    There are negligible losses in the rotor. 
This magnet material is also compatible with the joining and surface hardening 
processes involved in its fabrication.   An overall picture of the alternator fea- 
tures and performance is described in Table 7. 

Table 7 

CALCULATED ALTERNATOR FEATURES AND PERFORMANCE 

I 

Alternator Features Performance (Computer Design D-.T0907) 
Stator 

Outside diameter punching 1.804 inch 

Inside diameter 0.558 inch 
Length 0. 874 inch 
Material Hymu 80, 0^004 inch 

Number of slots 12 

Spiral 21 degrees 
Tooth width 0. 084 inch 

Circuits 2 

Connection Wye 
Pitch 83.3 percent 
Conductors pel pi«-*: 48 
Wire 21.0113 HF 
Turns in series, per phase 48 
Pitch factor 0.966 

Distribution factor 0.966 
Skew factor 0.993 
Stacking factor 0.94 

Resistance (850K) 0. 0903 ohms 

Leakage reactance 4. 70 ohms 

Rotor Field 

Diameter 0. 500 inch 
Length 0.7815 inch 
Material Co-Pt 
Air gap 0. 029 inch 

Performance (850K) 

Power factoi 1.0 
Output 397.2 watts 
Line-to-line volts, no load 118.2 
Line-to-line volt , full load 116.3 
Current 1. 976 amperes 
Current density 4930 amperes per square inch 
Core loss 2. 70 watts 
Copper loss 1. 06 watts 
Llectromagnetic efficiency 99. 0 percent CR-2455 
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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, if 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 850K and is reported in Table 7.    Its electromagnetic efficiency is 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 recognition 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 
was chosen as simply its electromagnetic efficiency,  to preclude any argument 
as to what its share of the parasitic looses should have been. 

The electrical circuit of this alternator has four parallel paths for the 
line current:   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 
start voltage.     There is also a heat leak penalty for carrying larger currents. 
The alternator lead heat leak with the optimum cross section alternator leads 
will be a total of about 0. 24 watt, a sraall but significant amount, compared 
with the 3.78-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 
vibration tests. 

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

• Reference pressure:   91   5 psig 

• Temperature:    68. 0oF 

• 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, 53 5-cubic-foot trailer would be about 
60 hours.    A smaller, 43, 832-cuMc 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 
flowf. 

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. 

Turboalternator design computer runs were conducted down to very low 
flows,  to where there was no net power available to drive the hirbine at the 
target design speed of 141, 300 rpm.    These runs were made for the conditions 
at 80oK 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 4 9).    The zero net power point ended up to be 
1. 3 53 grams per second. 

30 
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0.06 

Net Power 

J_ I _J 
1.6 1-1 1-2 1.3 1.4 1.5 

Flow (grama per second) |cR-2349] 

Figure 49.    Flow as a Function of Power 
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At a How 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. 

This 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 design 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 pressure ratkh  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-s+op 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 tests for extreme environments were to be conducted for 
performance, bearing materials,  shock, and vibration. 

TEST 80oK TURBOALTERNATOR 

Functional Tests 

The parts for the 80oK 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 c-cle 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 nozzles and 
test-evaluate the gas bearings and rotating assembly at room temperature, 
at the laboratory open cycle test station.    Pressure difference? 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 have 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 turbine 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 bell 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 8CrK CRYOSECTION SYSTEM 

The cryogenic heat exchanger system from Phase 11 would have been in- 
corporated in the closed cycle cryosection test station in the cryogenic refrig- 

79 

« 



eration laboratory at the Research and Development Center.    The 80oK turbo- 
alternator was to be plumbed to the cryogenic heat exchanger.    All the neces- 
sary plumbing and accessories were to be incorporated, ^o completely function- 
performance-test this 80oK 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, and 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-evalüate 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, wUh 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 
performance 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 caused 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 100oK, 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, 
as the binder materials. 

Nickel and nickel-molybdenum are used 

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 capability for 
the low viscosity to be experienced at low temperatures, because the nondi- 
mensionnl 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 Kentanium recommended for use at extreme tempera- 
tures were obtained: Grades K-151A, K-i')2B, and K-165. The hardness of 
these materials ranges from 90. 0 to 93. 5 Rockwell A. 

Test samples of each grade were prepared for cryogenic testing by grind- 
ing a. 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 samples under a 60-power micro- 
scope. 

Friction and wear tests wei ■* 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-l65 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 joar- 
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, aluminum 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 'he 304L stainless steel pivot stems, 
to provide a hard homogeneous material that will withstand the comparatively 
high-hertz stress incurred on the tip Gf the pivot ball by the new flat-bottom 
journal bearing pivot sockets.   The journal bearing radial clearances were ad- 
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the system from ambient moisture.    The sealed housing was not assembled 
onto the turboalternator, because performance data were not to be taken during 
the bearing evaluation test run. 

The turboalternator was operated for 1 hour at room temperature,   100, MOO 
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 operation 
was essentially the same as it had been at room temperature. 

The turbine end shaft 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 tbe 
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 tue outer thrust bearing touching the proximity      jbe 
as the gas flow to the turbine was increased to maintain the speed at 100, uoO 
rpm, wiih the increase in the alternator load. 

Because the operation of the turboalternator seemed to be limited to the 
above 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 assembly was allowed to warm up to room temperature, and the 
turboalternator continued U. operate satisfactorily.    The proximity probe 
viewing the outer thrust bearing definitely appeared to be positioned closer to 
the bearing than during the initial 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 r^t temperatures approaching that of liquid nitrogen,   it wis 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 tne experimental liquid helium open cycle turbo- 
alternator test station is shown in Figure 56.    The liquid nitrogen test station 
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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.    Becaube the sensitivity of the copper- 
constantan thermocouples drc ps off quite rapidly below liquid nitrogen tem- 
perature, a germanium temperature sensor, calibrated from 75° K down to 
4. 20K by Scientific Instruments,   Inc., was installed in the nozzle exhaust, to 
monitor temperatures below liquid nitrogen temperature.    To reduce the radi- 
ation losses from the turboalternator,  12 layers of aluminized Mylar were 
wrapped around the plastic gas shields used to direct the cold gas from the 
exhaust back around the turboalternator assembly to cool the whole unit.   A 
stainless steel can was placed over th? 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 hpld 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 signals obtained at the be- 
ginning of the test, with the turboalternator operating at room temperature 
and 1 JO, 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 turboalternator 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 1130K.    Figures 59 and 60 show the proximity probe signals ob- 
tained.    The turbine was allowed to 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.    Tv.o 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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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 bearine 
s ignal. 6 

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. 

^oJ^^T^ W? ™ry successfu1' achieving a very significant müe- 
stone in the development of turboalternators for cryogenic refrigeration. 
This 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 
tluid ever used in a hydrodynamic bearing system. 

The problem encountered with the thrust bearings 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 bearing 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 procedure« 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 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 arram 
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 of the single-stage turboalternator is showninFigure 67. 
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harHJnPH      5       ^T      18 mOUnted 0n gas-Iubricated journal bearings.    Three 
hardened pads at each journal bearing support the 0. 50-inch-diameter shaft 
with an opiating gas film thickness or the order of 400 microinr-.es.   These 
journal bearings are of the self-acting, tilting pad type and are capable of 
stable operahon throughout the operating range and at any attitude 

the slln Sv TT"!'  Self-aCt
1
in^  sPiral «roove ^rust bearings posit.on 

me shaft axially.    Like the journal bearings,  the thrust bearings are eas- 
lubncated and typically operate with a 600-microinch gas film thickness     The 

mounLd^nTfH^16"1 \' S
l
elf-al^in^  b— the thrust bearing arrgimbal- 

ZZtLlV^r^VT^ PadS are individually self-aligningg   Satisfactory 
TZT Co^Plete bearing system can therefore be somewhat independent 
of the accuracy with which adjacent parts are manufactured.    The radial ,nnow 

NeftherSrrT0nKlent ^ Cl08e ^"^ aXial c^arances to minimize lea age 
ic^^Xt.^ Wheel ^ the n02Zle Wa8 «naL.. igned from an aerod^nam- 

natoJ^Thi^ "*?**!* ** i0rbe<i b-v ^ o-pole permanent magnet alter- 
enlro; I* ^ alternator i8 a ^ Poetical device for exf^actirg 
energy at cryogenic temperatures, when that energy will be dissipated at a 

"oundth Cati0Hn-    The tW0-^0le magnet 0perates W^in the Btato7 which is wound three-phase in a core of low-loss iron laminations. 

K *   Th^vacuum-tW enclosure shown would be welded for the final assemhlv 

im tvo^b1811 ^r. the USe 0f -P^-able static seals for inmaU sts    Prox- 
imity probes would be installed to monitor the position of the rotor and gas 

Urr^beTrfng ^ ^ ^ ^ ^ ^ ^* * ^ «Ln- 

to       a^shTe TsT T*™™* ^^^   therefore' itTL" t .       rable 

Ehe design.   ^^JT^T' ^ a ^'^ deSign at the inCePtion °f 

an.OQ ,   results can ^ad to minimizing the number of critical tol^r- 

STATUS OF TURBOALTERNATOR PARTS 

AdvancerRir^ h
0f

D
the manuf^turing drawings have been completed for the 

Advanced Research Projects Agency turboalternator. and parts were invTri- 

TelerTottZTJtr T" ^ POrtl0n 0f the COntraCt "aS t3rminated 
Sr   Th. f "^^temator parts were photographed, as shown in Figure 

the parts    Vent0ry ll8ted in Table 9 OUtlines the ^-ntiües and the statu's of 
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Table 9 

INVENTORY OF TURBOALTERNATOR PARTS 
(BIG BERTHA FRAME SIZE) 

(Assembly Drawing  588E48eGl) 

Quantitv Part Name 
Genersl Electric 

Drswing 

1  
Remarks 

2 4 Housing Stator Section 588f;444l>l Complete, except 1  r final in- 
spection snd deburrmg 

1 4 Housing Statm auction 588K444PI 25-percent complete 

B 5 Shafts sesi^seiM Brazed assemblies at received 
from vendor 

4 5 Shafts SB8E456P1 «11 bad magnet-io-ahaft brazes - 
joint broke in bend test 

3 8 Stator 423D434UI Punchings assci ibled -- windings 
not started 

1 9 Outer Thrust Glmbal 
Assembly 

-- -- 

2 -- Housing Outer Gimbsl IUK4UPI Complete except for final inspec- 
tion and deburring 

2 -- Housing Outer Glmbal 5B8E4SSP1 25-perc.nt complete 

6 •• Outer Thrust Bearings 423D470P2 Spirsl grooves etched, spring Ml* 
Ibrstlon and final inspection required 

30 Gimbal Pivot Stems 664B374GI Balls brazed to atems -- balls must 
be cleaned and lapped, and stems 
must be tut 

17 -- Glmbal Pivot Screws 664B31IP3 As received from minding, csse 
depth only 1 to 1-1/2 mils 

17 -- Gimbal Pivot Screws 664B3IIP4 As received from nitriding, case 
den»".» only 1 to 1-1/2 mils 

" Glmbal Kings S43C6Ü7 Machining complete springs, 
uncalib rated 

1 10 Notzle Assembly 423D630CI Not started 

1 11 Turbine Wheel 423DM   PI Not started 

1 12 Gss Inlet and Discharge 
Cylinder 

423D632GI Not started 

1 12 Gss Inlet snd Discharge 
Cylinder 

543C605r.I Obsolete design, 50-percent complete 

1 13 Filter Housing 423D633G1 Not started 

1 14 Cover -- Turbo Section 423D634G1 Not started 

1 17 Probes S43CI69GI Twenty-one probes only, not calibrated, 
still on Air Force contract 

1 18 Probes 543C169G2 Ten probes only, not calibrated, still 
on Air Force contract 

10 20 Besrlng Pads 543CI84P1 Kentanium as cast from vendor 

1 21 Inner Thrust Glmbal 
Assembly 

543C:8SG1 -- 

2 -- Housing Inner Gimbals 423D464P1 Machining complete 

2 -- Housing Inner Gi ibal» 423D464PI 25-percent complete 

6 -- Inner Thrust Beurlngs 423D4V0P1 Spiral grooves etched, spring cali- 

22 BeariiiK Stem (spring 
lotdtd) 

543C49S 

bration and final inspection required 

8 25-percent complete             |cK-2454a 

_ 
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Table 9 (Cont'd) 

INVENTORY OF TURBOALTERNATOR PARTS 
(BIG BERTHA FRAME SIZJ) 

(Assembly Drawing 588E486G1) 

Quantity P^rt Npine 
General Electric 

Drawing 
Remarka 

21 

24 

2^ 

2 

I 
2 

3 

2 

S 

2 

10 

2U 

8 

21 

2 4 

24 

24 

28 

N 
31 

M 

|| 
14 

3S 

Bearing Stem Support* 

Bearing Sterna 

Bearing Sterna 

Bearing Stem Sample* 

FUter 

End l J;- 

Locking Plate 

Locking Plate 

Locking Plate 

Looking Plate 

Probe Viewer Screw 

Electrical Header* 

Weldable Probe Lead 
Feedthrough* 

Probe Lead Connector* 

Probe Lead Connector* 

Thermocouple and Alter- 
nator Lead Feedthrough* 

Set* of Experimental 
Kentanlum Shaft Sectlona 
(a* received from vendor) 

Aaaimbly Fixture* 

543CI93P1 

S43CI93P2 

54SCI93P2 

543CI93P2 

CS4B360 

6848361 PI 

664B636P1 

664B363P2 

664B363P3 

66*83 63P4 

21IA2220P1 

664B381P2 

Mlcrodot, Inc. 
053-0726-0001 

Mlcrodot, Inc. 
132-0300-0004 

Mlcrodot, Inc. 
132-0116-0004 

Ceramaaval, inc 
789S2 

Shaft Holder 42SD444PI Complete 

Dummy Shaft 423D444P2 Complete 

Thruat Bearing Center 
Fixture 

423D444P3 Complete 

Shaft Magnetizing Support 423D444P4 Complete 

Shaft Extenalona 423D444P6 Complete 

Gage Shaft 543C187PI Not etarted 

Gage Shaft Support 543C187P2 Complete 

Centering Screw S43C187P3 Complete 

Shaft Storage Boxe* — Wooden 

Bellow* 884B3I8 Obaolete turbo cover 

Fixture for Bracing 
Carbide Ball* onto 

S43C49S 
S43CI93 
864B374 

•• 

SUIT* CR-2425h 

Complete 

Tungaten carbide ball* brazed to 
atem*, 60-percent complete 

Ob*olete de*lg» -- nltrlded, not 
rinl*hed 

Machined from tungaten carbide to 
eatabllah procedure* (or 1/2-inth 
radlu* on tip of ball 

A i received from Microporou* Filter 
Divlalon of Circle Seal Corporation 

Machining complete 

Complete 

Complete 

Complete 

Complete 

Machining complel»- 

For aingle probe feedthrough 

Leak tight aa received and after cooi- 
in« to liquid nitrogen temperature 

Aa received 

A* received 

Two teeted --   eak tight aa received 
and after cooling tu liquid nitrogen tem- 
perature t>n* leaked 7 > IU~*) 
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Section 3 

(EFRIGERATOR TRANSIENT ANALYSIS 

For transient or off-design analysis of refrigerator subsystem perform- 
ta7'J f erneriC ^f316"1 ^frigerator 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 suction and 
discnarge pressures. 

A completely modular approach has been used.   Separate and independ- 

devi^es f0rm 0f SUbrOUtines) were made for the following types of 

• Heat exchanger 

• Thermal load 

• Turboalternator 

• Joule - Thomson valve 

• 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 configura i^n 
being represented.   The particular structure of the configuration is then de- 
fined by a specific interconnection subroutine 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 

th0* fT^      r:   ^ m«a8S flOW f0r each 8ide is continuously variable, and 
the effects of changing flow magnitudes and the degree of balance or unbal- 

SSLIÜ COnt;nTSly COmPutt!d-   The effect8 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- 
hig the core temperature as a variable that respond« to changing fluid tem- 
perature and flow conditions in a first-order exponential manned.   Two su,h 
core temperatures (one for each terming end of the heat exchanger) are con- 
tinuously computed, and their associated time ccnntants are separately and 
continuously adjusted for changing specific heat as the temperatures vai^ 

The thermal load model is conceptually similar to that for the heat ex- 

^TJ;^^! there iS 0nly 0ne floW passa«e and one •«■i»« l^Ped thermal 
mass with varying s^cific heat.   The thermal load subroutine contains mode s 
for selectable heat leak, constant heat flow, or radiation types of loaSs     P. o- 

ZTo^i^z1:,handie varying «^ —- ^ -2rt^0 
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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, temperature 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 assumption 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 temperature of the vapor entering and the presence or absence 
of the accumulated liquid. 

The transient computattcn for a given refrigerator configuration is ma'' 
on a stepwise, completely modular basis.   At airy given time the state of aix 
variables is known and, in particular, the inputs to every subsystem device 
are available.   The response of each individual device to its inputs over i 
specified time step is then computed on a first-order basis.   The resulting 
set 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 rer igerator model was run as a test case, simulating the cooldown 
from ambient 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 
shown 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 jry 
ogenic refrigerator system operation was developed and implemented in digital 
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Figure 69.   Model for Transient Analysis 
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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 y tnetlC 

«on H^HtL**?*!* m7Tl monitoring and occasional adjustment in computa- 
Iw     P,!,     ' , e m^del Pr0gram 8Ucces8fully simulated the complete tran- 
sient cooldcwn for a design cryosection from an ambient temperature start 

sho^ÄXU    liUln liqUefiCati0n-   ^e ^neral configuration was that 

STARTING AND CONTROLLED CONDITIONS 

of 32?KCOw0i1tdh0tr rV"'5 'V^60 With a11 deViCeS at an ambient temperature of 322 K. with the turbmes at rest, and with the helium flow present.   The 
initial transient occurence is the acceleration of the turboalternators to oper- 

TnÄlo"1        ^^ '" 8eCOndS-   Their 8Peed and ^Wer —s are s^own 

1150 
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Figure 70.   Turboalternator Startup 
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Compressor/intercooler heating is simulated by an exponential rise 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 liquefication, the flow rate was permitted to assume its nor- 
mal (uncontrolled) level.   The flow rate schedule is shown in Figure 72. 

Hi— 

E 

B 
5   6 

.loule-Thomson 
Valvo and 
Hvpans 

■JO 30 10 SO 60 
Time  (hours) 

J. 
110 "O 

[FF: 441Hi 

Figure 72.   Controlled Joule-Thomson Valve and Bypass Flow Rate 

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 small amount of addi- 
tional computation. 
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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.    Figure 76 shows an expanded 
plot of the load temperature response to the flow switching effects. 

1,0 

Figure 75.    Thermal Load Performance 

Therm;.I l.nad 2 

50 St 
Time (hoiiri) 
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Figui e 76.   Thermal Load Response to Flow Switching 
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Tu'-boalternator 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 vicinity of 20° K is dependent upon the proper incorporation 
of real gas properties. 

3 Boa = ^_ 

Turho«ltfm^torf    1      ^ 

jj        w, 
i. r r .1 ilN i •Mini f 1     ^ „ 

V. »i  

Pi 

J L 
10 20 Id 40 70 80 

Time  (hmjri) 
100 

leu mi 

Figure 77.   Turboalternator Performance 

ilme   (honrn* 

Figure 78.    Heat Exchanger 1 Low-Temperature Performance 
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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 Uemign Value Calculated Value 

Heat Exchanger $ T15 
935.0 335. 0000 

T« 77.54 77. 0992 

T« 331.0 331.0090 

Heal buchangcr 4 T24 
M.TI 66. 1633 

T44 72. IB 72.6465 

It» ,,' Lxchbrigi-i   • T
23 19.91 14.0536 

T43 
•4. «7 65. 4996 

Heat feltchangtr 2 '« 11.44 11.5564 

T41 
I«. 07 12.2005 

Heat Exchanger 1 '21 
e. 214 6.222* 

T41 11. 39 11.4442 

Thermal Load 3 s ioa. 2 105. 999 

T« (0.00 60. 4605 

T.s 
ai. oo 81.45(4 

Thermal Load 2 «2 5.00 4. 0976 

Te2 14.00 14. 1503 

T92 
14.20 14.3439 

Thermal Load 1 Q, 4.20 4.2002 

T81 
4.40 4. 4000 

T91 
4.50 4. 4(92 

TurtooaUernator 2 P2 
«50.0 651.669 

W2 54. 555 54.6334 

M42 8.3 8. 2762 

Tltl 64.97 (5.4219 

Turboaltcrnator 1 Pl 127.7 III. IN 

W. 47. 970 48. 003 

M4I 9.2 9, 1530 

TI21 11. 33 11.446" 

Joule-Thomaon/ liquefler M5I 3.59 3. 54746 

M7. 0.11 0.1174 

|  CR-4425   1 
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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 devices 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 
now 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. J f j 

MODELING EXPERIENCE 

with ^ COmrn Witi1 ^ 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 temprratures.   In the rather complex, interconnected loop 
arrangement present, the effective dynamics 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 c ondi- 
tions vary.   For example, near the liquefication point, it is necessary to use 
very short time steps fox- 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 co.nputer 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 In the most ele- 
mentary form is the turboalternator.   However, it is easily made more de- 
tailed, if required, and can be made to >ield 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 stanJs, the model is limited to a constant pressure configuration; 
consequently, no compressor model is required.   The addition 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 duriiig a cooldown tran- 
sient.   Observations 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 i»- which real gas prop- 
erties provide Joule-Thomson cooling to flip it os^er 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 ennance 
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 4 6 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.   However, as- 
suming the functions to be 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 degrees, 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: 

• Heat exchanger 

• Thermal load 

• Turboalternator 

• Joule-Thomson value/liquefier 

The system model also contains three auxiliary functions: 

• Interconnections 
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• Temperature-enthalpy relations 

• 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/liquefiei stage, arranged in any physically 
consistent combination. 

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

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

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

• Heat 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. 

• 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 necessary 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 the 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 prevision for the simulation of draining of 
accumulated liquid for external purposes. 

The turboalternator model simulates the conversion of thermal power co 
mechanical (shaft) power and includes the effect o^ 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) terrierature 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 interconnections.   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 valaes. 

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 Jovile-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, represented 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 (Tout) 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: 

T       = F (T,   , M) + G e 
out in 

-Ht 
(1) 

where the function, F, is the final (steady-state) solution for the output, T    A. 
-Ht 

Given the present set of inputs, T.   and M, Ge       is the present instantaneous 
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Figure 80.   Example of Interconnection 
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Table 11 

INTERCONNECTION SPECIFICATIONS 

Temperature/ Flow 

Temperature 

Mass flow 

M 

Specifications 

T(l, 2) = T(2, 3) 

T(ll,2) = T(2, 3) 

T(l, 1)= T(2, 2) 

T(ll, 1) = T(2, 1) 

T(7, 1) = T(12, 1) 

T(3. 1) ■ T(8, 1) 

Trt 9) - M(2. 1) x m 1) + M(4. 2) x T(12. 2) 
^    '' M(2, 1) + M(4. 2) 

T(3, 3)= T(4, 2) 

M(l, 1) - M(4, 1) 

1^(2, 1) = M(4, 1) 

M(3. 1) = M(4, 1) 

M(l, 2) = M(4. 1) 

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

M(l, 3) = M(4, 1)+ M(4, 2) 

M(2, 3) = M(4, 1) + M(4. 2) CR-4428 

Device Tout 

Figure 81. Computational Form 

error 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: 

£ (To J = -H G e -Ht 
= -H(Tout-F) (2) 

120 



^ */; 

then, in incremental form: 

AT       = H (F - T    ^At 
out \ out / 

and finally, for numerical calculation purposes: 

(T    *)•     ,  =(T    A + HfF - T      V At \  out/i+ 1    \   out/i out/i 

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

„      2hA 
""MC 

c   c 

where: 

h = Surface heat t ransfer coefficient 

A = Surface area 

M 
c 

= Core mass 

(3) 

(4) 

C    = 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: 

■-LA) 

AW  __]/ 
At    " J V 

W =W. -f-|(L     -LA 
i+l        i     J \   T       A'i 

At (5) 

where: 

W = Shaft speed 

J = Shaft moment of inertia 

L = Turbine torque 

L. = Alternator torque 
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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.   Ti 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 system 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,   mless 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 in shjwn 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: 

• Tj - Warm side incoming fluid temperature 

• Ta = Warm side outgoing fluid temperature 
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Read: 
0    ntlties of All Device! 

.lent Temperslure, TlmeStep 

<      Data Only,      _> 
""»-No Prints■' 

Head: 
Heading!/Data Only Choice 

Print: 
Quantitlea of AU De /icea 
Ambient Temperature, Time Step 

Head and Print: 
Parameters for All Devices 

Heat Exchanger 
Subroutine 

Thermal Load 
Subroutine 

Turboalternator 
Subroutine 

Joule-Thomson/Liquefier 
Subroutine 

Temperatnre-Knthalpy 
Subroutine 

Enthalpy-Temperature 
Subroutine 

Set all initial conditions. 

Specify printout interval. 

Print: 
Run Description 
Data Headings 

Print all present data. 
Set printout counter to zero. 

Update all heal exchanger 
calculations. 

Update all thermal load 
calculations. 

Update all turboalternator 
calculations. 

Update Joule-Thomson/liquefier 
calculations. 

Time Kunctlon 
Subroutine 

Interconnection 
Subroutine 

Update time functions. 

i 
♦♦■       Update all interconnections. Dimension: 

All Subscripted 
Constants 
and Variables 

Specify device 
parameters 

and other data. 

CR-4446 

Figure 82.    Flowchart of Basic Model Layout 
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• Ts = C old side incoming fluid temperature 

• Ti = Cold side outgoing fluid temperature 

• TB = Warm end core temperature 

• Te  = C old end core temperature 

• HB = Vi arm end decrement 

• He = Cold end decrement 

• M1 = Warm side mass flow 

• Mg  = Cold side mass flow 

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

Mc 

Figure 83.   Schematic Diagram of Heat Exchanger Model 

The parameters that characterize a particular heat exchanger are con- 
tained in two specified constants, Kj and K8.   1^ is defined as: 

K, = M 
mm 

xN 
tu 

where: 

M 
mm 

N 
■ 

h 

A 

C 

tu 

hA 
" 2C 

= Lesser of rated Mj and Ms 

= Number of transfer units 

= Core-fluid heat transfer coefficient 

= Surface area 

= Fluid Cp 
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K   is defined as: 

Ka = Decrement at ambient temperature 

2hA 
" M   C 

c    c 

where: 

M   = Core mass c 

C    - Core thermal conductivity 

In general, the heat exchanger will be in some initial thermal state, and 
certain inputs (T^ M^ Ts> and Ma) will be applied.   The first step will then 
be calculation of the steady-state (final) output and core temperatures (Fa. 
F4, FB, and F6), which would ultimately result from these inputs: 

2' 
F4.  F8)  F6 = f (Tx< M,. T3. Ma. iq) (6) 

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

H. = K. xf OV) 

Hfl Kaxf (TB) (7) 

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

Ti+1=Ti+UlxHix(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 Piven 
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 Ta and Taj mass flow inputs M, = M , and heat 
exchanger parameter K1: 
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F
a = 

T> + fe T> 

F4 = 

F Si + lk.)T + iT 
M,'1'     2    » 

1 + 
M, 

(9) 

(10) 

(11) 

2 ^^ V2+ MJ^ 

1 + ^- 
(12) 

Equations For Unbalanced Flow, M1> Mg 

For temperature inputs T1 and T,, mass flow inputs M1 and M3, and heat 
exchanger parameten K1: 

P.(i^hiLi^Ji 
l-fe-^MTM;) 

^ ''Ma T 
M,    3 

(13) 

[l - e -K^ - ^JT, +   [(l - fa) M-k ' M.)} 
(14) 

_[l-i(^i!)e-K^-^]T1+ri(l- ^   -KiA - A 
M^        (_L._LN 

1 - w   e   Ki\M0     M, I 

M il U— (i 5) 

'a     "M 
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F6   = 
ÜiLiMil 1  +  TT3 I " TT3  6 (M3 " MJ] 

Ma     .K /J LN 
1-We   ^\MB    Mj 

(16) 

M, 

Equations For Unbalanced Flow, Ma>M1 

For temperature inputs T1 and T3, mass flows inputs M1 and M3, and heat 
exchanger parameter Kl: 

*•' 

[l-e-^-ifeT.^X-Mx] Mj^ 

1     M, e 1        2 

(17) 

(18) 

1        1 

Fc = [i(-f)-^--K^"^>^[i('-lt3 
! --J:e   KiVM^     Mal 

MQ
e 

(19) 

[ill-^e-K^-^K.[l-i(l^)e-Kk-Ma)]T< 

Ma 

(20) 

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 tern 
peratures {Tl, T8, T3, and T4) are known.   Using the proper functions for 
their respective pressures,  corresponding enthalpy values E1, Ea, E3, and 
E4 are obtained.   By taking tho 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 (5.2) are then used to adjust the actual mass flow values, 

to obtain the synthetic values, Mj and Ma Njand N, 

Ni =?-2 >< 5.2 AT, 
^xMj 

(21) 

N    = —— y 
a     5.2 XT 

E* " ^ x M. (22) 

These synthetic values for mass ftow are then used to calculate F2,  F4, F 
and F8, 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 of lique- 
fication and/or fluid drainage might reduce the return flow in Heat Exchanger 
1 to zero.    If this should occur, the model logic will set F2 

equal to the input fluid temperature, T1. 
4« Fc,  and F. 

Decrements and Numerical Integration 

The procedure to this point has been to produce a set of predicted final 
values (F3,  F4, F6, and F6) 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 
(23) 

For the same reason, the decrements for the two independent input tempera- 
ture variables are set to zero: 
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H1 = 0 

H3 = 0 

(24) 

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. Kg, at ambient temperature TO and to vary 
inversely with the present core temperatures, TB and T6# 

TO 
Ha = Ka T- 

TO 
H4 = Ka ^f^ (25) 

TO 
H8 = KaT~ 

H6 = K 
TO 

a T 

Finally, using the above values for present temperature T, predicted final 
temperature F, and decrement H, the new temperature, T1, 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 Nl heat exchangers present in the 
system: 

Tl. ■ T.. + H    (F.. - T..]\J1 
]i       ]i        3i V 31        JV 

Outline of Mod^l Logic 

j = 1 to 6 

i = 1 to Nl (26) 

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

THERMAL 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, 
T9, and that thermal energy flows to that mass It rate Q, from an external 
source at temperature T in- 

The thermal mass is in turn cooled by the flow of fluid that enters the 
device at temperature T7, leaves at temperature T8, and has rate of mass 
flow M,. 
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N, > 0 

_Ye^ 

N,> N, 

For Each of Nl 
Heat Exchangers 

Obtain enthalpy data. 

OK 

Calculate synthetic mass 
Dow values on the basis 
of present average Cp. 

«!>  N, 

NG 

»•■ N, 

Using appropriate formulas, calculate the predicted 
final values for heat exchanger temperatures. 

Calculate present valves 
for heat exchanger decrements. 

Integrate to obtain 
new heat exchanger temperatures. 

|CR-444g| 

Figure 84.   Flowchart of Heat Exchanger Model (Logic and Calculation 
Sequence) 
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M, 

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. T9, 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: 

T7   = Input fluid temperature 

T8   = Exit fluid temperature 

Tt   = Thermal mass (structure) temperature 

Tjg = External source temperature 

M3 = Fluid mass flow 

Q    = Heat flow from external source 

To specify a particular thermal load, five parameters are required: 

K3 ■ Fluid structure heat transfer coefficient (hjA) 

K4 = Reciprocal of energy storage capacity (l/M  C ) 
s   s 

KB = Fluid specific heat (Cp) 

K6 = Structure external source heat transfer coefficient 

IC, ■ Index indicating load type 

Three load types are included in the model: 

• Type 0 -- Constant Q.   For this load type, Q will be specified, and 
the source temperature, T^   will then vary as a function of T9.   An 
example would be a resistor, dissipating a fixed power, attached to 
the thermal load station. 
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• Type 1 -- Heat Leak.   In this case. Tw will be specified and Q will 
vary as a function of T9.   In both this case and the preceding Type 0 
case, heat flow proportional to the difference between T^and T   is 
assumed. 

• Type 2 -- Radiation.   In this case, Tw will be specified and Q will 
vary as a function of T9.   However, heat flow proportional to the dif- 
ference between the fourth powers of T^ and T9 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 au.i 
pertinent parameters are exercised at each time step.   It is therefore posslule 
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 (K,.) is 
automatically adjusted by setting it equal to an average value at e£.ch time step: 

K. = Cp = fa—^ (27) 

where E8 and E7 are the values for enthalpy corresponding to temperatures 
Te and T7 for the appropriate 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, F9, for the temperature of the thermal mass on the basis of in- 
coming external energy rate Q or source temperature Tx0, plus the cooling 
effect of the incoming fluid at temperature T7 and mass flow Ms: 

F. = f (Q or T10, T7,  M,. K3. K5. K6) (28) 

The decrement for T9 is then computed as a function of fluid mass flow 
Ms and is corrected for core material temperature T9 by its ratio to ambient 
temperature TO; 

TO 
U, ==-xf (K3. K,. K,, K6. M3) (29) 

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

Ti-Tf+ Ul xHe(F9-T9) (30) 

Using the updated core temperature, T^, and the in .oming fluid temper- 
ature, T7, the exit fluid temperature, T^, is determinec: 

T^ = f(T7, I;. K,, K^, M3) (31) 
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Finally, either the rate of heat transfer. Q'. or the external source tem- 
perature, TJo, is determined: 

or: 
Q' = f (TWJ T'. K,,) 

Tio = f (Q, T^, K6) (32) 

Equations for Type 0 -- Constant Q 

F.. is 
For input variables T7, M,, and Q, the predicted final core temperature. 

F9 = T7 + Q 
K. (33) 

M3KAl-eM3S 

The decrement for this temperature function is: 

_K, 

i9 = M3K6K4(i-;
M3K

S)l2 

The incremented value for Tg is: 

T; - T, + Ul H9 (Ffl - T9) 

The corresponding fluid exit temperature is: 

(34) 

(35) 

- J^_ / _     K,    v 
T-T7e    ^^.T-il-e    M^) 

The corresponding external source temperature is: 

T'   = T' 4- -S 1 ID       »     K 

(36) 

(37) 
6 

Equations for Type 1 -- Heat Leak 

F9, is 
For input variables T7, IV^, and Ti0, the predicted final core temperature. 

+ M,K,(l-e" M^) 
(38) 

K6+ M^l -e 

The decrement for this temperature function is: 
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H..K.+ M.IC,(l-."i^)K.|2 (39) 

The incremented value for T9 is: 

T; = T, + Ul x Hfl (F9 - Tg) (40) 

The corresponding fluid exit temperature is: 

-=T7e   ^^.T'll-e    *•*•) (41) 

The co responding external heat flow is: 

Q' = K6 OV - T^; (42) 

Equations for Type 2 -- Radiation 

To determine the predicted final value for core temperature F0 in the 
radiation case, it is necessary to solve the fourth-order equation: 

Kc 

(1.e"M3KB) 

(T*10 - F*) +  T7 - F, (43) 

^3^ 

If the dummy variable, x, is substituted for F9, then: 

f(x) = 
Ka 

M^Kl -e 
JSa_\ 

(T*, - x4) + T7 - x (44) 

and differentiating: 

VU) 

M. 

4Kf 

MaKgVl - e 

Then the Newton-Raphson relation is: 

^3KRj 

x3 - 1 (45) 

f(xn) 
xn + l " xn " fl(Xn) (46) 

to be used recurrently until a solution of sufficient accuracy is obtained.   This 
is done in the model to a level of 10"B, at which point the result is taken tobe F9. 

The corresponding decrement, H9, is: 

H..K4M.K.(l-,'^)|2 (47) 
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The incremented value for TQ is: 

T^ = T9 + Ul xH9 {F9 - T9) 

The corresponding value for Te is: 

(48) 

T.-TT«   M^+T^l-e   ***•, 

The corresponding value for Q is: 

Q' = K6 (T*, - T|*) 

Liquid/Vapor Effects 

(49) 

(50) 

For those cases in which a thermal load is located at the cold output of a 
liquefication device, provision must be made for flow of a liquid/vapor mixture 
through the load.   Under transient conditions, this mixture can vary from all 
vapor, to mixture in/vapor out, to mixture in/mixture out.   In its present form, 
the model handles only a Type 1 (heat leak) load under these conditions. 

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

Y 7 = Liquid fraction entering 

Y 8 = Liquid fraction leaving 

E7   = Enthalpy of vapor entering 

Ee   = Enthalpy of vapor leaving 

K17 = Enthalpy of liquid 

Kjg = Temperature of liquid 

The first step in this procedure is to determine whether liquefication is 
a consideration.   To accomplish this, the entering temperature (T7, is com- 
pared with    xe liquid temperature, K1B.   If T7 is above the liquid temperature, 
liquefication is not present, and the computation proceeds as described in the 
preceeding paragraphs. 

If the entering temperature, T7, 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 liquid fraction leaving is calcu- 
lated as: 

Y8 = Y7 K, (Ta - K1g) 
M3(E7 -K^) (51) 

If this leaving fraction, Y8, is positive, the assumption is valid, and the 
derivative for the core temperature is calculated as: 
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dt 
(Te) = K4 [k, (TJB - T9) - K3 (T9 - Kjg)] ^2 (52) 

Then the updated core temperature, T9, is: 

T;-T.+[^(Tf)]ül 
The fluid exit temperature is the liquid temperature: 

The external heat flow to the load is: 

Q = K6 (T^     T9) 

(53) 

(54) 

(55) 

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, Zl, in which liquid is present as: 

Zl 
M, (E, - K„) Y 

K.3 (T9 - Kjg) 

The core temperature derivative is then: 

^(T9) = KJK, (T^ - T9) - K3ZI (T9 - K,.) 

1- -        a H  - Zl)' 

-M.K.CT.-K,,)!! -e   ^^ 

The updated core temperature is: 

T« = T" ^ [It M 
The leaving fluid temperature is: 

(56) 

k (57) 

Ul '58) 

K 
Vd " Zl) M,^ Te = T9- (T9-K15)e 

The external heat flow is: 

Q = Kg (Tl0 - T9) 

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. 

(59) 

(60) 

(61) 
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For Each of N2 
Thermal Loads 

Obtain enthalpy data. 

NO 

Compute specific heat 
irom temperature and enthalpy data. 

r«i 

Compute liquid fraction 
for output fluid 

(assume heat leak load). 

Compute basir thermal load 
pararnettr relations. 

Compute basic thermal load 
parameter relations. 

Radiation 

I'sing appropriate formulas, calculate one: 

Predicted final core temperature 
Core temperature decrement 
Incremented core temperature 
Updated fluid exit temperature 
Updated source temperature 
Updated external heat flow 

Figure 86.    Flowchart of Th 
Sequence) 

TURBOALTERNATOR MODEL 

|(I<-114V] 

ermal Load Model (Logic and Calculation 

Each turboalternator in the system is treated a^ a tht.— »        •    , 
with mechanical energy storage     ThU«      ,     , thr^-terminal device 
matically in Figure 8?f * conceP^ 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 TUJ mass flow 
M4 results, and the fluid exits at temperature TX3.   Mechanically, the assembly 
rotates at speed W^ at which the turbine develops driving torque L and delivers 
mechanical power P to the shaft assembly.   The alternator in turn develops 
loading torque Lg, and any difference between L^ and La 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 assun ed to be linear.    The alter- 
nator function is assumed to be constant, while the slope of the turbine func- 
tion wül depend upon the inlet temperature.    The torque-speed relations are 
shown in Figure 88. 

Torque 

Wi Speed V/0't(Tn)   |CR-4433| 

Figure 88.   Torque-Speed Relations for Turboalternator Model 

In particular, in the model, L0 is assumed to be constant, W0 is a func- 
tion of input temperature Tu, and L2 is proportional to W^. 

The fluid exit temperature, Tla, is determined by making the product of 
mass flow M4 and temperature difference T^-Tja proportional to the turbine 
snaft power, P.   In the 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: 

TJJ = Input fluid temperature 

Tia = Exit fiuid temperature 

M4 = Mass flow through turbine 

W1 = Assembly shaft speed 

Lj   = Turbine torque 

L2  = Alternator torque 

P    = Turbine shaft power 

W0 = Turbine maximum speed 

The specified model parameters are: 

K8   = Product of turbine mass flow and square root of inlet temperature 

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

t-to - Slope of alternator torque-speed function 

Ku = Mechanical-thermal power conversion factor 

Kl2 = Assembly shaft moment of inertia 

L0   = Turbine stalled torque 

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

1 
'M 

:ia(w^ + Ki0) 

(62) 

This constant will vary with the temperature as W0 changes. 

Model Equations 

The mass flow, M4, is a function of the inlet temperature: 

M4^^- 

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

Wo ■ K9  /T^" 

(63) 

(64) 

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

-4-^) (65) 
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The alternator torque is proportional to the speed: 

La = K10 W1 (66) 

Acceleration is proportional to the torque difference: 

L3 = Kxa<Li " W (67) 

Speed is incremented for a given acceleration and time step, Ul: 

W'=W1+UlxL3 (68) 

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

P1 = L1 x w; 

A new exit fluid temperature is determined: 

K, 

Optional Algebraic Solution 

TU = Tn--Up. 

(69) 

(70) 

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

W   = —Wo ^Q 1    K^Wo-^ Le 
(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. ^pwuc" 

The device is assumed to be operating across the difference between two 
constant pressures, utilising the nonlinear temperature-enthalpy relations at 
nc-r-liquid temperatures in an idealized fashion, to achieve the desired functions 
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1 
For N3 Turboalternators 

Compute mass flow, maximum 
speed,  and turbine torque. 

Compute turbo alternator speed 
algebraically. 

Compute alternator torque, 
accelerating torque, 

and integrated speed. 

Compute turbine shaft power 
and fluid exit temperature. 

T CR-4452 

Figure 89.   Flowchart of Turboalternator Model (Logic and Calculation 
Sequence) 
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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,-^ (72) 

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 provisos preselected flow, Ku, to exist above a preselected temper- 
ature, Ku, below which the design characteristics of the valve take over.   This 
procedure is illustrated in Figure 91. 

Flow 

M. 

K i* 

Temperature Tla CR-4435 

Figure 91.   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. T1S. is known, and the enthalpy. £„. for that tem- 
perature at the input high pressure is also known.    The valve output tempera- 
ture. F1S, is then determined for the same enthalpy and for the lower exit 
pressure.   Several possibilities are then considered. 

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

Me = ^1 

T,* = F,. 

M. = 0 
(73) 

If the valve exit temperature calculation results in a value for F^ below 
the liquid temperature. K„, it is assumed that liquefication is taking place. 
Under this condition, the output temperature. Tu. is taken to be the liquid 
temperature, K:5. and a corresponding enthalpy. Eu, is determined. 

If an accumulation of liquid exists, it is assumed that the output temper- 
ature. T14. is equal to the liquid temperature, KM, with corresponding en- 
thalpy Eu, regardless of the value of the valve exit temperature. F^: 

T14 = Ki» 

Eu = f(Tl4) fOU) 

or 

Ma>0 

(74) 

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

MR xE^ = M, xKr + (M. - M,) x E14 

IC. 
K 

J* M, (75) 

where Kj, is the enthalpy of the liquid. 

The above relationships permit positive liquefication rate M, when the 
valve exit temperature (and consequently Ew) 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 
EM constant.   When all of the liquid is gone and Tu is above the liquefication 
temperature, Eu = E^ and rate IVL^ is zero. 

The output flow for device M6 will be the difference between input flow Mg 
and liquefication rate M,: 

Me = 1^ - M, (76) 

The quantity of the existing liquid, M8.  is determined by integrating the 
liquefication rate, ML,, less any selected drain rate, K^ for time step Ul: 

M^ = »«,+ Ul xfM, - K16) (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 Me = 0. 
The model variables are: 

Tj, = Input temperature -- high-pressure side of Joule-Thomson 
valve 

Ew = Enthalpy for Tu 

Fw = Ideal temperature -- low-pressure side of Joule-Thomson valve 

Ti4 = Output temperature -- accumulator output at low pressure 

Eu = Enthalpy for Tu 

M, = Input mass flow -- Joule-Thomson valve plus bypass 

Me = Output mass flow -- accumulator output at low pressure 

M, ■ Mass flow to liquid 

Mt = Accumulated liquid mass 

The model specified parameters are: 

Kw = Temperature at which bypass is closed 

K^ = Total mass flow while bypass is open 

Kig = Liquid temperature 

Kie = Liquid drain flow rate 

K17 = Enthalpy of liquid 

Kw = 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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U»r bypass valve to maintain 
df sired mass flow. Compute normal masi flow 

f'jr Joule-Thomson valve. 

Determine theoretical Joule- 
Thomson valve exit temperature 

for constant enthalpy. 

■Set liiuefler outlet temperature 
equal to Joule-Thomson exit 

temperature and enthalpy equal 
to Joule-Thomson enthalpy. 

Set Uquefier outlet temperature 
equal to liquid temperature 

and determine rorresponditig 
enthalpy. 

~L 
Calculate fraction of flow being 

liquefied. 

Calculate flow rale lo liquid 
and to liquefler outlet. 

Integrate liquid rate to obtain total 
liquid (include possible liquid 

drain effect). 

_No_ Yes 

Set outlet flow equal to Joule- 
Thomson flow and set liquid 

and liquid rate to aero. 

F^ure 92. 

[CR-4453| 

Flowchart of Joule-Thornson/Liquefier Model 
(Logic and Calculation Sequence) 
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Alternative (Split) Configuration 

In certain refrigerator configurations the Joule-Thomson valve and liquid 
accumulator wffl be separated by an intervening thermal load, or other dev"e. 

Trov ST K
38
^' 

SePar.ate m0delS 0f the Valve and accumulator devices are provided, based upon the preceding development. 

The following additional variables are introduced: 

Tjg = Valve exit temperature 

YO 

Valve exit enthalpy 

Valve exit liquid fraction 

M, = Accumulator entering flow 

Tjg = Accumulator entering temperature 

Ejg = Accumulator entering enthalpy 

Yl  = Accumulator entering liquid fraction 

.nH 1
The

H
basic ^hart arrangements for the separate Joule-Thomson valve 

and liquid accumulator models are 3hown in Figures 93 and 94. 

AUXILIARY FUNCTIONS 

Temperature-Enthalpy Relations 

To model the sysiem behavior properly at very low temperatures   it is 

nHrr7  0 ^^ f0r the Variati0n in the n^ sPecific he'at. To^com- 
arelncluderTr   Ure"er:t?alPy fUn"i0nS f0r the two P^ssures 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- 

where: 
fef (Vf (78) 

T    = Fluid temperature 

E    = Fluid enthalpy 

^n = ^■onstant parameter 

This relation is equally useful for obtaining enthalpy for a given temper- 
ature and for obtaining temperature corresponding to a'given vale for Tn 
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JCsa. 

Use initial preset 
mass flow. 

Adjust to new preset 
mass flow. 

Compute normal 
mass flow. 

Determine theoretic?! Joule- 
Thomson valve exit temperature 

for constant enthalpy. 

No Yes 

Set exit temperature to liquid 
temperature, compute enthalpy, 

and compute liquid fraction 
present. 

Set exit temperature and enthalpy 
to theoretical values and set 

liquid fraction to zero. 

T" 
Figure 93.   Flowchart of Joule-Thomson Valve Model 

(Logic and Calculation Sequence) 

CR-45541 
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Compute enthalpy for entering 
fluid. 

Is 
^^      liquid present      ^^ 
^«w      in entering fluid? ^f 

Yes 

j£° 
No yr       liquid present      ^S. 

^^    in accumulator?   ^S 

< 1 JYes '' 

Sot exit temperature equal 
to entering temperature. 

Set eicit temperature equal 
to liquid temperature. 

Set exit temperature equ-" 
to liquid temperature. 

Set liquefication fraction 
to zero. 

1 
1 

Compute fraction of flow 
liquefied or evaporated. 

Set liquefication fraction 
equal to entering fraction. 

Compute li 
Compute 

Compute liquid 

- 

quid flow, 
exit flow, 
accumulation. 

No Yes 

Set exit conditions equal 
to entry conditions. 

Set liquid to zer«-. 

J 
CR-4456 

Figure 94.   Flowchart of Liquid Accumulator Model (Logic and Calculation 
Sequence) 
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CD 
£ 
+-> 
G 

(Constant Pressure) 

Ideal (Perfect Gas) Function 

Temperature 

Figure 95.   General Form of True Function 

thalpy    In the latter case, the symbol F is used in place of T   because it 1« 

rr TL8 rre1
1:r„e3oaVrperaiur"ather than L ui"m- <—- 

E = c2 +]/(^lf (T - CJ* - C4
S 

F = C, + JC, ' + (E - CJa 

m 
(79) 

(80) 

where F is the tria1. value for temperature T, 

To prevent possible erroneous results from the dual-valved hynerbollr 
approximation near its point of reversal, the approximation is terminated by 
a hnear segment at the low-temperature end. as illustrated in Figure 96   ^ 

E 

Figure 96.   Approximation Terminated by Linear Segment 
at Low-Temperature End 
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The relations for this terminating segment are: 

E = C7 (T - C6)  | T < CB 

F = C* + C v-7 
E<C7(C1I -C.) 

.(81) 

(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. Z) n = 1 to 7 

Z = 1 to 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,i). 

In soire 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, Ce, is included so: 

E' = E 4  C8 

F' = f(E) = HE' - CB) 

(83) 

(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: 

U1 = U + Ul (85) 

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

II1 = II + 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    |   U>Y,  T > Z 

X = C     |   U> Y,  T<Z 
Etc. 
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Because all computations are repeated from a fr-sh 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,I) 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 = Constant parameter 

T  = Temperature 

F = Final (steady-state) temperature 

E  = Enthalpy 

H  = Decrement for transient temperature 

M = Rate of mass flow 

L  = Torque 

W = Shaft rotational speed 

Q = Rate of heat flow 

P = 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/UQ 

K 1-2 3-7 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 1-6 9 __ 
M 1-2 3 4 5-9 
L -- .. 0-3 
W — — 0-! .. 
Q — No Subscript .. 
P 

No Subscript — 

CR-4436 j 
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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. 

& 
© 

-www- 
I'hermal Load 

«© 

© 

© 
Turbo- 
alternator 

Joule-Thomson 
Liquefier 

or Joule-Thomson^ 
Valve 

ICR-44371 

Figure 97.   Basic Numbering Structure for Temperature and Enthalpy 
Functions 
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11 

(^/ExchangerCl) 

i ' 

© 
Thermal Load 

Turboalternator 

© 
Jouk-Thomson 

Liquefie 

© 

© 
r | 

^(£^- 

,© 
Joule-Thomson 

— Valve 

[CR-4438 

Figure 98.   Basic Numbering Structure for Mass Flow Functions 

For example, any temperature T(9,1) will be the core temperature for 
seme thermal load, and any mass flow rate M(4,I) will be the flow rate for 
some turboalternator. 

Three special cases are noted.   Whereas M^, represents the mass flow 
rate,  M8 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 typical system assembly 
in Figures 99 through 101. 

Detailed Model Nomenclature 

Following is a list of the model nomenclature: 

Nomenclature 

A 

B 

c 
C (J,Z) 

D 

E 

El 

E2 

E (J.I) 

F (J.I) 

H (J,I) 

I 

II 

J 

K (J,I) 

L (0.1) 

L (1,1) 

Description 

Dummy variable for intermediate computation 

Dummy variable for intermediate computation 

Dummy variable for intermediate computation 

Constant parameter for temperature-enthalpy function. J = 
1 to 7, Z = 1 for high pressure, Z = 2 for low pressure 

Dummy variable for intermediate computatiou 

Dummy variable for iitermediate computation 

Dummy variable for intermediate computation 

Dummy variable for intermediate computation 

Enthalpy at point J for device I 

Final (steady-state) temperature at poin'. J for device I 

Temperature decrement at point J for device I 

Subscript for particular device of its type 

Counter to control printout 

Subscript for point relative to device .vpe 

Constant parameter for device I, J = 1 to 18 

Turbine stall torque for turboalternator I 

Turbine torque for turboalternator I 
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T-A 2 

CR-4439 

Figure 99.   Example of Model Nomenclature for De vices 
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M(2,5) 

M(2.4) 

M(2,3) 

M(6.U 

E(14.1) 

L(1.2) 
W(l,2) 

CR-4440 

Figure 100.   Example of Model Nomenclature for M (J.I) (Mass Flow) 
E (J.I) (Enthalpy). L (J.I) (Torque), and W (J.I) (Speed) ' 
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T(4.5)4 

T{5. 5) 

T(6. 5) 

T(l. 5) 

T(10, 2) 

H3) 

T(2. 5) E^ 
T(l, 4) 

^ T{9. 3) 

A\VS^ 

T(3. 4) 

T(4. 3)_ 

T{5, 3) 

T(6, 3) 

T(7. 3)        T(8. 3) 

T(11.2) 

T(2. 4) 

P{2) 

T(12. 2) 

;:T(1. 3) T(10, 2) 

T(5.2) 

T(6. 2) 

(2) 

T(2. 3) 

T(l,2) 

^ 

■AA/W- 

T(9f2) 

IL 

T(7. 2)      T(8, 2) 

TOl. 1) 

T(2.2) 

P(l) 

T(12. 1) 

T(3, 1)  " 

Q,^i 
T(10. 1)     |^ 

T(9.1)    tTO, 1) 

T(5, 1) 

T(6, 1) S 

1'JL 11,1) 

T(8, 1) 

T(2. 1) 

T(13, 1) 

T(14. 1) V 

CR-4441 

Figure 101.   Example of Model Nomenclature for T (J,I) (Temperature), 
Q (I) (Heat Flow), and P (I) (Power) 
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Nomenclature 

L (2.1) 

L (3.1) 

M (J.I) 

M (8.1) 

Nl 

N2 

N3 

N4 

N5 

N (J.I) 

P (I) 

Q (I) 

TO 

T (J.I) 

U 

Ul 

V 

W (0.1) 

W (1,1) 

X 

Y 

Y0 

Yl 

Y7 

Y8 

Z 

Zl 

Description 

Alternator torque for turboalternator I 

Shaft acceleration for turboalternator I 

Mass flow rate at point J for device I, J = 1 to 7 

Accumulated liquid mass 

Number of heat exchangers (a 1) 

Nunrr er of thermal loads (i 1) 

Number of turboalternators (2 1) 

Joule-Thomson/Liquefier indicator (0 or 1) 

Print control (0 for data only. 1 for headings also) 

Synthetic mass flow. J = 1 or 2. heat exchanger I 

Shaft power for turboalternator I 
1 

Heat flow rate for thermal load I 

Ambient temperature 

Temperature at point J for device I 

Elapsed time 

Computation time step 

Dummy variable for intermediate computation 

Maximum turbine speed for turboalternator I 

Shaft speed for turboalternator I 

Dummy variable for intermediate computation 

Dummy variable for intermediate computation 

Liquid fraction at Joule-Thomson valve output 

Liquid fraction at accumulator input 

Liquid fraction at thermal load input 

Liquid fraction at thermal load output 

Dummy variable for intermediate calculation 

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. 
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Figure 103.    Flowchart of Thermal Load Subroutine 
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I = 1 

MM,!) = K(8,I)/SQR(T(n,I)) 
W(0,I) = K(9.I)*SQR(T(11.1)) 
L(1,I) = L(0,I)*(1-W(1.I)/W(0.I)) 

y U< 1007 ^ 
Yes 

No % 

■   I 

L(2,I)  = K(10.I)*W(1,I) 
U3,I)  ■ K(121I)"(U1,I)-U2.I)) 
W(l.I) = W(1(I)+U1*L(3,I) 

W(1,I) = W(0.I)*L((\I)/(K(10.I)*W(0.I)+L(0(I)) 

1 1 

P(I) = L(t,I)*W(l,U 
T<12,I) = T(11,I)-K(11,I)*P(I)/M(4,I) 

Turboalternator Subrouti.ie 

Input: Tdl.l) ^ 
Wd.I) 
K(J,I)       .1 = 8 to 12 
UO.I) 
N3 

Output: T(12.I) 
L(J.I)       J = 1 to 3 
W(l.I) 
P(I) 

> I = 1 to N3 

CR-4457 

Figure 104.    Flowchart of Turboalternator Subroutine 

161 



M(5. U • K(14,l) M(5. 1)=  K(18, 1)/S«H(T(13,1)) 

Joule-Thomgon/Liquefier Subroutine 

Input: T(13.1) 
E(13. 1) 
M(8, 1) 
K(.i. 1)        J' U to 18 

Output: T<U,U 
E(14,l) 
M(J.I)        J>5to8 

t ' 13 
Z ■ 2 

Enthllpy-Temperature 
Subroutine 

Yes 

T(U. 1) ■  F(13,l) 
E(U,1) ■ E(13.1) 

T(14.1) =  K(15. 1) 
J   =   14 
Z  ■ 2 

Enthalpy-Temperature 
Subroutine 

Y = (E(14. 1)-E(13,1))/(E(14, 1)-K(17. 1» 

No^     Y>17      ^^  Ye« 

M(7,l) ' Y*M(5, 1) M(7,l) = M(5, 1) 

M(6, 1) = M(5, 1)-M(7, 1) 
M(8.1) - M(8,1H(M(7-1)-K(16, 1))»U1 

N , 

M(6, 1) - M(5, 1) 
M(7.1) = 0 
M(8,l) ■ 0 

CR-44 51 

Figure 105.    Flowchart of Joule-' homson/Liquefier Subroutine 

162 

■     - 



M(5, 1) =■ K(18, 1)/SQR(T(13. D) 

Joule-Thorn son Valve Subroutire 

Input: T(13,l) 
E(13,l) 
K(J.I)        .1 = 13 to 18 

Outpu : T(15, 1) 
E(15,l) 
YO 
M(5, 1) 

M(5.1) = K(14.1» 

1    >   1 
J    =   13 
Z  .  2 

Enthalpy-Temperature 
Subroutine 

Vos 

T(15, 1) • K(15, 1) 

1    ■   1 
J   ■   15 
Z  ■  2 

Temperaturc-Enlhaloy 
Subroutine 

M(6, 1) = K(14.1)/2 

T(15. 1) ■ 1(13.1) 
E(ir., 1) = E(13,l) 

YO = 0 

YOHEdS, 1)-E(13,1))ÄE(15, 1)-K(17,1)) 

|CR-4450| 

Figure 106.    Flowchart of Joule-Thomson Valve Subroutine 
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1 
1   •  1 
J   »   18 
Z  •  2 

J 
Temperature-Enthalpy 

Subroutine 

Yea 

T(14,l) •  T(18,l) 
£(14,1) -  E(18,l) 

Y  =  0 

T(14,l)    -   K(15.1) 

I 
,1 
Z 

1 
14 
2 

Temperature-Enthalpy 
Subroutine 

Y  «  (E(18, 1) - E(14, H/(K(17,1) - E(14, D) 

M(7,l)  .  Y • M(9, 1) 
M(6, 1)  ■ M(9, 1) - M(7,1) 
M(8, 1)  •  M(8, 1) + IW,7, 1) »Ul 

T(14,l)  -   K(15. 1) 

1    =   1 
J    =   14 
Z   •  2 

Tempera lure-Enthalpy 
Subroutine 

Y  ■  Yl J 

Liquid Accumulator Subroutine 

Input: 

Outp i 

T(18 , 1) 
M(8, 1) 
M(9, 1) 
VI 
K(J, 1)   J 

T(14 ,1) 
E(14 . 1) 
M(6, 1) 
M(7, 1) 
M(8, 1) 

15,17 

No 
V   M(8, 1)< O-'J  

JYes 

T(14,l)  =  T(18, 1) 
E(14,l)  =  E(10, 1) 
M(B. 1)    =  M(9,1) 
M(7,l)    -  0 
M(8,l)    =  0 

Return 
CR-444 5 

Figure 107.   Flowchart of Liquid Accumulator Subroutine 
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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. 

1 L 
Heat 

Exchanger 5 

Heat 
Exchanger 4 

■I  

9*- 
Heat 

Exchanger 3 
I  

Heat 
Exchanger 2 

9- 
Heat 

Exchanger 1 

?  

tt 

Thermal 
Load 3 

Thermal 
Load 2 

Bypass 

Joule-Thomson 
Valve 

Thermal 
Load 1 

'^1 

'^1 

^-T-.-T—Z^-  Liquid Accumulator 

Turboalternator 2 

Turboalternator 1 

CR-4442 

Figure 108.    System Configuration 
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331. 0oK 

20.94 ♦ 
Crams per Second 

1 i 335. 0oK 

72.150K 

21.05 
I Grams per 

77.54°K 

Second 

96. 2 Watts 

81.00oK 

80. 00oK 

64.970K 9* 
-.64 4 

Grams per Second 

12.75 
Grams 
per Second 

'^1 
650. 0 Watts 

54555 Rpm 

65.780K 8. 3 Grains per Second 

12.07oK 

5. 00 w\nts 

13.910K 

14.20oK 

14.00oK 

11. 

4.40° 

^m 
127. 7 Watts 

47970 Rpm 

11.440K 

3.44 
Grams per Second 

9. 2 Grams per Second 

K~' To. 214 

X 

K 

4. 40oK 

3.55 
Grams per Second 

Pressures: 3. 80/1.18 Atmospheres 
Ambient Temperature: 3220K 

4.40oK 

'-.50K 

5. 05 W'tts 

(4. 20 Watts) 

/.*. 1  Grams ner Second CR-4443 

Figure 109.   Steady-State Design Point 
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From these data, plus information regarding the thermal time constants 

ieT ThTn'm^T ieViCeS' the s^ify^ Parameters for all devices 
flfi     Th ;      Can       determined algebraically using Equations 1 through 
86.^ The specific numerical values for this case are given in Figures 111 and 

of thin t^S
f
exPer^ental transient run. neither the true sequence and timing 

For thfr"     ^V6 PrOPer time SteP Size f0r Stability is ^"ally known, 
ienated ^fpir tW0 Prograi^ variatio^ were used.   The first of these, des- 
Snatt? ARPAramS.ambient teinPerature MM conditions.   The second, 
designa ed ARPA2.   contains a set of arbitrary initial conditions.   This sec- 
ond variation is used co restart the run at any point - in particular   whe„ a 

areTt fo t 1^ "iV* T^ ^ ^ ^ ^ the ™ ™™ ^°™ 
tZVt^^z^:^8 of the system variabies from the precedi^ p- 

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 to 100 seconds at the 
beginmng of the run.   This permitted the turbines to accelerate to normal op! 

^f sTabTetanner!110^ ^ ^ " ^ ^ the ^^ cooldowTmod^ 

Toward the end of the nooldown transient it was necessary to reduce the 
step size to 20 seconds. 10 seconds. 5 seconds, 1 second, aS fln^y to 0 1 
second, as the thermal time constants were reduced by the lowering temper- 

To simulate the temperature rise at the input to the cryosection (com- 

biema^^T«001^; ^ "^ temPeratu- was initiany set at theTm- 
d^n value of sl^^'w^":' ^ t0 riSe exPonentia"y to the steady-state aesign value of 335 K with a time constant of 60 seconds. 

As an experiment, the flow through the Joule-Thomson valve was aroi- 
thP^1 y PH

r0^f
mr"ed.'3imulating cooldown control) to permit 200 percent of 

be owTo^K     ^    n1^ f1™1"1^ ^ then 100 percent of the design How 
below 50 K.   Finally, at 6.25°K. control was removed.   The purpose of this 

7a~pornt! t0 aid COOldOWn 01 lhe maSSiVe thermal load thermal Load 

watts^f^KTalhlr; l0alQl ^ 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 

COMPr,>JFNT DEVICE TIME CONSTANTS 

were 
The estimated time constants for the various component devices at 350°K 
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Time Constant ( seconds) 

560 

158 

500 

5 870 

12 ,300 

5 670 

100 

B 004 

5 

5 

Component 

Heat Exchanger 1 

Heat Exchanger 2 

Heat Exchanger 3 

Heat Exchanger 4 

Heat Exchanger 5 

Thermal Load 1 

Thermal Load 2 

Thermal Load 3 

Turboalternator 1 

Turboalternator 2 

The very great range among devices dictates the progress of the stepwise 
computation procedure.   In particular, the short time constants 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 
simulated 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 counterflow, 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 temperatures 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 l-(l/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 the ratio of the amount of heat actually transferred between 
streams to the maximum amount of heat that could theoretically be transferred 
in an infinitely large counterflow heat exchanger. 

mm 



To calculate the heat exchanger time constants, the following assumptions 
were made: ^ 

• Heat capacity flow rates are the same for (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: 

where: 

Time Constant = 0.316 

Mass of heat exchanger core 

MCCC 

MCp (1 - e) 
(87) 

Cc - Specific heat of heat exchanger core material 

M = Mass flow rate for gas 

Cp = Specific heat of gas 

e = Exchanger thermal effectiveness 

For example, the time constant for the largest heat exchanger (Heat 
Exchanger 5) was calculated as follows: 

Mc = 70. 2 kilograms 

Cc = 0.91 joules per gram 0K 

M    =21.0 grams per second 

Cp  =5.2 joules per gram 0K 

e     = 0.985 

TC 
K 
-^ ^      70.200x0.91 

21 x 5.2 (1-0.985) 

= 12,300 seconds 

(88) 

TEMPERATURE-ENTHALPY DATA 

empir^aflvTH POHin
t
tS '^ '" FigUre 110 are taken from the Continuous) empirically derived temperature-enthalpy functions used. 
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PRESSURE ■ 3.8 

T H 

6.1 24.4307 
6.214 27.9366 
6.S 32.7544 
7 38*414 
8 46.9 
9 54.0273 
10 60.5477 
11.44 69.36n4 
13.91 83.6812 
20 117.177 
40 222.93 
65.78 357.4^3 
77.54 418.o56 
100 535.433 
200 1054.79 
300 1573.91 
322 1688*11 
335 1755.58 

PRESSURE ■ 1.18 

T H 

4.3 27*7686 
4.4 29*9474 
5 36.0442 
6 42*9076 
8 54.5915 
10 65.5578 
11.33 72.704 
12.07 76.6515 
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*^^ 

Figure 110.   Temperature-Enthalpy Sample Points 

SAMPLE PRINTOUT -- ARPAl 

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 component devices.   The first data sheet defines and illustrates 
the normal data printout. 
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ARPA   TRANSIENT   REFRIGERAT0R  M0DEL 
AMBIENT   START   (ARPAl) 

HEAT   EXCHANGERS   --   5 
THERMAL   LOADS   --3 
TURB8-ALTERNAT0RS   --   8 
J-T  VALVE/LIOUEFIER 

AMBIENT   TEMPERATURE--   322     DEG  K 
INITIAL   TIME   STEP--   1      SECONDS 
TIME   STEP   ADJUSTED   BETWEEN  0.1   AND   100   SEC   DURING   RUN 

HEAT   EXCHANGER     1 
Kl=   46.3251 K2=   1.66371   E-3 

HEAT   EXCHANGER     2 
Kl«   15.9946 K2=   5.89669   E-3 

HEAT   EXCHANGER     3 
Kl«   560.522 K2»   1.86335  E-3 

HEAT   EXCHANGER      A 
Kl=   64.6278 K2= 1.58718   E-4 

HEAT   EXCHANGER     5 
Kl»   1160.98 K2»   7.57461   E-5 

THERMAL   LOAD      1 TYPE 
K3a   50.5 K*=   9.52652   E-6 
K6»   1.32283   E-2 

THERMAL   LOAD     2 TYPE 
K3=   20.9395 K4=   5.49081   E-4 
K6»   1.62449   E-2 

THERMAL   LOAD     3 TYPE 
K3»   53.5899 K4=   3.74264  E-6 
K6=   0.440665 

K5-   5.19 

K5n   5.19 

K5»   5.19 

TURBO-ALTERNATOR      1 
K8=   34.4306 K9=   25.6356 
Kll=   0.192789     K12*   0.900987 

TURBO-ALTERNATOR     2 
K8=   74.2374 KV»   12.1989 
Kll=   0.190937      «12=   0.228942 

J-T   VALVE/LIQUEflER 
K13=   50 h!4>   7.1 
K16=   0 KJ7=   10.96 

K10=   5.54947   E-2 

K10=   0.218396 

K15»   4.4 
K18»   8.8494 

C00LD0WN   FROM  AM.-IENT   TEMPERATURE 
CONSTANT   PRESSURE   3.8/1.18  ATM 
WITH  LIOUEFIER 
CONTROLL'iD   J-T   VALVE--M«7.10   FOR   TEMP   ABOVE   50 

--M»3.55   FOR   50   TO   6.25 
—NO CONTROL  BEL0W   6.25 

Figure 111.   Heading Printout and Sample Data for ARPAl 
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TIMC--&SC0NDS 
T-TEHPERKTURE—DEC  K 
8-HEAT  FLBW —MATTS 
M-MASS  rteW—GRAMS/SEC 
W-SHAFT   SPEED—RPH*1 «00 
P-P0WER--WATTS 

TIME 

H-E 11 T2 

T-L T8 T9 

T-A Tie M4 

J-T/Hfl TM MS 

T3 T4 

T10 Q 

w P 

M7 MB 

TIME"  0 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
2 
3 
A 
5 

322 
322 
322 
322 
322 

322 
322 
322 
322 
322 

322 
322 
322 
322 
322 

322 
322 
322 
322 
322 

T-U 
T-L 
T-L 

1 
2 
3 

322 
322 
322 

322 
3C2 
322 

322 
322 
322 

0 
0 
0 

T-A 
T-A 2 

322 
322 

1.91874 
4.13709 

0 
0 

0 
0 

J-T/Lie 322 7.1 0 0 

TIME ■   10 

H-E 
H-E 
H-E 

■t-E 
H-. 

1 
2 
3 
A 
5 

321.914 
322. 
321.99 
322 
323.996 

322. 
321.914 
322. 
321.99 
322 

382.023 
318.12 
321.952 
310.659 
321.997 

322. 
321.952 
322. 
321.997 
322.001 

T-L 
T-L 
T-L 

2 
3 

322.023 
322. 
322. 

322. 
322. 
322 

322 
322 
322 

-2.72495  E-6 
4.33766   E-7 
0 

T-A 
T-A 

1 
2 

303.762 
285.935 

1.91874 
4.13709 

36.8207 
39.3955 

181.515 
781.423 

J-T/Lig 322.023 7.J 0 0 

TIME •   200 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
2 
3 
A 
b 

317.712 
321.689 
321.511 
322. 
334.536 

321.939 
317.712 
321.689 
321.511 
322. 

322.023 
314.175 
319.588 
305.152 
321.828 

321.562 
319.588 
321.938 
321.828 
322.125 

T-L 
T-L 
T-L 

2 
3 

322.023 
321.944 
322. 

322.004 
321.949 
322 

322 
322 
322 

-5.59119  E-5 
8.24565  E-4 
0 

T-A 
T-A 

I 
2 

286.644 
268.^T 

1.9188 
4.13709 

79.3834 
72.8156 

349.722 
1157.96 

J-T/LIO 322.023 7.| 0 0 

Figure 111.   Heading Printout and Sample Data for ARPAl (Continued) 
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TINE ■ 1200 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
2 
3 
4 
S 

T-L 
T-L 
T-L 

1 
2 
3 

T-A 
T-A 

1 
2 

J-T/LIO 

TIME « 2200 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
2 
3 
A 

5 

T-L 
T-L 
T-L 

1 
2 
3 

T-A 
T-A 

1 
S 

J-T/LIfi 

TIME » 3200 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
2 
3 
4 
5 

T-L 
T-L 
T-L 

1 
2 
3 

T-A 
T-A 

I 
2 

J-T/LIQ 

TIME = 4200 

H-E 
H-E 
H-E 
H-E 
H-E 

I 
2 
3 
t 
b 

T-L 
T-L 
T-L 

1 
2 
3 

T-A 
T-A 

1 
? 

J-T/LIO 

312 .066 
317 .243 
319 • 103 
321 .97 
335 • 

321 .82 
318 .141 
321 .997 

283 .715 
268 .556 

321 .852 

307 .482 
312 .572 
316 .833 
321 .883 
335 • 

321 .419 
313 .461 
321 .986 

279 .386 
268 .547 

321 .465 

303 245 
308.068 
314 665 
321. 745 
335 

320. 881 
308. 907 
321. 964 

275. 15 
268. 529 

320. 941 

299. 285 
303. 822 
312. 589 
321. 562 
335 

320. 221 
304. 603 
321. 929 

271. 145 
268. 5 

320. 292 

321.085 
312.066 
317.243 
319.103 
321.97 

321.952 
318.202 
321.999 

1.92895 
4.1371 

7.1 

320.183 
307.482 
312.572 
316.833 
321.883 

321.715 
313.522 
321.995 

I.94326 
4.13717 

7.1 

319.211 
303.245 
308.068 
314.665 
321.745 

321.318 
308.965 
321.983 

1.95756 
4.1373 

7.1 

318.166 
299.285 
303.822 
312.589 
321.562 

320.781 
304.658 
321.96 

1.97142 
4.13752 

7.1 

321 .852 
309 .229 
314 .701 
303 .986 
320 > 985 

322 
322 
322 

79.311 
72.8155 

321 465 
304 781 
310. 068 
302 434 
320 189 

322 
322 
322 

79.2092 
72.8151 

320.941 
300.715 
305.687 
300.897 
319.422 

322 
322 
322 

79.1075 
72.8143 

320.292 
296.922 
301.574 
299.415 
318.677 

322 
322 
322 

79.0095 
72.8131 

316.161 
314.701 
320c22 
320.985 
323.051 

6.28504 E-4 
6.16998 E-2 
2.72323 E-4 

349.066 
1157.96 

311.712 
310.068 
317.937 
320.189 
323.91 

3.77279  E-3 
0.137723 
2.3181   E-3 

348.169 
1157.94 

307.764 
305.687 
315.681 
319.422 
324.703 

9-02759   E-3 
0.211757 
0.007699 

347.276 
1157.92 

304.079 
301.574 
313.516 
318.677 
325.437 

2 1.61262  E 
0.281724 
1 .76758  E-2 

346.416 
1157.88 

Figure 111.   Heading Printout and Sample Data for ARPAl (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 this 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 
twitching 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 USTNGS 

ARPAl PROGRAM 

Figure 113 is a complete listing of tlir ARPAl model program. 

ARPA2 PROGRAM 

Figure 114 curtains a portion of the listing for the ARPA2 model program 
This portion conttins the specification of initial conditions.   The romainder 
of the program is identical to the ARPAl listing in Figure 113. 
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ARPA   TRANSIENT  REFRIGERAT0R  M0DEL 
ARBITRARY   START   (ARPA2> 

TIME»   314710 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
2 
3 
A 
5 

13.8483 
16.9121 
108.541 
125.214 
335 

6.25855 
13.8483 
16.9121 
108.541 
125.214 

4.41877 
13.7232 
14.6882 
106.46 
119.16k 

13.5984 
14.6882 
106.913 
119.162 
331.757 

T-L 
T-L 
T-L 

1 
2 
3 

4.41793 
17.0205 
129.49 

4.4943 
17.2073 
130.597 

322 
322 
322 

4.20006 
4.95133 
84.3446 

T-A 
T-A 

1 
2 

13.7763 
105.635 

8.3456 
6.52385 

50.306 
61.0917 

140.44 
815.096 

J-T/L10 4.41877 3.55 0 0 

TIME ■   314722 

H-E 
H-E 
H-E 
H-E 
H-E 

I 
2 
3 
A 
5 

13.8465 
16.9106 
108.535 
125.207 
335 

6.24631 
13.8465 
16.9106 
108.535 
125.207 

4.4 
13.7217 
14.6864 
106.454 
119.156 

13.5959 
14.6864 
106.907 
119.156 
311.757 

T-L 
T-L 
T-L 

1 
2 
3 

4.4 
17.019 
129.483 

4.49077 
17.206 
130.59 

322 
322 
322 

4.20011 
4.95135 
84.3476 

T-A 
T-A 

1 
2 

13.775 
105.628 

8.34598 
6.52404 

50.3049 
61.0909 

140.434 
815.076 

J-T/LIQ 4.4 3.54078 2.49769   E-3 7.14274  E-A 

TIME '   314733 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
2 
3 
A 
5 

13.8473 
16.92 
108.529 
125.201 
335 

6.24704 
13.8473 
16.92 
108.529 
125.201 

4.4 
13.726 
14.6879 
106.449 
119.149 

13.5955 
14.6879 
106.903 
119.149 
331.756 

T-L 
T-L 
T-L 

1 
2 
3 

4.4 
17.0266 
129.476 

4.48819 
17.2107 
130.583 

322 
322 
322 

4.20014 
4.95127 
84.350') 

T-A 
T-A 

1 
2 

13.7812 
105.623 

8.34413 
6.52421 

50.3102 
61.0902 

140.464 
815.057 

J-T/LIO 4.4 3.5406 8.25501   E-3 8.74099  E-2 

Figure 112,    Transient Cooldown Ss rniDle Data for AR PA 2 
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TIME" 314745 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
'd 

J 
4 
5 

13.8519 
16.9295 
108.523 
125.194 
335 

6.24793 
13.8519 
16.9295 
108.523 
125.194 

4.4 
13.7C.17 
14.6^35 
106.<*5 
119.143 

13.5966 
14.6935 
106.899 
119.143 
331.756 

T-L 
T-L 
T-L 

1 
2 
3 

4.4 
17.036 
129.469 

4.48648 
17.2197 
130.576 

322 
322 
322 

4.20016 
4.95113 
84.3537 

T-A 
T-A 

1 
2 

13.7888 
105.617 

8.34183 
6.52438 

50.3168 
61.0895 

140.5 
815.038 

J-T/LIO 4.4 3.54035 9.36468 E-3 0.193739 

TIME • 3M757 

H-E 
H-E 
H-E 
H-E 
H-E 

1 
2 
3 

5 

13.8578 
16.9389 
108.518 
125.188 
335 

6.24854 
13.8578 
16.9389 
108.518 
125.188 

4.4 
13.7378 
14.7004 
106.44 
119.136 

13.5993 
14.7004 
106.896 
119.136 
331.755 

T-L 
T-L 
>L 

1 
2 
3 

4.4 
17.0454 
129.462 

4.48535 
17.2291 
130.57 

322 
322 
322 

4 20018 
4.95097 
84.3567 

T-A 
T-A 8 

13.7965 
105.611 

8.33953 
6.52455 

50.3234 
61.0888 

140.537 
815.019 

J-T/LIÖ 4.4 3.54017 1.00148 E-2 0.31042 

TIME = 314769 

H-E 
H-E 
H-E 
H-E 
H-E 

I 
2 
3 

5 

13.8641 
16.9478 
108.512 
125.181 
335 

6.24897 
13.8641 
16.9478 
108.512 
125.181 

4.4 
13.7442 
14.7075 
106.436 
119.13 

13.6032 
14.7075 
106.892 
119.13 
331.755 

T-L 
T-L 
T-L 

1 
2 
3 

4.4 
17.0545 
129.456 

4.48461 
17.23S2 
130.563 

322 
322 
322 

4.20019 
4.95082 
84.3597 

T-A 
T-A 

1 
2 

13.8039 
105.6U6 

8.33732 
6.52473 

50.3297 
61.UHHl 

140.573 
K1S. 

J-T/LIO 4.4 3.54005 1.03591 E-2 0.432927 

TIME = 314780 

H-E 
H-E 
H-E 
H-E 
H-E 

I 
2 
3 
4 
5 

13.8704 
16.9562 
108.506 
125.175 
335 

6.24927 
13.8704 
16.9562 
108.506 
125.175 

4.4 
13.7504 
14.7147 
106.431 
119.124 

13.6079 
14.7147 
106.888 
119.124 
331.754 

T-L 
T-L 
T-L 

I 
2 
3 

4.4 
17.063 
129.449 

4.4(.412 
17.2468 
130.556 

328 
322 
322 

4.2002 
4.95068 
84.3628 

T-A 
T-A 

1 
2 

13.8108 
105.6 

8.33524 
6.5249 

50.3357 
61.0874 

140.606 
814.981 

J-T/LIO 4.4 3.53997 1.05038 E-2 0.558272 

Figure 112.   Transient Cooldown Sample Data for ARPA2 (Contiruied) 
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TIME=   314792 

H-E 1 13.8766 6.24949 4.4 13.613 
H-E 2 16.9638 13.8766 13.7564 14.7215 
H-E 3 108.5 16.9638 1-1.7215 106.885 
H-E 4 125.168 108.5 106.427 119.117 
H-E 5 335 125.168 119.117 331.754 

T-L k 4.4 4.48379 322 4.2002 
T-L 2 17.0708 17.2548 322 4.95055 
T-L 3 129.442 130.549 322 84.3658 

T-A 1 13.8171 8.33334 50.3412 140.637 
T-A 2 105.594 6.52507 61.0867 814.962 

J-T/LIQ 4.4 3.5399 0.01052 0.684515 

TIME ■   31480-4 

H-E J 13.8824 6.24966 4.4 13.6184 
H-E 2 16.9708 13.8824 13.7621 14.7279 
H-E 3 108.494 16.9708 14.7279 106.881 
H-E A 125.162 108.494 106.422 119.111 
H-E 5 335 125.162 119.111 331.753 

T-L 1 4.4 4.48358 322 4.2002 
T-L 2 17.0779 17.2622 322 4.95044 
T-L 3 129.435 130.542 322 84.3688 

T-A 1 13.8229 8.3316 50.3461 140.664 
T-A 2 105.589 6.52524 61.0859 814.943 

J-T/LIQ 4.4 3.53986 0.010456 0.810428 

Fi gure 112. Transient Cooldown Sample Data for AKPA2 (continued) 
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00010 PRINT "ARPA TRANSIENT REFRIGERATOR MODEL" 
00020 PRINT "AMBIENT START <ARPAI>" 
00030 PRINT 
00040 PRINT 
00050 READ N!i>N2*N3«N4 
00060 READ I0*U1 
00070 READ N5 
00000 IF N5=0 THEN 190 
00090 PRINT "HEAT EXCHANGERS —" Nl 
00100 PRINT "THERMAL LOADS —" N2 
00110 PRINT '"TURBO-ALTERNATORS —" N3 
00120 IF N4=0 THEN 1-40 
00130 PRINT "J-T VALVE/LIOUEFIER" 
00140 PRINT 
00150 PRINT "AMBIENT TEMPERATURE--"TO" DEG K" 
00160 PRINT "INITIAL TIME STEP-^'Ul" SECONDS" 
00170 PRINT "TIME STEP ADJUSTED DETWEEN 0.1 AND 100 SEC DURING RUN" 
00180 PRINT 
00190 FOR 1=1 TO Nl 
00200 FOR J=l TO 2 
00210 READ KCJ«I> 
00220 NEXT J 
00230 IF N5«0 THEN 270 
00240 PRINT "HEAT EXCHANGER "I 
00250 PRINT "K1="KC1*I),"K2»,,K(2#I) 
00260 PRINT 
00270 NEXT I 
0C280 FOR 1=1 TO N2 
00290 FOR J=3 TO 7 
00300 READ K(J*I> 
00310 NEXT J 
00320 IF N5=0 THEN 370 
00330 PRINT "THERMAL LOAD "I^'TYPE "K(7*I) 
00340 PRINT "K3 = "K(3*I)#"K4»,,K(4*I),"K5»"K(5*I) 
00350 PRINT "K6»"K<6*I) 
00360 PRINT 
00370 NEXT I 
00380 FOR 1=1 TO N3 
00390 FOR J«8 TO 12 
00400 READ KCJ*I) 
00410 NEXT J 
00420 IF N5«0 THEN 470 
00430 PRINT "TURBO-ALTERNATOR "I 
00440 PRINT "K8»"K(8*I)*"K9«"K<9*n,"K10="K(10#I) 
00450 PRINT "Kn="K<lI»I)."K12=,,K(12#I) 
00460 PRINT 
00470 NEXT I 
00480 IF N4»0 THEN 560 
0C490 FOR J=13 TO 18 
00500 READ K(J#1) 
00510 NEXT J 
00520 IF N5=0 THEN 570 
00530 PRINT "J-T VALVE/LIOUEFIER" 

Figure 113. Complete Listing of ARPAl Program 
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00540 
00550 
00560 
00570 
00580 
00590 
00600 
00610 
00620 
00630 
00640 
0U650 
00660 
00670 
00680 
00690 
00700 
00710 
00720 
00730 
Ü0740 
007 50 
00760 
00770 
00780 
007 90 
00800 
00810 
00820 
00830 
00840 
00850 
00860 
00870 
00880 
00890 
00900 
00910 
00920 
00930 
00940 
00950 
00960 
00970 
00980 
00990 
01000 
01010 
01020 
01030 
01040 
01050 
01060 

PRINT MK13«,,K(I3*1),"KI4»"K<14#1),"K15»WKU5, 1) 
PRINT "K16=MK( 16, 1 ),"K17=,,KC 17, I ),,'K18e,,K< 18, 1 ) 
PRINT 
F0R Z=l T0 2 

READ C(l,Z),CC2,Zi,CC3,Z>,C(4,Z),C(5,2),C<6,Z),C<7,Z>,C(8,Z) 
NEXT Z 
REM INITIAL CONDITIONS 
REM PRINT CONTROL 
LET 11=10 
REM INITIAL TIME 
LET U=0 
REt" H-E TEH? 
F0R 1=1 TO Nl 
F0R J=l T0 6 
LET T(J,I)eTO 
NEXT J 

1 

NEXT I 
F0R 1=1 T0 N'. 
F0R J=l T0 2 
LET E<J,I)=I688.10 
NEXT J 
F0R J=3 TO 4 
LET ECJ,I)=1687.64 
NEXT J 
NEXT I 
REM ADDITIONAL H-E IC 
REM ADDITIONAL H-E IC 
REM ADDITIONAL H-E IC 
REM ADDITIONAL H-E IC 
REN ADDITIONAL H-E IC 
REM ADDITIONAL H-E IC 
REM AOOITIONAL H-E IC 
REM AÜDITI0NAL H-E IC 
REM ADDITIONAL H-E IC 
REM ADDITI0tv5AL H-E IC 
REM T-L TEMP & Q 
F0R I=i TO N2 
FOR J=8 T0 10 
LET TCJ,I)=TO 
NEXT J 
LET QCI)=0 
NEXT I 
LET 1=1 
FOR J=7 TO 8 
LET E(J,I)=1687.64 
NEXT J 
FOR 1=2 T0 N2 
FOR J=7 TO 8 
LET E(J,I)=1688.10 
NEXT J 
NEXT I 
REM ADDITIONAL T-L IC 
REM ADDITIONAL T-L IC 

J 

Figure 113.   Complete Listing of AR PA 1 Program (Ccatinued) 
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01070 
01080 
01090 
01100 
or'o 
01120 
01130 
011^0 
01 ISO 
01160 
01170 
01180 
01190 
01200 
01210 
01220 
01230 
01240 
01250 
01260 
01270 
01280 
01290 
01300 
01310 
01320 
01330 
01340 
01350 
01360 
01370 
01380 
01390 
01 400 
01410 
01420 
01430 
01440 
01450 
01460 
01470 
01480 
01490 
01500 
01510 
01520 
01530 
01540 
01550 
01560 
01570 
01580 
01590 

REM T-A TEMP*SPEED#P0WER#T0ROUE#MASS FL0W 
F0R 1=1 T0 N3 
F0R J=ll T0 12 
LET T(J#n»T0 
NEXT J 
LET WC1*I)=0 
LET P(I)=0 
NEXT I 
LET L(0«1>'5.32416 
LET L(0#2)«23.8292 
LET M(4#l)=1.91874 
LET M(4,2)=A.13709 
REM ADDITIONAL T-A IC 
REM ADDITIONAL T-A IC 
REM J-T/LIQ TEMP*ENTHALPY*MMSS FL0W 
LET T(14*1)=T0 
LET T(15*1)=T0 
LET M<5*1)=7.1 
LET M(6*l)«7.1 
LET M(7*l)=0 
LET M(8*l)=0 
LET E(2*1)=1688.10 
LET E(8*l)=1687.64 
LET Y0=0 
LET Y8=0 
REM ADDITI0NAL J-T/LIQ IC 
REM ADDITI0NAL J-T/LIO IC 
REM CHECK F0R C0NSISTENT INTERCßNNECTI0NS 
G0SUB 4610 
F0R J=l T0 2 
F0R 1=1 T0 Nl 
LET N(J*I)«MCJ*I) 
NEXT I 
NEXT J 
REM SPECIFY RUN TYPE 
IF N5=0 THEN 1780 
PRINT  ••C00LD0WN   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   T0   6.25" 
PRINT   '* --Ni)  CONTROL   BELOW   6.25" 
PRINT 
PRINT 
PRINT 
"RINT 
PRINT 
PRINT 
PRINT   "TIME--SEC0NDS" 
PRINT   "T=TEMPERATURE--DEG  K" 
PRINT   "Q-HEAl   FL0W--WATTS,, 

PRINT   "M=MASS   FL0W--6RAMS/SEC" 

Figure 113.   Complete Listing of ARPAl Program (Continued) 

180 

    — „ j-^^nKH-g M.« ■MIIIBlUMlMMMHHHMMfei mmmmm 



^■iioniju.^ MimM.i iJiiw.vji».i.i".«n.i^,d^^..w ^^BpwiBJ^wp^Efc'f^i'ssvMsip^ MWPWW'flU.l.«*« 

01600 
01610 
01620 
01630 
01640 
01650 
01660 
01670 
01680 
01690 
01700 
01710 
01720 
01730 
01740 
01750 
01760 
01770 
01780 
01790 
1800 

U « 31 0 
0.820 
01830 
01340 
01850 
01860 
01870 
01880 
01890 
01900 
01910 
01920 
01930 
C1940 
0195) 
0196<J 
01970 
01 980 
01990 
02000 
02010 
02020 
02030 
02040 
02050 
02060 
02070 
02080 
02090 
02100 
021 10 
021 2Ü 

PRINT MW=SHAFT SPEED--RPM*1000" 
PRINT ,,P«P0WER--WATTSM 

PRINT 
PRINT 
PRINT "TIME" 
PRINT 
PRINT "H-E"#"T1"*"T2,S"13"."T4" 
PRINT 
PRINT ,•T-L"#"T8,,*"T9"*■•T10,^"Q•, 

PRINT 
PRINT "T-A,^"T1^"*"M4"/"W"#"P,, 

PRINT 
IF N4«0 THEN 1750 
PRINT "J-T/Lie"»"T14","M5","M7"#"M8" 
PRINT 
PRINT 
PRINT 
PRINT 
IF Il<10 THEN 1980 
REM PRINT PRESENT STATE 
PRINT "TIME="U 
PRIN1 
FOR I»l T0 Nl 
PRINT "H-E •,I#TC1#I).T(2,I)*TC3#I)*T<4,I) 
NEXT I 
PRINT 
FOR 1=1 10 N2 
PRINT "T-L ,,I*T(8*i)*T<9,I)>T(10*I)#«(I) 
NEXT I 
PRINT 
FOR 1=1 10 N3 
PRINT "T-A ,,I.TC12*I)»M(4#I),WC1*I)*P(I) 
NEXT 1 
PRINT 
IF N^aO THEN 1970 
PRINT "J-T/LI0"»T<14,1),M<5*I)*M(7, 1),M(8.1) 
PRINT 
LET 11=0 
REM HEAT EXCHANGER CALCULATION 
G0SUB 2140 
REM THERMAL LOAD CALCULATION 
Ü0 SUB 2800 
REM TURBO-ALTERNATOR CALCULATION 
G0SUB 3470 
IF N4=0 THEN 2090 
REM J-T VALVE CALCULATION 
O0SUB 3620 
REM LIQUID ACCUMULATOR CALCULATION 
üOSUB 3900 
ritM MISCELLANEOUS 1 IME FUNCTIONS 
ÜÜSUE 4400 
RcM INTERCONNECTIONS 
UOSUP 4610 

Figure ] ;3.   Complete Listing of ARPAl Program (Continued) 
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02130 
02140 
02150 
02160 
02170 
02180 
02190 
C2200 
02210 
02220 
0223rt 
022 A0 
02250 
02260 
02270 
02280 
02290 
02300 
02310 
02320 
02330 
02340 
023S0 
02360 
02370 
02380 
02390 
02400 
02410 
02420 
02430 
02440 
02450 
02460 
02470 
02480 
0S490 
02500 
02510 
02520 
02530 
02540 
02550 
02560 
02570 
02580 
02590 
02600 
02610 
02620 
02630 
02640 
026 50 

G0 T0 1780 
REM HEAT EXCHANGER SUBROUTINE 
FOR 1=1 T0 Nl 
IF M(2#l)«0 THEN 2610 
FOR J=l T0 2 
LET Z=l 
G0SUB 4250 
NEXT J 
FOR J«3 T0 4 
LET Z»2 
G0SUB 4250 
NEXT J 
IF ABS(TCl,n-T<2*I))<.01 THEN 2280 
IF ABS:E(UI)-E(2#I))«.01 THEN 2280 
LET N(l*I)=MCl,I)*(CE(l,I)-E(2,I))/(T(l*l)-T(2#n )/5.2 
IF ABS(T<4,I)-T(3«I)><.01 THEN 2310 
IF ABS<Et4,I)-E(3*I>)«.01 THEN 2310 
LET N(2,I)=M<2,I)*<<E(4,I)-E<3,I))/(r<4#I>-T(3#I)>)/5.2 
IF ABS<N(2,I)-N<1,I))<.001 THEN 2430 
IF N(2*I)>N(1,I) THEN 2380 
LET A"K(l#I)*Cl/N<2#I)-l/N(!i.l)) 
LET B=1-CNC2,I)/N(UI>>*EXP(-A) 
LET C»1+CN(2«I>/NCI#I)} 
LET D=J-CNC2,I)/N(1,I>> 
G0 T0 2450 
LET A=KC1,I)*{1/NC2,I)-1/N(1#I)) 
LET B=1-(N(1,I>/N(2*I))*EXP<A> 
LET C-1*(N(I#I)/N<2*I)) 
LET D»1-(NC1*I)/NC2,I)) 
G0 T0 2500 
LET A«K<1,I)/N<l*n 
G0 T0 2550 

LET F<2,I> = (D*TU*I) + (l-EXP(-A))*CC-n*T<3,I))/B 
LET FC4,I) = ((l-EXPC-A))*T(l,I)+D*EXP(-A>*TC3*n)/B 
LET '

;
<5,I) = (C1-.5*C*EXP(-A>)*TCI,I)-»-.5*D*EXP<-A)*TC3*I))/B 

LET F(6,I)«(.5*D*T<1,1)+C.5*C-<C-1)*EXP<-A))*TC3*I))/P 

LET F<2,I>=(D*EXP(A)*T(1,I)+(1-EXP(A))*TC3*I>)/B 
LET F(4,I)«((1-EXP(A))*(C-1)*T(1,I)+D*T<3*I))/B 
LET F(5,I)=(<.5*C-<C-1)*EXP<A))*T(1*I>+.5*D*T(3*I))/B 
rL:«TT

F(^I)S<,5*D*EXPCA)*T(,'I> + n-'5*C*EXPCA))*T<3,I))/B G0 T0 2650 
LET B=l+A 
LET F(2,I)»(T<U1)+A*TC3,I))/B 
LET FC4*I)=<A*T<1#I)+T<3*I))/B 
LET F<5#I)=f(.5*A)*TC1#I)+.5*T(3,I>)/B 
LET lrC6,I)'.(.5*T(l,I)*(.5*A)*T(3, I>)/B 
G0 T0 2650 
FOR J=2 T0 6 
LET F<J,I)«T(1*I) 
NEXT J 
G0 T0 2650 
LET F(l,I>xT(|,i) 

Figure 113. Compleie Listing of ARPAl Program (Continued) 
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02660 
02670 
02680 
02690 
02700 
027 10 
02720 
02730 
02740 
027 50 
02760 
02770 
02780 
02790 
02800 
02810 
02820 
02830 
02840 
028 50 
02860 
02870 
02880 
02890 
02900 
02910 
0 2920 
02930 
02940 
02950 
02960 
02970 
02980 
02990 
03000 
03010 
C3020 
03030 
03040 
03050 
03060 
03070 
03080 
03090 
03100 
031 IP 
03120 
03130 
03140 
03150 
03160 
03170 
03180 

LET 
LET 
LET 
1ET 
LtT 
LET 
LET 

F(3#I)«T<3#I) 
H(1«I)»0 
H(3*I)*n 
H<2.1)=K(2,I)»T0/T<6*I> 
H<4#I)»K(2*I)*T0/T(5#I> 
H(5#I)=HC4*1> 
H(6«I>=H(2«I> 

NEXT I 
FOR 1=1 T0 Nl 
FOR J=l T0 6 
LET T<J#1)=T<J#I)+U1*HCJ*1)*<F(J*I)~T(J#I)) 
NEXT J 
NEXT 1 
RETURN 
REM THERMAL LOAD SUBROUTINE 
FOR I»l T0 N2 
IF 1=1 THEN 2880 
FOR J=7 T0 8 
LET Z»l 
G0SUB 4250 
NEXT J 
G0 T0 2920 
FOR J=7 T0 8 
LET Z=2 
G0SUB 4250 
NEXT J 
IF T(8*I)-T<7#I><.01 THEN 2940 
LET K(5,I)«<E(8*I)-Ei/#1))/(T<8#I)-TC7,I)) 
IF T<7»I)>K<15,1) THEN 2960 
60 T0 3270 
LET A=K<3*I)/(M<3#n*KC5*I)) 
LET B-EXPC-A) 
LET C»l-B 
LET D=M(3.I>*K(5*I)«C 
LET EHK<6#I)/D 
IF KC7#n=0 THEN 3210 
IF 'U7.I)el THEN 3150 
LET El«E*T(10#I>t4-E*F(9#I)»4*TC7,I>-F<9#I> 
LET E2=l+4*E*FC9#I)v3 
LET X»F(9*I)*EI/E2 
IF ABSCX-F(9#I))<lE-5 THEN 3090 
LET Ft9#I)«X 
G0 T0 3030 
LET F(9#I)«X 
LET H(9#I)»Kr4#I)*D*T0/T<9.1> 
LET T<9#1)=T<9#I)+U1*H(9#I)«(F(9#I)-TC9*I)) 
LET T<8#I)=T(7*I)*B+T<9*I)*C 
LET •(I)=Kf6,I>*CT(10,I)t4-T(9#I)t4) 
GJ TO 3450 
LET F(9>I)B(K(6#I)*T(10*I)«D*T(7«I>>/(K(6«I)-«-D> 
LET H(9#I)»(K<6#I)*D>*K(4*I)«T0/T(9#1) 
LET T(9,I)=T<9#I)+UI*H(9*I)*<F(9#I)-TC9#1)) 
LET T(8#I>»T(7,I)*B+T<9#I)»C 

Figure 113.   Complete Listing of AR PA 1 Program (Ccnänued) 
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03190 
03200 
03210 
03220 
03230 
03240 
03250 
03260 
03270 
03280 
03290 
03300 
03310 
03320 
03330 
03340 
03350 
03360 
03370 
03380 
03390 
03400 
03410 
03420 
03430 
03440 
03450 
03460 
03470 
03480 
03490 
03500 
03510 
03520 
03530 
035^0 
03550 
03560 
03570 
03580 
03590 
03600 
036 10 
03620 
03630 
03640 
03650 
03660 
03670 

03690 
03700 
03710 

LET G(I)=K(6#I)"*(T(10*I)-T<9*I)) 
GO T0 3450 
LET F(9i.I)=TC7*I)+Q(I)/D 
LET H(9*I)=D*K<4*n*T0/T(9#I> 
LET T(9*I)=T(9*I)+U1*H<S#1>*CF(9#I)-TC9#I)> 
LET T(8#n=TC7,I)*B+T(9#I)*C 
LET T(10#I)=T(9*I)+0CI>/K<6*I) 
GPI T0 3450 
LET y8=Y7-K<3*I)*(T(9*I)-K<15#l))/(M(3#l)*<E(7#I)-K<l7#l))) 
IF \'Z<0  THEN 3300 
G0 T0 3410 

LET Z1=M(3*1)*(EC7,I)-K<17#1))*Y7/(K(3,I)«(T(9#I)-K(15*1))) 
LET A=KC3*!)*<1-Z1)/CM(3*I)*KC5#I)) 
LET B=EXP(-A) 

LET C=MC3*I)*K<5W)*(T(9#I)-K<15#m*(l-B> 
LET X = KC4,I)*CKC6#n*CT(10#I>-T(9*I))) 
LET D=X-KC4,I)*(K<3#1)*Z1*(T(9/!)-K(15,l))+C) 
LET TC9*I) = T(9*n+D*Ul«'T0/T<9* !) 
LET T<8*I)~.T<9#I)-(T(9#I)-K<15, 1))*B 
LET 0<I>=Kt6.I)*CT(10#I)-TC9«I)) 
LET Y8=0 
G0 T0 3450 
LET A=K(4,I)*CK(6*I)*CT(10*I)-TC9*I)) 
LET T<9#I)<sT(9*l)+A*Ul*T0/T<9#I) 
LET T<3*I)=K<15,1) 
LET 0CI)=K(6*I>*(T(10*I)-T(9*I)) 
NEXT I 
RETURN 
REM TURB0-ALTERNAT0R SUBROUTINE 
FOR 1=1 T0 N3 
LET MC4,I)«KC8*I)/SQRtTCIl#I)) 
LET WC0»I)«KC9#1)*S0R(T<1I*I)) 
LET LC1*I)«L(0/I)*(1-W(1,I>/W<0*I)) 
IF U<100 THEN 3550 
LET W<1* n=WCO*I)*L<0*I)/<K(10*I)¥W<0*I)+L(0#I>) 
G0 T0 3580 
LET LC2*I)=K(10*I)*W(1,I) 
LET L(3*I)»K(12*I)*<LC1*I)-L(2*I)) 
LET W(l#n»WCl*I)*Ul*L(3#n 
LET P(I)>L(1#I}*U(I#I) 
LET T(12,I)=T(1I#I)-K( 1 I*I)*P(I)/M(4#I) 
NEXT I 
RETURN 
REM J-T VALVE SUBROUTINE 
IF T(I3*1)>6.25 THE'4 3660 
LET H(5,1)=K(18*I)/S0R<TC13#1)) 
GO T0 3710 
IF T(I3*1><K(I3«1) THEN 3700 
IF M(S»I><K(14«1) THEN 3700 
LET NC5*1)«K(I4«1) 
G0 TB 3710 
LET MC5 i >=K(14#l)/2 
LET I»l 

KC3#I)*(T<9*I)-K(15*1))) 

Figurr 113. (omplele Listing of ARPAl Program (Continued) 
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03720 LET J»I3 
03730 LET Z=2 
03740 G0SUB 4320 
037 50 IF F<13*l)>KC15*l) THEN 3860 
03760 LET T(15«l)*K(lS#n 
03770 LET 1 = 1 
03780 LET J=15 
03790 LET Z=2 
03800 G0SUB 4250 
03810 LET Y0=(EU5,1)-E(13*1))/(E(15, 1) 
03820 IF Y0>1 THZI NJ 3840 
03830 G0 T0 3890 
03840 LET YO*! 
03850 60 T0 3P90 
03860 LET T(15«l) =F(13*1) 
03870 LET E(15«l> =E(13«1) 
03880 LET Y0=0 
03890 RETURN 
03900 REM LIQUID ACCUMULAT0R SUBROUTINE 
03910 LET 1 = 1 
03920 LET J=18 
03930 LET Z = 2 
03940 G0SUB 4250 
03950 IF Y1>0 THLN 4080 
03960 IF M<8J1>>0 THEN 4010 
03970 LET T(14,l) =TC18#1) 
03980 LET E(14>1) =E<18»1) 
03990 LET Y = 0 
04000 G0 ' re 4140 
04010 LET T(14,l) =K(15*1) 
04020 LET 1=1 
04030 LET J=14 
04040 LET Z = 2 
040 50 G0SUB 4250 
04060 LET Y=(E<18 #1)-E<1<6 l>)/CK<17#n- 
04070 G0 FO 4140 
04080 LET 1(14,1) =K<15*1) 
04090 LET 1*1 
04100 LET J=14 
041 10 LET Z=2 
04120 G0SUB 4250 
04130 LET Y=Y1 
04140 LET M<7*1 )» Y*M(9,1) 
04150 LET MC6,I)« M(9*1)-M(7, 1) 
04160 LET M(8*l)= M<8#l)+MC7*l)*Ul 
04170 IF fi<8/ 1)<0 THEN 4190 
04180 G0 T0 4240 
04190 LET T(14,l) =TC18#1) 
04200 LET E(I4«1} ■eci8*i) 
04210 LET M(6#l)= M(9#l) 
04220 LET M(7,l)= 0 
04230 LET M(8*l>= 0 
04240 RETURN 

Figure 113. Complete Listing of AliPAl Prog 
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04250 
04260 
04270 
04280 
04290 
04300 
04310 
04320 
04330 
04340 
04350 
04360 
04370 
04380 
04390 
04400 
04410 
04420 
04430 
0M40 
04450 
04460 
04470 
04480 
04490 
04500 
04510 
04520 
04530 
01540 
04550 
04560 
04570 
04580 
04590 
04600 
04610 
04620 
046 30 
04640 
04650 
04660 
04670 
04680 
04690 
04700 
04710 
04720 
04730 
04740 
04750 
04760 
04770 

•C(1*Z))T2)-C(4*Z)»2 

4380 

REM TEMP T0 ENTHALPY SUBROUTINE 
IF T(J*I)<CC5*Z) THEN 4300 
LET V=(<C<4#Z)/C(3*Z))t2)*<(T(J*I) 
LET E(J#I)=CC2#Z)+CC8#Z)+S0R<V) 
G0 T0 4310 
LET E(J#I)«C(7,Z>*(T(J#I)-C(6*Z)> 
RETURN 
REM ENTHALPY T0 TEMP SUBROUTINE 
IF E(J*l)<CC7,ZmC(5#Z)-CC6*Z)) THEN 
LET E3=E(J#I)-C<8,Z) 
LET V=C<3,Z)t2+(<E3-CC2*Z))t2)/C(C<4,Z)/CC3*Z))t2) 
LET F(J#I)=C(1*Z)+SQR(V) 
60 T0 4390 
LET F(J,I)sCC6,Z)+E(J,I)/Ct7,Z) 
RETURN 
REM MISCELLANEOUS TIME FUNCTION SUBROUTINE 
LET U=U+U1 
LET Il=Ii+l 
LET T<l#5)aT0+13*(l-EXP<-U/60)) 
IF T{1*1)>15 THEN 4470 
LET Ul=2 
GO TO 4600 
IF T(1J.1)>60 THEN 4500 
LET Ul=10 
G0 TO 4600 
IF T(l#l>>120 THEN 4530 
LET Ul=20 
G0 TO 4600 
IF U<100 THEN 4560 
LET U1=S00 
G0 TO 4600 
IF U<10 THEN 4590 
LET Ul=10 
G0 TO 460C 
LET Ulal 
RETURN 
REM INTERCONNECTION SUBROUTINE 

MASS FLOW RELATIONS REM 
LET Mn*l)=MC5 
LET M(1,2)«M<5 
LET M(1*3)»M<5 
LET MC1,4)=M(5 
LET M(1,5)=MC5 
LET MC2*1)*-MC6 
LET M<2,2)=M<6 
LET M(2#3)=M(6 
LET M(2«4)sMC6 
LET M<2*5)«M(6 
LET M(3*1)=M(5 
LET M(3#2)=M(4 
LET MC3,3)=M(4 
LET MCy#l)sM<5 
REM TEMPERATURE 

#1) 
* 1) 
* 1>+M<4*1) 
# 1)*M(4*1) 
# 1)*MC4*1>+M(4*2) 
«n 
*1)+M(4*1> 
•1)+M(4«1> 
*1)+M(4,1)+M<4,2) 
*1)*M(4*1)+M<4*2> 
«D 
« 1 ) 
#2) 
0 1) 
RELATIONS 

Figure 113.   Complete Listing of AHPAl Program (Continued) 
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04780 
04790 
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 
05200 
05210 
05220 
05230 
05240 
05250 
05260 
05270 
05280 
05290 
05300 

LET TU*n = T<2#2> 
LET T(1*2)=T(2*3) 
LET T<l*3)=T(2#4) 
LET T<1#4)=T(2*5) 
LET T<3»l)=T<I4*l) 
LET T<3*2) = CM(2#l)*T(4#l>+M<4#l>*T<I2*l))/<M(2*l)+MC4»n) 
LET TC3*3)=TC4#2> 
LET TCJ#4)»<M<2#3)*T(4,3)+M(4*2>*T(12#2)>/<M<2*3)+M(4#2)) 
LET T{3#5)»T(4#4) 
LET TC7,1)=T<I5*1) 
LET T<7,2)=TC2*3) 
LET T<7,3)=TC2.5) 
LET TCIl*l)=T(n#2) 
LET TCI1*2)=T(8*3) 
LET TC13#1)=TC2*1) 
LET TC18#I)=TC8*n 
REM ENTHALPY RELATIONS 
LET EC13«1>=EC2»1> 
LET EC18*1)=EC8*1) 
REM LliUID FRACTION RELATIONS 
LET Y7sY0 
LET Y1«Y8 
RETURN 
DIM KC20«10) 
DIM TC20#10) 
DIM EC20,!0) 
DIM F<20*S0) 
DIM HC20*10> 
REM NUMBER 0F H-E,T-L*T-A#J-T/LIO 
DATA 5«.)*2»1 
REM AMBCENT TEMP* TIME STEP 
DATA 322*1 
REM  N5-1   FOR   HEADINGS«   =0  FOR  DATA   0NLY 
DATA   1 
REM  K1*K2  FOR  EACH  HEAT  EXCHANGER 
DATA   46.5251«.00166371 
DATA   15   9946«.00589669 
DATA   560.522« .00186335 
DATA   64.8278«.000158718 
DATA   U60.98«.0000757461 
REM   K3,K4«K5«K6«K7   FOR  EACH   THERMAL   L0AD 
DATA   50>5«.00000952672,5.19«.0132283«1 
DATA   20.9395«.000549081,5.I 9«.01 62449«1 
DATA   53.5899«.00000374264«5.1 9«.440665«1 
REM  K8«K9«K10«K11«K12  FOR  EACH   TURB0-ALTERNAT0R 
DATA   34.4306«25.6356«0.0554947«. 1 92789«.900987 
DATA   74.2374«12.1989«.218396« . 190937«.228942 
REM  K13#K14«K15,K16«K17«K18   FOR   J-T   VALVE/LIQUEFIER 
DATA   50/7.1«4.4«0«10.96«8.8494 
REM  C1«C2«C3«C4«C5«C6*C7«C8  F0R   EACH   T-H   FUNCTI0N 
DATA   .8"4227«21.5304«5.22598.27.1228«6.I«5.49738«40.5405«0 
DATA  2,1 853«18.9017«2.18996« 11.3746«4.3«3.5202«35.6099«7.1523 
END 

Figure 113.   Complete Listing of ARPAl Program (Continued) 

187 

 ^  fei^ittHlÜIÜ 



I WlJIflmilWWWPW ■-«"»! ..ÜÜBpiU ,"'1"—""■■■ B^uiiiipiwjsyjNiMW' apyMLJiUI 

00540 
00550 
00560 
00570 
00580 
00590 
00600 
00610 
00620 
00630 
00640 
00650 
00660 
00670 
00680 
00690 
00700 
00710 
00720 
00730 
C0740 
00750 
00760 
00770 
00780 
00790 
00800 
00810 
00820 
00830 
00840 
00850 
00860 
00870 
00880 
00890 
00900 
00910 
00920 
00930 
00940 
00950 
00960 
00970 
009R0 
00990 
01000 
01010 
01020 
01030 
01040 
01050 
01060 

PRINT ,,KI3«MK<13*1)#MK14=,,K(14, 1)#,,K15«,,K<15*1) 
PRINT ,,K16=MK<16#I)#,,K17=,,KC17,1),"K18»,,KC18#1) 
PRINT 
F0R Z=l T0 2 
READ CC1,Z)*CC2*Z),C(3>Z)PC(4,Z)*C<5,Z)*C(6*Z)*C(7,Z)*C(8*Z) 
NEXT Z 
REM INITIAL C0NDITI0NS 
REM PRINT C0NTR0L 
LET II»i20 
REM INITIAL TIME 
LET U=314710 
REM H-E TEMP 
LET TC1,5)=335 
LET T(2#n=6.25855 
LET T(2*2)=13.8483 
LET T(2*3>>I6.9121 
LET T(2#4>=108.541 
LET T(2*5)=125.214 
LET TC4,1>=13.5984 
LET T<4#2)=14.6882 
LET T(4J.3) = 106.913 
LET T(4,4)=119.162 
LET T(4#5)=331.757 
LET T(5#1>=13.7234 
LET TC5#2)=15.8002 
LET TC5#3)=107.727 
LET TC5»4)=122.188 
LET T(5*5)=333.378 
LET TC6* 1) = 5.33866 
LET T<6*2)=13.7858 
LET TC6,3)=15.8002 
LET T(6#4)=107.500 
LET T(6#5)=122.»88 
REM ADDITI0NAL H-E IC 
REM ADDITI0NAL H-E IC 
REM T-L TEMP & 0 
LET T(8#l)=4.41793 
LET T<8*2)=17.0205 
LET T<8#3)=129.490 
LET T(9*1)=4.49430 
LET TC9*2)=17.2073 
LET Tv'9#3> = 130.597 
LET T(10*1)=322 
LET   T<10#2)=322 
LET  TC10»3)=322 
LET   QC1)=4.20006 
LET   QC2)=4.95133 
LET   Q<3)=84.3446 
REM  ADDITIONAL   T-L   IC 
REM  ADDITIONAL   T-L   IC 
REM  ADDITIONAL   T-L   IC 
REM  ADDITIONAL   T-L   IC 
REM  ADDITIONAL   T-L   IC 

Figure 114.    Partial Listing of ARPA2 Program 
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01070 
01080 
01090 
01100 
onto 
01120 
01130 
01140 
01150 
01160 
01170 
01180 
01190 
01200 
01210 
01220 
01230 
01240 
01250 
01260 
01270 
01280 
01290 
01300 
01310 
01320 
01330 
013^0 
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*P0WER#T0RQUE*MASS FL0W 
LET TC12*n = 13.7763 
LET T<12»2)=105.635 
LET W(l#l)=50.3060 
LET WC1#2)=61.0917 
LEI P(l)=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,l)=8.34560 
LET M<4,2)=6.52385 
REM ADDITIONAL T-A IC 
REM ADDITIONAL T-A IC 
REM J-T/LIQ TEMP* ENTHALPY*MASS FLOW 
LET T<14»1)=4.41877 
LET TC15*1>=4.34172 
LET M<5*1)=3.55 
LET M<6#1)=3.55 
LET MC7.1)=0 
LET M<8#n=0 
LET E(2#l)=28.8775 
LET E(8*l)=30.2261 
LET Y0=0 
LET Y8=0 
REM ADDITIONAL J-T/LIQ IC 
REM ADDITIONAL J-T/LIQ IC 
REM CHECK FOR CONSISTENT INTERCONNECTIONS 
G0SUB 4610 
FOR J=l TO 2 
FOR 1=1 TO Nl 
LET NiJ#I>=M(J*I) 
NEXT I 
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 "CONTRBLLED J-T VALVE--M = 7.10 FOR TEMP ABOVE 50" 
PRINT " --M=3.55 FOR 50 TO 6.25" 
PRINT   " --N0   CONTROL   BELOW   6.25" 
PRINT 
PRINT 
PRIIvT 
PRINT 
PRINT 
PRINT 
PRINT   ',TIME--SEC0NDS" 
PRINT   "T=TEMPERATURE--DEG   K" 
PRINT   ,,Q=HEAT  FL0W--WATTS" 
PRTNT   "M=MASS  FL0W--6RAMS/SEC" 

Figure 114.    Partial Listing of ARPA2 Program (Continued) 
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Section 4 

POWER CONDITIONER FOR COMPRESSOR MOTORS 

h 

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 
inverter should weigh half is much as a motor-generator set, but would prob- 
ably occupy the same fLoor 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-stae system.   At dockside, where 
plenty of power is available, this feature would oe 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 crnditioner 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 transients and in its 
simpler versions passes on line voltage sag to the load mrlor. 

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 IP.    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. 

192 

^^M,***^**^*^***^^*^.^^ u^ 



Table 13 

COMPAKlb( 
OR CHARACTERISTICS 

n r ihjt^L }ji\si.o 

Feature or Characteristic Solid State Dyn-mlc 

Technology base Medium, recent,  expindlng Broad, mature 

Relative recurring cost 2 1 

Relative  development cost 3 1 

Redundancy cost Expensive Inexpensive 

Relative volume and space 1 1 

Relative weight 1 2 

Efficiency (percent) 

Relative maintenance 

«85 

1,  (filters and fans) 

=85 

2,   (bearings and brushes) 

Acoustic Ivoise Little Some 

RF noise Much little 

Cooling Air or water Air or water 

Speed (and frequency) control Inherent Ad''ed control 

Compressor acceleration No line surge 
(simultaneous start possible) 

Some surge,  reduced 
vc".age (sequential start) 

Effect on source Degrades by chopping None 

Effect on motor load Time harmonic losses None 

Shock ind vibration tolerance Expensively packaged Inherent 

ReUabiUty 

Mean time between failures 
Relative mean time to repair 
Availability 

Shorter 
3 
Less 

Longer 
1 
Greater 

Relative cost to repair 5 1 

Inventory of spare parts Many Few 

Wear-out mode Abusive frequent repairs Insulation age 

Repair tools and Instruments Complex,  costly, many are fragile Simple, robust, few 

Repair crew training Long and expensive (experts only) Short and simple (mechanics) 

Emergency repair 
possibility 

Improbable Every aervice shop 

Fault-produced toxic fumes Potting compounds Motor insulation 

Susceptibility to line 
voltage transients High 

Low 

Low 

Isolation from power source Very high                     CR-4444 
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Section 5 

LIQUID METAL CURRENT COLLECTOR TECHNOLOGY 

PURPOSE 

The purpose 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 semiannual 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 
I2R 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.    Thjse 
functional advantages are of course independent of the problem areas involv- 
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 '-md 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: f Tr 3 

P v 
a 

fpV, 

"8" [1 + 3Ö2]. 6< 1 (89) 
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Pav 
fpVo

3 

r- [2 (1 + 6V2«- 1 1 6 >1 8 (90) 

where 6 is a dimensionless ratio relating the electromagnetic forces acting 
on the fluid to the viscous forces, specifically: 

2JBd 

f = Fanning friction factor 

V0 = Collector peripheral velocity 

p = Collector fluid density 

J = Current density in collector gap 

B - Magnetic flux density 

d = Collector radial gap 

The effect of fluid properties on 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 6 are well above 1. 0 for mo- 
tors and well below 1. 0 for generators, when NaK is assumed as a collector 
fluid.   It is therefore instructive to simplify Equations 89 and 90, assuming 
extreme values of the dimensionless ratio, 6: 

P v = 
a 

fpV 
8 

P.v 
(JBd)3'3 

(fp)1'" 

6<< 1 

6>> 1 

(91) 

(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 Quid 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 outer collectors, the dimensionless ratio, 6, has the fol- 
lowing values when the collector fluid is NaK (density = 0.85 x 103 kilograms 
per cubic meter): 

6. = 22.9 

6    =18.2 o 

Assuming a radial clearance of 0. 050 inch in both collectors, the inner 
and r iter Reynolds numbers with NaK (u = 4, 7 x lO-4 kilograms per millisec- 
ond) are: 

(Re). = 29,600; therefore, f. = 0. 0086 

(Re)    = 45,200; therefore, f   = 0. 0Ü35 0 o 

where friction factors are obtained from Figure 8 of Reference 7. 

If in this machine the NaK is replaced by gallium (p = 6. 0 x 103 kilograms 
per cubic meter, u » 15 x KT4 kilograms per millisecond), the above parame- 
ters change to: 

(Re).'    =   65,400 

(Re) ' 
o 

V 
f ' 
o 

V 
V 

= 100,000 

= 0. 0084 
0 0. 0083 

= 3.32 

= 2.64 

The ratio of NaK collector loss to gallium collector loss can be obtained 
from Equation HO: 

Gallium loss f'o' (1 + t')^2b' - T 
NaK loss fp (1 + t)/2F- 1' 

For the inner and outer collectors, these ratios become: 

Gallium lo8sv\ 
v NaK loss   /. = 0.44 

f Gallium loss 
\.   NaK loss ')- 

0.45 

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. 
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The use of gallium in a dynamic current collection system has, however, 
acquired a very poor reputation, due to a phenomenon sometimes called "past- 
mg.     It has been found that liquid gallium, when exposed to air and agitated 
in 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- 
nomenon defied rational 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 gallium 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 
ior more than 500 hours, with no significant degradation of the liquid.   It is 
felt that pastmg 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 physical prop- 
erties of gallium.   The greater density of gallium causes an increase in liquid 
metal 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 
fr^u0/1 a ProPul8ion motor. as the resulting pressures may be impractica- 
bly high from the standpoints 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 temperature 
and with copper and carbon steels at temperatures over 100oC. 

Figure 115 shows the cross section of a collector device that has been 
fabricated to determine the problems in the design and operation of an inflooded 
gallium system.   As the electromagnetic 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 field 
flux density capabUity 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. 

Th€ test rig consists of two collector sets of large and small diameter 
I he inner collectors (disks) are electrically connected at the hub to provide a 
ccntinuous electrical circuit from the large diameter outer collector, through 
the paired inner collectors, to the small diameter outer collector.   The two 
outer collector circtrits Pre 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 
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 »vindow 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- 
so be short-circuited or open-circuited in the contrarotating mode, the outer 
housing being driven by a V-belt.   The baseplate 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 Paramet3r 

Speed 

Single rotation 0-4000 rpm 

Contra rotating 0-1000 rpm 

Drive motor 25 hp 
• 

Current 

Self-generating 10,000 amperes 

External source 2,000 amperes 

Generated voltage (3.0 watts per 0. 68 volt • 

square meter, 2000 rpm, 

Central magnetic field (maximum) 

Collector diameter 

Inner 

Outer 

Maximum tilt angle (pitch axis) 

5.7 watt£ per square meter 

4.75 inches 

6. 00 inches 

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 care in handling.   Electroless nickel plating (e. g., the Kanogen pro- 
cess) appeared to have the beat potential, from several standpo nts.   Available 
data indicate that nickel was compatible with gallium.   The electroless plating 

200 

_.__ _ — — ■^-^-•-^        •   -^ -iifciiiiMfcn ■  inri'inin  iwrtiMMJJ 



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 corrosion barrier applied to the inside of steel railroad tank cars. 

Plated samples of low-carbon steel, OFHC copper, and 6061 aluminum al- 
loy were prepared and submerged in gallium.    No attack was evident at room 
temperature, but after two weeks at 100oC, small crystalline growths were VJS- 
ible on the plated surfaces, indicating that an attack was taking place.   Quali- 
tative analysis indicated the crystals to be a gallium-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 collector disks 
have cores of OFHC copper that limit the length of the current path in the stain- 
less steel cladding to small distances.   Similar copper inserts are visible in 
the outer collectors.   A series of axial copper b^rs 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 IaR losses In the solid members were held 
to a calculated 350 watts for each collector at a load 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   ne stainless steel cladding, at 
least in the areas across which the load current passes.    The initial concept 
was to cast the copper directly into cavities in the stainless steel.    Test spec- 
imens were prepared by inserting machined slugs of OFHC copper into match- 
ing cavities in 304 stainless steel blocks, duplicating 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 were 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 sizj 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 
particular bra^e 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 

201 

-- •■- ■■ 

 ^mmmm i iriiHilTiir'"""^^-^-— 



-    - 

bonj was necessary between the copper and the cover plates, because these 
were not required to conduct either electrically or thermally. 

Figure 116 ie a view of the partially assembled test rig without the outer 
collectors.    The two disks on the 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. 

Austenitic stainless steel is not readily wetted by gallium, 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, inc luding the facing surfaces 
on the hubs of the two inner collector disks. 

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 housinfj 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 oü mist directed igainst the outside of the seal.    The oil mist system also 
lubricates the beari-.gs. 

A carbon ring clearance seal is placed around the shaft between the cur- 
rent collector region and the carbon face seal.   A constant purge flow of the 
neutral cover gas will be bled from the current collector region, past this 
cleai ance seal, into the region containing the fac- 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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colu^'of^n inieCti0n int0 the teSt rig' the COVer ^S is bubbled thro^h a column of NaK for final cleanup of the oxygen and the water vapor     The stream 

a fLTr: "frTh11 diameter bUbbleS " Pr0dUCed ^ forci^ th" nitrogen through a line 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 piece, and terminating in the tangential 

bot? ^H * ^^ WailS 0f the OUter coi^tors. These ports'can be seen "n 
both of the semifinished outer collector pieces shown in Figure 117 These 
tangential openings are also used as impact ports to collect th' liquid metal 

fCo^eP(4ro1f60deVelOPinvg r^16111 PreSSUre t0 CirCUlate theTallfum th ough a coarse (40 to 60 microns) glafss frit. 

at a lontrolt^lT ^ ^ ^^ SyStem ^ Wil1 ^PP1^ the cooling water, 
lectors temperature, to the heat transfer surfaces in the outer coll 

t^hThe de*ailef specifications of the various manufacturing processes and 
techniques developed to construct the liquid metal current colLtor test rTg 

Tthe testing!        ^ **** ^^ *** Wil1 be released at the conclusiof 

In accordance with the requirements of this program, all rotating tests of 
thxs test machine will be conducted in accordance" wifh the siltement of wo^' 
and the program plan for Phase 111. 

The results of tests on these collector configurations may indicate that 
alternative configurations should also be evaluated.    Such variations and suV 

S r^ s'T^rjl of rdUCted ^^^ the SCOPe and -hedulfruthorize3; n- aer Phases L and III of the program.    However, the specific obiective of this 
portion of Phase III (evaluating gallium collectors in the patch r^ 

ofTef"        0nS ^ a SUPerc-duct-e power system appUcable to Department 
of Defense requirements and experimentally evaluating the suitability of Se 
control materials and processes related to such systems) will have been at- 
tained if satisfactory test results are obtained during Phase 11 
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Section 6 

SUPERCONDUCTING COIL TECHNOLOGY 

SUPEPCONDUQING 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 model setup for the shock experiments (Figures 118 through 120) con- 
sists of a frame 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 the 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 
in such a manner ;:hat their longitudinal axes can be either vertical or hori- 
zontal. 

The coils will be spaced from each other and from the support plates by 
Textoiite® disks that provide cooling and axial alignment for the coils (Figure 
121).   Circumferential and radial grooves will be machined at each face ol the 
disk, to allow for direct cooling of the surfaces at contact. 

The coil support structure consists of a thin 3 04L stainless steel tube 
with flange F welded at its upper end and square plate P welded at its lower 
ena.    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). 
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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Hori/untai Coil Longitudinal Axis.   The coils are held flat against 
each other by two rectangular aluminum square plates, S, each of 
which has an aluminum structural angle welded on its top.    The bolt- 
ed assembly of coils and plates, S, can be fastened firmly against 
support plate P, as shown in Figure 119. 

s tnnrriti 

X n 

VZÖBÖ^L. 

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- 
side the aluminum 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 one 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 ndial rectangular groove is macnined to provide support for 
an aluminum bar with a square cross section.   To receive the linear impact. 
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plate T is mounted so the mounting bolts are recessed and so a set of she "t 
prisms of rectangular cross section are laid symmetrically on the flat su face 
of the plate, to absorb the impact through their plastic deformation.   By \ iry- 
ing the numlor of lead prisms laid on the plate, the impact force 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 rectangular slot of plate T, and the assembled unit 
is then fastened to the inner cylinder of the rubber mounting (Figure 119). 

The assembly of weights for applying the linear shock 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 vertical tube at the center of the top cross 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 impact 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 lead attached 
to the hammer.   Varying the outside and inside diameters of the lead plate, 
the impact force and acceleration can be varied. 

The model setup for exchlng linear 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 direct-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 eccentricity of the 
adapter sleeve of the spherical roller bearing, while the frequency of the vi- 
bration can vary by varying the speed of the motor. 

To obtain a nearly uniform vibration frequency, the pulley driving the vi- 
brator shaft is designed to also serve as a flywheel. 

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 
bar B.   For assembly 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 

213 

--      - -' "■ - — ~ .-~~~.*:~~. ^ '"■ 





^m-m^m^^l^r^mmm .^ ii nt   i u IH in IBBIM ■. j| 

Figure 124.    Vibrator Arrangement for Torsional Vibration Tests 

SHOCK TESTS 

REQUIREMENTS 

In this experimental investigation, the following modes of environmental 
shocks will be investigated: 

• Linear Shock Along the Longitudinal Axis.    The coils will be mounted 
on the suppoit structure, as shown in Figure 118, and the vertical 
stack of wrights will be assembled on the frame. 
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• 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. 

• 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. 

• 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 assembly. 

The applied impact forces and torques will subject the coils to the follow- 
ing conditions: 

• Acceleration of the coils at linear impact, up to 300g, for a shock 
duration of up to 2 milliseconds 

• Acceleration ol the coils at torsional impact, up to 300g at the OTitside 
diameter of the coil, for a duration of shock of up to 2 milliseconds 

SHOCK TEST PKQCEDURE 

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 shocK. 

The test setup (Figure 125) consists of a vertical tube mounted on a rigid 
rnetal 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. 
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Figure 125.   Test Setup to Determine Yield Strength of Lead 
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The average yield strength of lead was calculated from: 

G • H 
S = 

n • A 
av 

d av 

A    + A 
b        a 

2 

where: 

G 

H 

A 
av 

n 

d 

Falling weight = 24 pounds 

Distance weight falls before striking lead 

Average cross section area of lead during deformation 

Cross section area of lead before impact 

Cross section area of lead after impact 

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 

Prism Dimensions 
Average 

Cross Section 
Aav 

(square inches) 

Plastic 
Deflection 

d 
(inch) 

Load 
Stroke 

II 
(inches) 

Lead 
Prisms 

n 

Yield 
Strength Test 

Before Shock After Shock 

A 
(square inches) 

L 
(inches) 

A 
(square inches) 

L 
(ir.=hes) 

(psi) 

1 1 1.501 1.084 1.384 1.041 0, 115 58. 5 3 3909 

II 1 1.500 1.050 1.416 1.030 0.084 38.5 3 3 5ii0 

III 1 1.500 1.121 1.338 1.060 0.162 58. 5 2 4088 

IV 1.059 1.416 1.113 1.348 1.085 0.068 38.5 3 1174 

Determination of Test Parameters 

Given an impact acceleration, a, and a corresponding shock duration, 6t, 
the following expressions can be applied to determine required test parameters 
A, m2, and H (see Appendix I, "Shock Parameters").    For linear shock: 

Area of lead 

Shock duration 

A     o, •   m, 
A = —=—I 

ft 
, /2gH 

(93) 
m-, 

(mi + m2)a 
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For torsional shock: 

Area of lead       A 

Shock duration 6t - 

I • a I w 
S •  R     R •  S (94) 

where; 

A 

g 

H 

I 

m 

m 

R 

r 

S 

6t 

a 

w 

ma .  R .  r .; 2gH 
(1+ m2 Rs) a 

1 

=      Average area of lead during deformation 

=       Standard gravity 

Vertical distance that weights fall before striking 

=      Polar moment of inertia of superconducting coil and support 

1 =      Mass of superconducting coil and support 

2 =      Mass of falling weights 
5      Radius at point of toraional impact 
:      Radius at point of linear acceleration a 

Average yield strength of lead during deformation 
5      Shock duration 
:      Linear acceleration at point of interest 

Angular acceleration of superconducting coil at impact 
The mass, maj and the polar moment of inertia, I,of the superconducting 

coii assemblies and their support structure are summarized in Table 16. 
Table 16 

MASS AND POLAR MOMENT OF INERTIA 
OF SUPERCONDUCTING COILS AND THEIR SUPPORT STRUCTURE 

Mass inertia 

Item Deaignatton 
(pound   ) 

m 
(pound    - 

m 
square inch) 

i' n" - 11 

1 SuptTconductor coll and copper coil 26 20 265.3 149.5 

2 304 BtainleBs steel Bupport tube, 
3-1/2-inch SCH5 

13.02 1,1.0 50 50 

3 304 stainless steel nupport plate, 
7 y 7 y 3/8 Inches 

5.25 5.25 42.9 42.11 

4 304 atainlcns stftel disk L25 1.25 2.3 2.3 

5 Aluminum support plate 
7 y 7 x 1/2 inches 

240 -- 19.6 -- 
ß Two aluminum support plates 

7 y 9 y 1/2 inches 
-- 7.10 — 116 

7 304 fltainlesa steel flange 3. 41 3.41 22.2 22.2 

a Steel disk for impact 9.0 0.0 60.3 60. S 

9 Inner cylinder of rubber mounting 1J.47 12.47 26.6 26.6 

1C Three textoUte spacer dinks 
for mils 

2.0 2.0 12.2 18.0 

Jl Fastening bolts for roils 2.0 2.0 30.2 15.0 

IS Aluminum square bar, 2-1/2 ^ 
2-1/2 ^7 inches 

-- 71.5 71.5 

19 Steel disk for impact -- - 28.5 28.5 

M Assembly for linear shock test 70.a ai.5 -. .. 
15 AsficmMy for torsional shock test 632. I 602.8 

•I = Assembly, where axis of SO Is vorticol 
^'U ' Assembly, where axis of SC is horltontal 

218 

MttUtt^ tsmM 



ww mmmmm wmmm mmmmmfWMmmmim}! 

Instrumentation Test Procedure 

The acceleration and shock duration will be measured 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=m1a. 

The test will be carried out as follows: 

1. Set the test parameters (area of lead A, weight ma, and striking height 
H) so the desired acceleration ani shock duration are obtained from 
Equations 93 and 94. 

2. Perform the trial shock test in air or liquid nitrogen, to measure im- 
pact acceleration a and shock duration 6 t, using the readings of the 
accelermeter.   Modify the test parameters as required to obtain the 
acceleration and shock duration that were specified. 

3. Cool the superconducting coil assembly to 4,20K, energize the super- 
condacting coil to a flux density of 6 tesla, and perform the shock 
tests described above. 

VIBRATION TESTS 

REQUIREMENTS 

are; 
The coil configurations and modes of vibration that will be investigated 

• Linear Vibration Along Longitudinal Axis of Coils.   The coils are as- 
sembled so their longitudinal axis is vertical (Figure 118).    The vi- 
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 
arranged as shown in Figure 118, aluminum bar B is mounted on plate 
T and the vibrator is assembled as shown in Figure 124. 

• 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 teats will run between 5- and 50-hertz frequencies in dis- 
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. 
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VIBRATION TEST PROCEDURE 

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 
of the exciter cam from plate T 

• Vibrator frequency nonuniformity 

• Resonance frequencies,  if any 

Instrumentation Test Procedure 

The vibrator frequency will be determined by using either a mechanical 
tachometer for approximate readings or a strcooscope 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 4.20K, energize the coil 
to a flux density of 6 tesla, and perform the above vibration test. 
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Appendix I 

SHOCK PARAMETERS 

LINEAR IMPACT 

Assuming that masses m1 and ma are moving at velocities vl and v-j, re- 
spectively, just prior to an impact, that e is the coefficient of impact, and that Uj 
and u3 are the velocities just after the collision, then, by the definition of the 
coefficient of impact: 

Uj - Us a  -e{vy - v3) 

and the momentum balance equation is: 

m1(u1 - Vi) + m2(us - v2) = 0 

Velocities u-^ and u3 just after the collision can then be determined: 

un 

u. 

vn 

(v, - vg) (1+ e) 

1 + 
m-! 
m. 

, (v, - vg) (1 + e) 

1 + Eli 
m. 

(95) 

The loss of kinetic energy due to the impact is ttien: 

4K = - r^vf + 2 msvl - 2 m
x
n* " 2 m3U3 

= 1 m^ma      (V      V)a(i-e«) 
2 m,+ mQ        1       3 

(96) 

When mass m2 is at a standstill prior to the collision (v3 = 0) and when 
the impact is ideally plastic (coefficient of impact e = 0), then Equations 95 
and 96 yield: 

m. 
u Ul    =  U2 '1 T  

(97) 
,T.       1    m-, m3      2 AK  = —  L-—ä-   v? 2  mi+ma    i 

If mass mi develops its velocity, v1, by falling from a standstill from 
height H  relative to the collision point, then its velocity prior to collision is: 

(98) 

Further, if the acceleration of mass ma just aft?r the collision and during the 
duration of the impact is constant, then: 

Preceding page blank 
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u  - as 6t 
m. 5t  = Vx 

m, 
m^- m2 

V 2gH -^ m^+m-. 

and the duration of the shock is: 

6t =   V^H,-^ ] 

(99) 

^iH1-^^^    1 
(013^+m a)    P 

where  P is the internal impact force. 

Equation 99 could also have been derived by considering the constant, de- 
celeration of mass m^. 

6t m, r 
IV   - V, L 1      l m1+ m. 

mgVT 

»!       (m1+m2)a1 

6     (mj+mp)   P 

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: 

AT.       1     m. m-, 
•>   m1 + ina 

va =   p (100) 

where: 

P  - Impact force ihat is assumed to be constant during deformation 

6  =  Plastic deformation 

TORSIONAL IMPACT 

The following discussion considers the plastic collision of mass m2 

moving on a vertical plane about the center of rotation 0S 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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I  -  Polar moment of inertia of mass ml about vertical axis 
of rotation Z 

R   =  Radius at point of impact from axis of rotation Z 

w = Angular velocity of masses m1 and m2 after impact 

v =   J 2gH velocity of mass ma just prior to collision 

The rate of change of the angular momentum before and after the impact 
will be equal to the torque of external forces with respect to the axis o«- rota- 
tion Z, because the only external forces are the reactions through the axis of 
rotation Z; 

^0 -  (Iw + m2wR2) - m2vR  =  0 

Equation 101 can be solved for the angular velocity, w: 

mavR w 
I + rmR3 

(101) 

(102) 

The loss of kinetic energy due to the impact would be equal to th^ work of 
the internal stresses, and for an ideally plastic impact: 

where: 
AK  = -m2v2 --(I + m2R2)w2 =   P x 6 (103) 

P - Impact force (constant) 

5  =   Plastic deformation 

Substituting,  in Equation 103, the expression for w given by Equation 102 

1 2 - m-v2 - (rn^vR)2 

I + m-jR2 =   P x 6 (104) 

To determine the shock duration, constant angular acceleration w of 
mass m1 during the impact can be considered: 

6t  = w    =     mavR J_ 
w        (I+m2R2) X w (105) 

Angular acceleration w is calculated from: 

I w  =  P x R 

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 acceleration w as follows: 
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w r = P.  R • r 
106) 

The impact is absorbed entirely by the plastic deformation of ma.   If A 
and S are the average area of deformation and the yield strength, respectively, 
then: 

P = A • S 

and   Equations 105 through 107 can be combined to give: 

A'S-A- r 

(107) 

ii 

6t ma•v• R • r 
(I + maR3)o (108) 

v = 

22 G 
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Appendix II 

VIBRATION CHARACTERISTICS 

If the linear vibration of the coils and their support are nearly sinusoidal 
(that is, if vibration displacement X were defined as f;>llows: 

X  = Xosin(wt) (109) 
for this case),  then the governing differential equation of the forced vibration 
would be: 

d2X 
ml -— + KX  =  F (110) 

where: 

n^  =  Mass of coils and support structure 

K   = Spring conf tant of rubber mounting 

F   = Exciting force 

Substituting for X,  in Equation   110,  the expression from Equation 109 
yields: 

Xo   1 W' 
K sin(wt)  =  Fo sin(wt) (111) 

pa _  _K_ 
in 

Fo = Xo i     — K 

If Fj is the initial compression force of the rubber mountmg   then the 
total applied force would be: 

F  =  Ff + 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   Fi    is- 

w -> 1 

K (113) Fi   >   Fo = Xo 

Th« instantaneous power requirement of the vibration is calculated from: 

N       Fdt"   =    [Fi + Fo sin(wt)]   Xow cos(wt) (114) 

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 
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a flywheel.   The differential equation that governs the frequency fluctuation 
due to the power variation is: 

I QO.  = (pj + Fo sinwt) Xow cos(wt) 
dt 

Integrating Equation 115 over half a period (-n/2w, n/2w) yields: 

|   (w^ - wf) =  2 Fi Xo 

Introducing the coefficient of frequency nonuniformity: 

2 wiJ_w1 

wa+ w. 
(wa - w,) 

\v 
m 

then Equation 116 yields the required flywheel inertia: 

I   =   2 Fi Xn 

w3   e m 
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