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FOREWORD

This final technical report covers development work per-
formed under Contract No., DAAK02-71-C-0026 with the U,S,
Army Mobility Equipment Research and Development C'enter,
= Fort Belvoir, Virginia. The work was performed by the

Power Generation and Propulsion l.aboratory in the Rescarch
] and Development Center of the General Flectric Company in
- Schenectady, New York, The work described hercin covers
o the period from January 1971 to October 19756,

The program was under the direction of Dr, IL..I, Amstutz,
of the Mobllity Equipment Research and Development Center;
this report was submitted in October 1875,

The General Electric Program Manager was Dr. R.1,
Fleming.

'The principal contributors to this progrum were:

R. B, Ileming
D. B, Colyer

R.K. Terbush
B.B. Gamble
W. R, Oncy
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Section 1
SUMMARY

The work described in thig report was undertaken to advance the develop-
ment of miniature cryogenic refrigerators that have high reliability, long 3
life, minimum maintenance requirements, and no mechanical vibration.
The type of system investigated utilized the Claude cycle for the production
of refrigeration at 4,4 K, Temperatures at this level are suitable for
numerous applications of superconductivity,

A distinguishing feature of the cquipment under development is the use ‘
of high-speed dynamic compreasors and turboal!crnators, in which all ro- {
tating parts arcv suspended on self-acting gas bearings, Such a system '
avoids sliding confact and wear during operation and avoids the contamination
problems associated with oil lubricated compressors used in ¢onventional
cryogenic refrigerators.

The work described in this report was dirceted finally to the development
of a system consisting of three cryuvgoenic turboalicrnators, six holium cen-
trifugal compressor stages, and a cryogenic heat exchanger with seven heat
exchanger modules, Work wuas limited to the turboaliernators and heat ox-
changers. A cryogenic turboalternator was developed and successfully
tested to temperatures in the range of 80° to 100°K. In a parallel contract,

a similar turboalternator was tested, with no load, at a temperature of
9. 8°K,

The contract effort fell short of {ts gonls because of difficultics encounteroed
by a vendor in the construction of the heat exchanger aggembly, Tho heat ex-
changer was designed and constructed uging & novel approach that promisged
a gignificant advance in the technology of eryogenic heat exchangers and a
gizable reduction in size and weight,  However, it wasg found unexpectodly .
that not all development problems had beon solved before construction began, ]
and after a two year delay in delivery, the heat exchanger was found to be
unusable for its intended function,

The work reported on the turboalternalor represents an advance in the
technology of cryogenic refrigeration, It is expected that heat exchanger 5
development problems can be solved with further effort, 3
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Section 2

INTRODUCTION

The application of superconductivity has been considered to reduce the
size and weight of several types of clectrical equipment, Since supercon-
ductivity requires temperatures in the range of 4° to 10°K, cryogenic refrig-
eration must be provided. A reduction in the overall electrical system size
and weight can be realized only if the size and weight of the refrigerator is
gufficiently small, At present, there is a need to reduce the size, weight,

3 n"n and maintenance requirements of cryogenic refrigerators, and 1o improve
! """‘ their reliability, With such advancements, the promise of superconducting _-
3 apparatus and other cryogenic devices cuan be realized.

3
OBJECNVE ;

The objective of this contract was to advance the development of high-
reliability, maintenance-free, cryogenic refrigerntors. This advancement
waa to be accomplished by the design, construction, and expesim=ntal evalua-
tion of a 4. 4°K refrigerator, based upon the Claude eycle principle, utilizing
high-speed compressors and turboalternators with all rotating parts suspended :
on gas-lubricated bearings. ]

N
oy

The tasks that were originally to be accomplished under this contract
are outlined in the following four line {tems:

L.ine Items 000! and 0002

¢ Conduct refrigerator cycle studies,

¢ Dosign, construct, and test 10°K turboalternator,

¢ Design, construct, and test transformer -roectifier,

o Assemble and test 80°K refrigerator (two-siage reversed ]
Brayton cycle).

l.ine ltems 0003 and 0004

¢ Design, construct, and test two regencrative motor-compressors
for the first and second singes of a three-stuge system,

e Design, construct, and test two power conditioners and transformer-
rectifiers for the two new motor compressors,

¢ Modity 10°K and 80°K turboalternators lo satisfy both the interim
and final 4, 4°K refrigerator specifications,

n i T T it iR L

e Design, construct, and test a 4,4°K interim refrigerator using .
positive displacemoent compressors, ,;

Praceding page blank
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e Construct a final 4, 4°K refrigerator by replacing poaitive displace-
ment compressors with three single-stage dynamic compressors,

As the work progressed, these original tasks were modified, as will be
described in the following paragraphs.

The present contract was preceded by an earlier Mobility Equipment
Research and Development Center (MERDC) cuntract (No, DAAKO02-68-C-0320),
and wea conducted in parallel with an Air Force contract (No, F33618-71.C-
1003), The technology and some perts and equipment from both these con-
tracts were utilized in the present contract., In this report, references will
be made to reports from these other contracts (Refs. 1 through 6),

Ag the present contract was originally constituted, the system was to
have included three helium regenerative compressor stages, two turboal-
ternators, and a set of five cryogenic heat exchangers. Of these components,
one compressor gtage and one turboalternator were to have been made avail-
able as Government furnished equipment from previous MERDC contracts,
The set of heat exchangers were to have been obtained from a previous General

~ Electric funded development program. The refrigeration capacity using these

components had previously been estimated to be between 1 and 2 watts at 4, 4°K,

When detailed cycle studies were performed early in this program, it was
found that the system then being considered would produce only a fraction of
one watt. In order to increase the probability of reaching the required tem-
perature of 4, 4°K, it was considered necensary to construct a system with
higher refrigeration capacity ag its design goal,

A number of system changes were considered to improve capacity, such
as!
e additional regenerative compressor stages
e posgitive displacement compressors for higher pressure ratios
o heat exchangers with higher effectiveness
¢ different cycle arrangements
During the time these systems investigations were being carried out, all

work on the contract was stopped except for cycle studies, A stop work order
was in effect from 31 March 1971 to 1 November 1071,

After consideration of a number of alternatives, the final syatem selected
had a larger refrigeration capacity (3 watts at 4. 4°K), six centrifugal compres-

sor stages (instead of three regenerative compressor stuges), and three turbo-
alternators (instead of two).
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Late in 1973, MERDC decided to cut back on the scope of the contract,
and to eliminate most of the work in Liine ltems 0003 and 0004, In December
1973, the contract was modified to cover just the following tasks:

e Conduct refrigerator cycle astudies.

o, TTRERREL, T Y VRS RO

o Design, construct, andtest a 10°K turboalternator, F:
\ ® Design and construct a cryosection consisting of a set of heat ex- E
changers, a Joule-"Thomson loop, A vacuum vessel for thermal in- A
3 sulation, and necessary piping and instrumentation, .

Test the turboalternator and the Joule-Thomson loop ut Tinal oper-
ating temperatures, using liquid nitrogen for precooling, and a ]
positive displacement compressor, :

The heat exchanger described in Section 5 wus designed and constructed
by a vendor who used a novel approach fur design and construction, Unfor-
tunately, not all the development problems had been worked oul prior to con-
gtruction, and a number of unexpecied dilficullies were encountered by the
A , vendor during construction, 'The exchanger was delivered almost two years
" late, and upon testing, il was found that the thermal eflectiveneas was too low
to permit cooldown and test of the turboa lternator near its design temperature,

ACCOMPLISHMENTS

TR TR T e TS g
o

B

The work described in this report advanced the development of eryogente
1 refrigeration svstems using miniature high-speed turboalte rnators with self-
- acting gos bearings,

Desipns were dervived for systems that tended toward minimum weight and
input power, within certain constraints ot compunent sizes and refrigeration
capacity, Svstem designs are described under Seciion 3, "Refrigeration
System, "

' A turboalternator was congtructed awd was lested ot temperatures in the {
‘7 range of 80° {0 100°K, Extensive measurements of performance parameters 4
: were made ol thos temperatures,

i To determine the behavior of the Wirboplternator it even lower temper-
1 atures, a unit was constructed uging the identical purts that were tested under
‘7 the MERDC contract, with the exception of the turbine nozzle and the alter-
4 nator, ‘This unit was tested under o program sponsored by the Advanced
3 Reseurch Projocts Agency to o tempe rature of 9, 8°K (possibly the lowest
temperature ot which o turboalternutor with self-acting gas bearings had
been tested). Detuils of turboalternator construction and {esting are given
in Section 4, ""Turhoalternator,

The crvogenic heat exchanper deyelopment was not fullv completed under
3 thig contract,  However, o number of design and construetion advances were
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made toward the development of a cryogenic heat exchanger that has the
potential of sizable reductions in size, weight, and cost, compared with
presently available heat exchangers, Details of the heat exchanger develop-
ment are given in Section 5, '"Cryogenic Heat Exchangers, "

i dind
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, Section 3
E ; REFRIGERATION SYSTEM
L SYSTEM DESCRIPTION
I 3
? ; ORIGINAL SYSTEM
i
y : Ag discussed in Section 2, "Introduction,' the original system that was
, i to be constructed under the contract consisted of three regenerative com-

i pressor stages, two turboalternators, and a set of five cryogenic heat ex-

; changers. The detailed cycle analydis conducted early in the program shuwed
: that the refrigeration capacity at 4.4°K was only a fraction of vne watt, rather
tha: the 1 to 2 watts that had been egtimated in earlier, legs precise calcula-
] tiona, With a predicted capacity of only a fraction of ane watt, the risk of not
i : being able to reach the desired temperature of 4, 4°K was considered too high.
L, Therefore, means to achieve higher capacities, using as many already avail-
able components as possible, were sought, Some of the alternatives that
were considered are discussed in the following paragraphs.

SYSTEMS CONSIDERED

Pogitive Displacement Compresgor

One means of increasing the refrigeration capacity is to increase the
pressure ratio of the compressor, The addition of more regenerative com-
pressor stagens was considered to he too costly; therefore, positive displace-
ment compressors were considered., The compressors had to be noncon-

3 taminating, small, and lightweight, MERDC personnel carried out this in-
- vestigation. In their search, no positive displacement compresgors were
found that were compatible with the wystem goals of small size and light

we ight.

Hiybrid Cycle

During the investigation of positive displacement compressors, a cycle
that takes advantage of higher pressure rutios was conaidered. The Claude
cycle results showed that higher pressure ratios benefited the cycle perfor-
mance because of higher Joule-Thomson coelficients, but at the expenee of
degraded turbine performance. A hybrid cycle (Figure 1) wag considered in
an attempt to overcome this problem. Each of the compressors shown g
assumed to be a single-stage, positive displacement compresasor, This cycle
is a combination of a two-stage reversed T3rayton cyecle and a Joule-Thomson
cycle,
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In the analysis, the pressure levels were first established arbitrarily:
o Compressar suction -~ 1,2 atm
e Intermediate -- 2,68 atm
¢ Compressor discharge -- 5,0 atm
Heat-exchanger pressure drops were ignored.
Next, the flow rate through the Joule-Thomson loop was calculated to be
2. 14 g/sec, to produce the requirec 5-watt refrigeration capacity at 4, 4°K,
Next, the heat that musgt be removed from the Joule-Thomaon loop at the 16°K

cooling station was calculated to be 18,0 watts, The corresponding heat load
at the 75°K level was 36,0 watts, A summary of heat loads is given in Table 1.

Next, a computer cycle calculation was carried out for a reversed Bray-
ton-cycle system with the total heat loads given in Table 2, The flow rate for
the reversed Brayton cycle was 11,7 g/sec, giving a total flow rate in the
first-stage cornpressor of 2,14 plug 11,7, or 13,8 g/sec,
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' Table 1

. HEAT LOADS OR HYBRID -CYCLE $YSTEM

3

H ‘ Total load
\E, Temperature Useful Joule-Thomson on Reversed
! K Capacity Load Brayton Cycle
# (watts) {watts) ' ’

% (watts)

;Eé 4. 4 50 0 - -

16,0 10,0 16,0 28.0

25 75,0 20,0 38,0 | 56, 0

o

The power inputs were:

Stage _l_<_g_v
First 12. 4

Second 1.8
" Total 14.0

This input power {s about seven percent lower than the power for an
equivalent Claude cycle.

Split Cye le

Ancther cycle variation that was considered, the "aplit cycle, " {g ghown
in Figure 2. Thig system is gimilar to the hybrid cycle above. liowever, in
the aplit cycle, the refrigerant fluids in the two aides of the system are ene
tirely separate; the only cummunication petween the reve rged Brayton and the
Joule-Thomson cycles is by means of the two counte rflow heat exchangers,
which transfer heat from the high pressure gtream of the Joule - Thomson
gystem tO the cooling stations of the reversed Brayton cycle.

There are geveral advantages of this arrangement, t'{rst, the com=
pressor for the Joule-Thomson gystem provides the motive force for cir-
culating the helium through the cooling passages in the primary heat load,
This arvangemeut ig less complicated and move reliable than the use of a
pump for circulating & gecondary fluid at the 4. 4°K level,

Another advantage ig that the helium gas in the reversed Hrayton cvele
system can be completely genled and maintained at a high purity level, High
purity ie particularly needed in this part of the system because of the close
tolerances in the gas pearings. Opening up and recharging helium in the
primary neat load would not affect the helium charge of the reversed Brayton
cycle,

Y
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I*igure 2, Split-Cycle System (Schematiec Diagram)

A further udvantage is that the turbomachinery of the reversed Brayton
cyele i8 compatible with low pressures, high volume flow rates, and low pres-
sure ratios. In contrast, the Joula-Thomson cycle requires high pressure-
ratios and only small volume-flow rates; these requirements are more com-
patible with puaitive displacement compressors. The optimum system may,
therefore, consist of turbncompreasors in the reversed Brayton cycle and
positive displacement compressors in the Joule-Thomson cvele.

It was concluded that neither the aplit cycle nor the hybrid cycle would be
suitable because of the unavailability of satisfactory positive displacement
compressors und because of the extra weight and size associsted with addi-

tional compresgor stages,

FINAL SYSTIEM SELECTION

After investigation of systems with 5- to 10- watt capacity, it was con-
cluded that contract goals could be met best with a Claude cycle system of
3-watt capacity at 4,4°K, Instead of the original three regenerative com-
pressor stages, the compresaor selected has six centrifugal compressor
stages. Two ventrifugal stages are mounted on a aingle shaft, one on either

10
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side of the drive motor. ‘I'herc will, therefore, be three compressor modules,
with two compressor stages per module,  The centrifugnt compressors were
chosen in place of the regenerutive compressors because, in larger sizes,

;ﬁ centrifugal compressors are much more efficient thun regenerative compressors,
¥
4 In place of the original two turboalternators, there are three, The num-
ber of turboalternators had to be increased to three inh ovder to incrense sys-
tem capacity without resorting to a larger turbonlternator frame size,
The heat exchanger selected consists of seven heat exchanger modules,
v A schematic diagram of the final syatem selected, based on computer

Run 4790, i{s given in Figure 4, Details of the system analysis, and the basis
for the final system aelection, are given belowunder "Cycle Analysis,"
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CYCLE ANALYSIS

" COMPUTER PROGRAM

The computer programn, "REFRIG," that was used for cycle analysis, is
described in detail by D, B, Colyer et al. (Ref. 3, Vol, 1, pp. 9-28),

SYSTEM DESI(GN CRITERIA 3

i B e e e
P

The principal design criteria were reliability and total system weight
and size. Other criteriu were cost and input power.

] ; The goals for total system weight (not including dewar or interface with
the system to be cooled) were: 1
e Ifor n H-watt capacity at 4. 4°K, the goal was 400 pounds or leas, i

e For o 10-watt capacity at 4. 4°K, the goal was 500 pounds or lesas,
For design, the maximum heat-exchanger effectiveness was set at 08,6

percent, a conservative design goal giving reasonable ussurance that the per- i
formance could be achieved, )

The centrifugal compressor impeller tip speed was set at less than 520
m/sec (1700 tt/sec). {

'The compressor suction pressure was set at above one atmosphere.

At the time the cycle studies were being made, there were two turbo-

alternator frume sizes being designed under contract with the Air Force j
(Ref, 3), (The "small" and "large' turboalternator frame sizes in this sec- E
tion refer to these Air Force aizes.) 1t was desired to design the MERDC |
turboalternator to the amall frame size, which is the size previously designed q

and constructed for MERDC (Ref, 2), It wus believed the development risk
would be higher with the large frame size,

SYSTEM WEIGHT

A complete analysis of system weight was impossible without knowing the
exact system design, lowever, an approximate weight calculation was de-
veloped and applied to the system calculation as a ineans of evaluating designs.

P = TS YA S

z An approximate weight wus first developed for all components, based on
; electrical power input to the conditioner-coniroller. These weights were
estimated by (ieneral Electric engineers, based upon compresgsor modules of
about a two-kw power level, each module having two compressor atages and
one motor:
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Component Weight
Compressor subsystem (two stages in each module)
Power conditioner-controller 4 1b/kw
Motor 5 1b/kw
Compressor (frame, impeller, etc.) 7 b/ kw
Aftercooler (for tranafer of heat from helium
to cooling fluid) 2 1b/kw
Heat rejector (for final rejection of heat from
. cooling fluid to air) T 1ib/kw
' Total compresgor subsystem 25 1b/kw
Heat-exchanger core (Calculated
by computer)
Heat-exchanger headers (10" of core
welght)
Turboalternator (including piping and filter) 10 1b/turboal-
ternator
Dewar (not included in system weight calculations) 70 pounds

It is apparent that basing the compreasor subsvstem weight purely on the
basis of input power {8 a crude approximution, A report by P, G, Wapato
presented much more detailed compressor weight estimates (Ref, 6). In
some cases, the Wapato report estimutes differed considerably from those
given above; in those inatances averages were generally taken between the
estimntes by Wapato and by the General llectric Company. In the summary
: of the resulting weight calculation, which appears below, the following sym-
# boleg are used:

Symbol Meaning
N Number of compregsor modules, each having two centrifugnl
compresgsor staged und one motor,
- Pl Electrical input power to power conditioner-controller, for
] the ith compressor module (kw)
, w Weight of a gingle conmipressor module, with two compression
_ ¢

stages, rot including motor (pounds)

F Wh Total weight of compressor aftercoolers und heut rejector,
N for one compressor module (pounds)

"Assumes conversion from 80 to 1500 hertz; also assumes water cooling,
(Estimated weight for air-cooled power conditioner-controller ts 11 1b/kw, )

13
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\ Symbol Meaning
: ; wm Weight of motor in one compressor module (pounds)
. é W Weight of power conditioner-controller for one compressor
% P muodule (pounds)
{ Wt Weight of total compressor subsystem (pounds)
: For the motor, the weight was calculated to be:
"‘ ‘ = > 2/3
:§ W =40 Ii/ (1)

The compressor weight was:

W =20 (2)
¢

The weight of the power conditioner-controiler was the same as above:

Wo-4p (4)

The aftcrcooler and heat-rejector weight was also the same as above:

wh = 0 Pi (4)

g Adding all these weighis together gives, for the total weight of the com-
. presggor subsystem:

W = 20N +i (4.0 Pi9/3+ 13 Pi) (5)
i=1

This equation was used to cstimate system weighty in the analysis that
follows,

RESULTS IF'OR 5-WATT SYSTIHM

A number of gystems were studied, with refrigeration capacities of 5
watts at 4,4’k and secondary loads totaling 30 watts at higher temperatures,
A summary of the results is presented in Table 2,

The totil system weight is the sum of the compressor subsystem, the heat
exrchanger core weight with ten percent of the core weight added for headers,
and 10,0 pounds for each turbine (including piping and filters), Dew:r and
radiation shield weight are not included in the system weight because these
welights will be shared by the syvstem to be cooled,

Asg mentioned previously, there are two turboalternator frame sizes,
large and small. 'The frame sive can be determined by Figure 4, which was
taken from (‘olyer and Oney, ligure 4. 2,3-1 (Ref, 1), A large-frame

14
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Iigure 4, Turboalternator Cryogenic Performance
Power Output Versus Speed

turboalternator {8 considered to be a unit whose speed-power characteristic

falls above the highest curve in the figure, while a ::inall-frame turboalter-
; nator falls on or belowthat highest curve, !"or example, a unit with a speed :
of 180,000 rpm and a power output of 50 watts would require a small frame, 4
j while & unit of the same speed with a power output of 100 watts would require
A a large trame,

Many of the computer runs were mude in attempts to produce a system
design with all turbines of a small frame size, This was found not be he pos-
sible with the refrigeration capacities chosen, In all runs, at least one of the
three turbines exceeded the amall frame size,

16




"

!

Ao S ke ; Erttosssay e , R e et el i .

¢
5 b S
= - o
: i

sEnenaL @ sLicraic

It wag concluded, on the basis of only a few runs, that there was no ad-
vantage in four-turbine systems and that the additional complexity was not
justified, Two-~turbine systerms (Runs 414 through 432) showed larger system
weight than three-turbine systems. The choice was therefore a three-turbine
system, with either four or six compressor stages (two- or three-compressor
modules), Most of the runs were made on three-turbine systema,

For aystems with four compressor stages and three turbines, the opti-
mum system was represented by Run 404, with a syastem weight of 530 pounds.

bl g
O 7

I e

For six compressor stages and three turbines, the optimum syatem was .
represented by Run 433 (system weight 451 pounds). This system comes close 71
to the goal of 400 pounds for a system having a 5-watt capacity at 4. 4°K.

Off-Design Calculations

Present computer programs are 'decign'' programs in that, generally
speaking, system performance is specified as program input and component
geometry is calculated and presented as output, A true off-design program
would do the opposite: It would accept geometry ag input and would calculate
system performance over a range of values for various parameters.
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; : Such calculations were beyond the scope of the present contract; however,
pseudo off-design calculations were performed using the present design pro-
: gram, Starting with the system of Run 433 (six compressor stages and three
: turbines), the hest-exchanger effectiveness was lowered to 88,0 percent to
determine the effect of missing the heat exchanger design goal of 98. 5 percent.
At the same time, in Run 442 (not listed in Table 2), the two coldeat heat loads
were lowered to a level that would maintain the same total helium mass flow
rate (10.4 g/sec) as in the original design (Run 433), The resulting heat loads :
required to maintein this flow rate were 3 watts at the 4.4° and 12°K levels [f
(compared to the original design of 5 watta at each temperature station). The
heat exchanger and turbine designs of Run 442 changed only slightly from the
original design of Run 433, and the compressor design was unaffected because
the flow rate and pressure ratio were the same,

T 5o e L

The same pseudo off-design procedure was applied to design Run 404 (four
compressor stages and three turbines), In Run 445 (not given in Table 2), the |
two coldest heat loads were found to drop to 2. 8 watts each (from the original
design of 5 watts) as a result of the heat-exchanger effectiveness dropping
from 08, 6 percent to 88,0 percent,

]
In Run 451, the same off-design procedure was applied to design Run 404, %
but this time the turbine nozzle coefficients for all three turbines were lowered !
from the design value of 0. 90 to 0. 85, which dropped the turbine efficiency
about five percent. The two coldest heat loads were found to drop from the
original 5 watts each to 3. 8 watts, !

|

: Likewise, the same drop in nozzle ¢.~#ficients was used in Run 459, ap-
’ plied to design Run 433. The twn coldest loads dropped from the original 5
watts each to 3, 8 watts,
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Next, starting with design Run 433, the heat-exchanger efficienciey were
lowered to 64,0, and the nozzle coeftficients were dropped to 0,85 at the same
time, in off-design Run 466, 'The twu coldest loads dropped from the original
5 watts each to 2, 2 watta.

Likewige, starting with design Run 404, the same parameters were changed
the same amounts in off-design Run 470, and the two coldest loads dropped to
1, 98 watta.

It can therefore be seen that systems with four or six compi-essor stages
have about the same senslitivity to changes in heat exchanger and turbine per-
formance and that the design for 5 watts at the coldest statior appears ade-
quate to maintain some capacity even in the event of depressed heat exchanger
and turbine performance.

RESULTS FOR 3-WA'TT SYSTEM

All attempts to design o system with 5 -watt capacity at 4. 4°K and with
three turboalternators of amall frame asize failed, It was found that the
capacity at 4. 4°K had to be reduced to 3 watts in order to achieve the desired
small frame size for all three turboalternators,

Figure 5 is a printout of Run 479, which represents u gyatem having 3-
watt capacity at 4, 4°K, ‘There are six compressor stages (three compressor
modules) and three turbines. All three turboalternators are of the small
frame gize. ‘I'hig run was selected as the gystem degign bagis, (See I'fgure
3 for a schemutic diagram of the system, )

Tne Run 479 system has a compressor subsystem of three modules, with
two centrifugul stages each (a total of six stages), and three turboulternators,

The total system weight was calculated to be 386 pounds:

Component Weight (pounds)
Compregsor subsystem 262, 7
lieat-exchanger core 84,0
lHeat-exchanger headers (10% of core) 8.5
Turboalternators (including filters and
piping), at 10 pounds each 30,0
Total EEL

. The dewar and radiation shield weights are not included in the above calculation,

Befure Run 47Y was finally selected, a number of computer cycle culcu-
lations were made in an attempt to optimize the system, l'irst, the temper-
ature into the coldest turbine was varied, The resulis are shown in Figure 8,
“*Usging liquation &
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RUN
REFRIG 118378 T 1273 %771
: RUN NUMBER 479
; ITERATIONS & ¢ * & ¢ ¢ 0 6 S S S S 0 2 m h o » »
IR Y
] ELEMENT SEQUENMGE = 4 2 2 2 |
LOCATION LOAD (W) TOMPCK)  FLOWCG/SEC)
A 1 3,000 4.400 2.106
] e 3,000 14.00 3+360
3 3,000 53,00 1+.486
] 1500 170.0 07343
CYCLE DESIGN POINTS ? YLS
LOCe PCATM) TEMPCK) L@Ces PCATM) TEMPCK)
11 2.800 S.747 1 1180 4406
t 3 1174 4+400
81 2.828 13:.84 g8 8814 12.97
23 2.800 S.747 g 4 1174 4+ 400
- 3 1168 18.48 g2 6 1187 12.99
: 21 2:814 1 4:00
; 31 2894 34.385 38 2.842 49.87
i 33 2.888 13.84 3 4 1187 18.98
38 1148 4873 3 ¢ 1139 52.73
! 37 2.842 88,00
4 | 2.888 16641 4 2 2879 155.3
1 4 ) 2.8%6 54,38 4 4 1¢139 2.73
3 4 8 f.i28 153.8 4 6 1+128 16349
47 2.87 170.0
S 2.914 33%.0 s a 2.088% 16601
$3 1.22 163.5 S 4 1.100 332.4 ‘
TURBGALTERNATORS ? YES &
."-"-""TUR"ALTERNAT'RS..""."'".
b LOC. DIACING " PERCW) EFric. RPM
k - 0« 3000 271 4 0.3730 118028,
L ] 07000 a8 47 0:3746 161698,
4 1000 6] +89 0.3082 186768, ‘
CR=-4132
3 Figure 3. Design Point for System with 3-Watt Capaclty at 4, 49K (Run 470)
, (Sheet 1 of 3)
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L@Ce ADMFRACT. WeLASS(W) FLO.FACe SP+VELRAT.
2 03058 0«72 41 1.5%88 0.3773
1 k 0.1670 1.701 1378 0.3609
i 4 0.,1074 A4,772 1189 03349
B LOCs T.BRGA«NR. TekD CO¢ TeMIN FeCIN) BRGPWR.C(W)
S 2 0.3790r=0) 0.1383E~01 0.1160E~02 0.3647 3
g 3 Osiged Oe1 445E-01 O¢1160K=02 1.95% .
%. 4 043117 0+1621£-01 0+.1160E-02 4,102 .
: LOCe JBRG.NO. JoLD C@¢ BLeHT+/CUTDIA. i
o g 0.7863 0+a741£=01 2.069% »
g 3 1817 0. 4939L+01 2210 B
L 4 2000 0.5%1CL-01I 1380 )

- USE HROWR PROGRAM 7 YES
=

secesunaaslEAT ExcHANG:R DES1(GN®ccvocwaca

: LecC. WTCLBS) LENGTHCCM) VOLC(CUFT4) EFFECT

g 28 1.243 1130 0.2033K-01 0.983%
gV 0.1509 1:393% 0.2469E-02 0.9123
38 1290 47.32 0.2604 0.9881
I v 0.8474 4:017 0.1613E€-01 0.9038
4 8 29.20 Sd. 81 046707 0.9849
4 U 1.671 4,629 0.3%86E-01 0.8738
S8 38.89 &60. 68 0.9383 0.98%)

TOTALS 84491 1e944

CENTRIFUGAL COMPRESSOR? YES

e T EREATLT eI e

sacovenes=CENTRIFUGAL COMPRESSORvvwssvcavaan

PAWER T@ CONDIT-CONTROL (KW) 1312
AMBIENT TEMPERATURE CK) 32240
PRESSURE RATIO 2. 649
MASS FLOW (G/SEC) 7+686
MIDULE INe PAWERCKW) RPM  MOT.SPD«(FPS)

A 4.829 0.9100E+0 6672

2 4391  0.9100E+08 6678

3 3,903 0.9100K+05 667.2

Figure 5. Dealgn Point for System with 3-Watt Capacity
at 4, 49K (Run 479) (Sheet 2 of 3)
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MODULE Te«BRG.N@.

1
e
3

MODULE JeBRGIND.

1
e
3

STAGE

»
-3
CUMBLLON—=D oBLLGN--

T.LD.CO.

64332 0+4618E-01
4,438 0¢334SE-01
3.274 0.2585E-01
JoDeCOo

2,000 0760%K-01
2000 0+%5%07E-01
ﬂfooo 0+.4237€~01
SP.SPEED ALRO.EFF.
0:,43381-01 0+6367
0»406QK=01 0.61%3
0:3969L-01 0.6077
0:.3907E-01 0.6088
0,3843L~01 G.5983
023.‘3"01 0.5964

PRESSRATIO® COOLEFFCTV.

1214 0.7468
1204 07768
1184 0.7620
14166 07469
1190 0.7311
1136 0.7148

TeMIN FoCIN) BRGPWRL (W)

0« 1323E-02 4%3 .7
Q0.1323E-02 474.2
0¢13R3E~0R $17:4
JeMIN FeCIN) CRIT.SPEED
0«1323E-02 0
0O« 1R2R3E-02 0
OJlﬂﬂalfOQ 0
TIP SPDC(FP3) DlA. ¢CIN)
1696, 4271
1696, 4.271
1689, 4100
1383, 3936
1901, 3:.779
1441, J. 428
CR=-413¢

Figure 8. Design Point for System with 3-Watt Capacity at 4. 4°K (Run 479)
(Sheet 3 of 3)
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Figure 8, Input Power Versus Turbine Inlet Temperuature
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which indicates that the temperature of 14°K is optimum from un input power
§ standpoint, i
f Severul additional culeulations were mude with viriations in the warmer
: ! two turhbine temperatures, While slightly lower input powers could be achieved T
- - by changing those temperatures, changes in temperatures in o direction to ;
1 : uttain lower inpul powers also cauged ot least one turbine to exceed the maxi- k
: mum power level of u turboalternator with smull frume size. ‘I'he require-
‘£ ment of small frume gize therefore imposcy the temperatures used in Run 479
for the warmer two turhines,
1
Off-Design Caleulations 3
kK ) ﬁ
i . Pueudn of f-degign caleulations were upplied to design-point Hun 479, to 1
' determine the offect of degraded performunce of cryogenic hend exchangers
and turhoalternators,  Tuble 4 shows the redults of design-point Run 479 and
3 three off-design-point runyg, The total flow rate that wus held approximately
] consgtant for ull these runs was the design-point value of 7,89 g/sec,
Tahle o }
DESIGN - DPOIN'T AND OFPF-DESIGN-POINT COMPUTEREIL RESULTS ;
Hun
Cliaricteriat i 1
AT UK Jul 418
I'ntinele r dogt el Nt ittt Farbine e, e et Hoth turhine ‘q
Mg proant) caelhieen s hangte - ng e conflivient
e ol el heat=exchanper
il e erteetivenelu
: [T
J Furbine noggde cor et 0, a0 0, 1Y 0, o 0 M E
1 (M threw turhinge 0, dio
: shinlesn iﬂ
et pxchanper Hoorpa! [ERRTH o 1, 4 1, g 10, 9nn
vifec tiveneps, all rong
bulatned o rw hoopers,
(8 vand oy e t
Totn! helium flow rate 7, 5 T, e o0 7, 0l
(rama/mue)
Refripepatin il AN Lo AN Lo
b eneh of the Wy cnlle
pelriperation dtntiong
(wntte) ) _ ‘
—[L”' TER b

I'he drop in turbine-nozzle cocflficient from 0,00 1o 0, 85 coused approxi-
mately o five-percent dreop in overall turbine efficiencey,  As can bhe seen from !
the table, even in the unlikely event that both turbine and heitl-oxchanger per-
formance were degroded by the amounts shown, there woulld still be more
than one watt of refeigeration capucily ut ench of the Two coldest refriperalion
stations,
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EXPERIMENTAL SYSTEM DESIGN

GENERAL

The experimental system included only the coldest turboalternator and a
heat exchanger that was to be cooled by a liquid nitrogen stream that takes
the place of the warmer turboalternators, as shown in the schematic of Figure 7,

B N it Taua sk SRR

The design goals for the experimental system that were used as guides
during the deaign phase of this program were:

e Refrigerator Mainlenance-Free Life, This goal was to demonstrate
t the potential for long life (ultimately perhaps 10, 000 hours or more).
'- The contract goul was given ag 2500 hours,

e Shock and Vibration. The refrigerator was not to be gubjected to
shock or vibration loading, except during normal handling and ship~
ping while the refrigerator was not uperating.

o Acceleration Loading. The refrigerator was not to be subjected to
acceleration loading beyond normal gravity loading; however, to be
conservative, all structural design and turboalternator bearing
design were based upon a steady acceleration loading, in any direc-
tion, of twice the acceleration of gravity,

e Temperature Capability, The unit was to be designed so there would
be at least a 0, B probability of reaching the design temperature of A
4, 4°K, with no useful refrigeration load at that temperature, ]

RADIATION SHIELD

Calculations were made to determine whether the thermal radiation shield
should be thermally connected to the 170°K or the 38°K refrigeration load sta- !
tion. It was found that if the shield is connected to the 1 70°K atation, as mueh
as 130 watts could be radiated inward to the loweur-temperature regions of the
cryosection; this condition would have necessitated multilayer reflective in-
sulation both inside and outside the radiation shield -- an undegirable
complication,

With the shield connected to the 55°K station, the inward radiation was
found to be less than 1.4 watts, eliminating the need for insulation inside the
shield.

With the shield at B3°K, the externual heat load on the shield was conserva-
tively estimated to he less than 4 watts, {f a 5-cm thickness of reflective
multilayer ingulation were uged outside the shield (such a thickness would
contain 60 to 80 layers of insulation), This heat lvad would be the major
constituent nf the 5-watt load at 55°K, assumed in the cycle studies,
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CRYOWUENIC PIPING

Cryogenic piping is required to carry gas between turbines and heat ex-
changers with an acceptably low preasure drup, Calculations were made for
pipe diameters, with the following assumptions:

e [For each pipe carrying gas either to or from a turbine, the ratio
of pressure drop to average presasure must not exceed 0,001,

o Pressure losses caused by wall friction are negligible, compared
with losses caused by bends or elbows in the pipes,

e In each pipe to or from a turbine, there are four right-angle bends
and a total presgure loss corresponding to four times the velocity head,

These agsumptions are somewhat conservative because in some pipes

there are fewer than four hends and there is probably less than one velocity
head loss in each bend,

Results of the pressure-drop calculations showed that a 1/2-inch nominal
pipe aize, schedule 35, would be adaquately large for all cryogenic piping,
from a pressure-drop standpoint, This pipe has an inside diameter of 18,0
mm (0. 710 inch) and an outgide diameter of 21,3 mm (0, 840 inch),

Because this pipe aize is reagonubly small, yet large enough for mech-
anical support of the turboalternators, this size was tentutively selected for
all piping to and from the turbines and to and from the Joule-Thomsaon valve,

JOULE-THOMSON VAL VE

The simplest approach for the construction of a Joule-""homson valve is
to use a standard needle valve and to modify it with the addition of a long stem
sealed within a vacuum-tight sheath. ‘The valve could thereby be mannally
controlled at the warm end., The stem ascrew threads were initially located
at the warm end, but in a later design change, the tlirends were relocated to
the cold end.

Choked flow of an ideal gus through u sharp-edged orifice was agsumed
for sizing the valve orifice, A Whiteyv Company valve, Model 2RIF4-1316, with
an orifice diameter of 2,46 mm (0, 003 inch) was sclected. An orifice of thi
size, with an upstream temperature and preggure corregponding to cvele de-
sign-point conditions, would resgult {n & caleculated helium flow rate of 8,1 g/sec,

'The cycle-design flow rate through the Joule-Thomseon valve iy 2,1 g/sec.
It {s believed that this ratio of flow ratec ts udequately large to assure control
at the design point, despite uncertninties in the calculation (the greatest un-
certainty of course regults from the assumption of an idenl gos). The vilve
gives nearly linear control from the cloged to the fully npened stem position,

20
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TAQUID NUFROWIIN COOY L TMR

Ad {ndicaled above, o Hguld nitrogen cooler wad needed Lo take the place
of the warmer furboulternators, to depreess the temperature ot the cold end
of the warmest heat exchanger,

The method gelected 1o aeeomplish this while attaining o smull stream-to-
gtreum temperature diftereonce at the cold end of the wurmest heal oxchungor
is to unbalunce the flow between the tawo streams by providicg o larper flow to
the colder gleeam, ‘This unbalance con be accomplished us <hown in Figure 8,
The resulting temperature distribution is shown in Pigure 9,
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Fipure G, Cooling System (Schematie Dhragenm)

The advantape of this arrangement (s that the control valve can be g
warm valve with conventional (hur teak- tight) poeking and the e dinm -to-
nitrogen heat oxclomger can be located outs<ide The saeum spacve, hits are-
rangement ix <hown in Figure 10,

The cold ord, stream-to-stroam tempereature ditference shown in Plguaree
Nean be coleuliated as Follows, using the detfinitions, equations, nnd nomens
clature of Koy and London Oery 7, ppe UL 1T Severn) aterations showed
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F'igure 10, Helium-to-Nitrogen lleat Exchanger

that a helium flow | ute through the control valve of 0, 3 g/sec provides a suf-
ficientlv large flow unbalance between the two satreams, The warm-atream
flow rate (Figure 8) ts 5,47 g/sec (the sum of the flow rates through the Jloule -
Thomson valve and the 14°K turboalternator), The cold-stream flow rate iy
therefore 5,47 + 0,3, or B, 77 g/sec, 'I'ne capacity-rate ratio, (', i& caleulated
to be the ratio of mass flows for cqual heat capacitios:

Cs /C -~ b, 4T/6,T7T 0,45
min “muax
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The heat L ransfer effectiveness for a counterflow arrangement is:

-NTU(1 - C)
e

1 -
| e NTUT -0

b}

For number of transfer units (N'T'U) of 86 (the design value of the warmest

heat exchanger), the cffectivencss ias calculated from the above equation to be
0,998, and the cold-end siream-to-gtream temperature difference is culculated
to be 0.44"Ik, 'I'his value is sufficiently small to match 'he stream-to-utream
temperaturce difference ul the warm end of the adjacent collder heat exchanger.

COLD BEND (OO ER

A method for cooling the cold end of the system was devigsed, As gshuwn
in Figure 7 u smull diameter tube leads helium from just upstream of the
Joule="{'humson valve, through a room temperature control valve, and finally
back to the low predsure side of the compressor system, The purpose of
this gas bleed was lo remove atl least part (if not ull) of the warm helium
stream returning thiough the counterflow heat exchangers during the cooldown
process. If ullowed to pugs through the heut exchangers, this warm return
gtreum would ! ransfer heat to the incoming cold stream, thereby lengthening
the cooldown process, Once the Joule-Thomson valve dropped to below the
inve rsion temiperalure and produced cooling, the bleed stream valve would be
cloged, and all of the gas would return through the heat exchanger system,

HEA'L' LICAK

The cryosection design concept was Lo mount ell eryoscetion components
{turbnalte rnutory, Joule-Thomseon valve, filters, and rodiation shield) directly
on the heat exchanger or on the liquid nitrogen cooling stage, ‘l'hud, no struc-
tural supports between room temperature and cryogenic temperatures would
be needed, anil ull conducied heat leakage would be through ingtrumentation
leads and through the Joule-Thomson valve stem,

A summunry of calculuted heat leaks iy given in Table 4,

The above heal leanks do not include conduction through liquid nitrogen
tubes, which will be installed to expedite rapid cooldown of the cold end of
the heat exchunger system,

The bases for the heut leak calculations were:

e 'T'he couxial cable ugsumed i8 Microdot, Incorporated, No, 200-40134,
This cable containg geven glrandg of 0, 0041 -inch-dinmete: copper
wire it the innet conductor, and 64 strands of 0, 0033-inch-diameter
copperr wire in the ghivld, A length of 1, 2 meters was assumed,
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- Table 4

‘f %é ESTIMATES OF HEAT CONDUCTION RATES i
¢
B ? Calculated Rate of Heat Conduction (w)
Thermal Conductor To 14°K Level To 4.4°K Level
.‘: $ Seven coaxial cables for proximity 0. 275 - :
. probes
Three alternator power leads 0.072 “-
(includes Joule heat)
; : Leads for three platinum resistance 0.058 0. 028
N thermometers (four leads for each
| thermometer)
\! .
p Three pairs of thermocouple leads 0.020 0. 010 )
4 : Two presgsure lines 0. 007 .
‘ Joule-Thomanon valve stem - 0. 083 _.
0. 430 0.101 j

‘The total of 0, 275 watt given In Table 4 is for all seven cables., If
the cables were thermally connected to the 80°K level, with a 1-meter
length between that temperature and the 14°K level, the heat leak
could he reduced to about 0, 13 watt,

¥ ¢ The turboalternator power leads were optimized by the method of
Mc¥ee (Rer, 8). Th2 conductor diameter was calculated to be 0,41
mm (0,016 in,) for an aggumed length of 1, 0 meter,

; - ¢ [t was assumed that two platinum resistance thermometers would be

: used at the 149K level (one at the inlet and one at the outlet of the
turboalternetor) and that one thermometer would be used at the dis-
charge of the Joule-Thomson valve,

¢ Copper constantan thermocouples would be mo'nted at the same posi-
tions, These gensors would be used for monitoring cooldown only

(their sensitivity would not be adequate for sensing the final steady-
» state temperatures),

o Pregsure lines were agsumed to be stainless steel lines 1.6 mm.
(0. 082 in.) outside diameter and 0, 81 mm, (0,032 in,) inside diam-
eter, 1, 2 meters long,

LAYOUT OF CRYOGENIC SECTION

A layout of the cryogenic section ghowing the location of all cryogenic com-
ponents is shown in Figure 11,
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F Section 4

e TURBOALTERNATOR J

GENERAL

The turboalternator arrangement used in this program {8 shown in Figure
! 12, It comprises a high speed, radial inflow, impulse turbine mounted on a
permanent magnet alternator shaft, The shaft is supported and positioned on
: self-acting, gus-lubricated bearings., Operating tests at speeds up to 400, 000 ]
rpm have been conducted on this type of turboalternator. The bearing, windage,
and electromagnetic parasitic losses are reasonably low., The high speed al- |
ternator has proven to be of both sound design and high efficiency. Tests with
electrical loads up to 109 watts have been conducted with electromagnetic effi- '
ciencies of 98 percent, The bearing system allows operation in any orientation, ]

free from gas bearing and rotor instabilities sometimes found in other bearing
systems,

T T

Thaeust Beuring
Gimbnl Ringas

Tuebine

Spiral
Nozale

Groove
Thruws
Heurings

e AR s i

Journul Bearig Pad —
Turhine Wheel @39_’"

i Figure 12, Psirtinl-Admission Radial-Impulse Turboalternator

The turbine rotor is mounted un gasslubricated journal bearings, Three
hardened pads at each journal bearing support the 1/4-inch-diameter shaft .
with an operating gas filin thickness of about 300 microinches. These journal :
bearings are of the self-acting, tilting pad type. They were incorporated to
enaure stable operation throughout the operating range and at any attitude,

e e A e A ST
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Two inward pumping spiral grooved thrust bearings position the ghaft
axially. l.ike the journal beurings, the thrust bearings are gas lubricated,
typleally using a 500 microinch film thickness,

The entire bearing system is self-aligning because the thrust bearings
, are gimbal mounted and the tilting-pad journal bearings are self-aligning,
, Satisfactory operation of the complete be i/ ing system is independent of the
! accuracy with which adjacent parts are munufactured,

The turbine energy is absorbed by the permanent magnet alternator, I'his
compact alternator is the most practical device for extracting energy at cryo-
genic temperatures when that energy will be expended at Aambient temperatures,
The two-pole mugnet operales within the stator which is wound 3«phase within
low-losa iron laminations, These laminations have been made by conventivnal
die punching and by photoetching, 4 method which eliminntes crimped edges,
The alternatur rotor consgists of u high field-strength platinum-cobalt magnet,
The rotor is constructed by brazing the magnet to ghaft ends, The ground
magnet surface has the same diameter as the shaft,

TURBOALTERNATOR DESIGNS

PRELIMINARY DISIGNS

Prelirainary designs of the three turboalternators needed for the refrig-
eration system were made (Appendix I, '"Preliminary Turboalternator Designs''),
The final designs of the two warmer turboalternators were not completed be-

: cause it was decided to manufacture and test only the coldest turboalternator,
3 'he final design of the coldest turboalternator ia discussed in the following
section,

FINAL, DESIGN OF 'THE 149K TURBOALTERNATOR

The overull mechanicul configuration design of the turboalternator s !
5 shown in I'igure 13 (excerpted from General Electric Druwing 588E477), 'I'he

' active components, turbine, ulternator, and beurings are mounted on a base-

/ plate (Part 18), which allows simple attachment of the agssembled turboalter-

F nator to the remainder of the refrigeration gysatem,

All enclosure seuls are indium-scoated C rings., The hase material of the
C rings im 304 gtainless steel, to match the thermal coefficient of expansion of
the flanges, 'The low mass of the seals coupled with the excellent thermal con=
tact between the scul and flange, cstablished by the soft indium coating that eg=
sentially becornes bonded to the {lange suirfaces, cnsures geometric temperas
ture uniformity in the seal area during system temperaturc excursjions, Rela-
tive motion between the scal und the {lange faces is thus prevented, Although
the thermal coefticient of expangion of the indium couting is almoat twice that
of the bage mctal, the spring loading of the C ring coupled with the extreme
softness ol the indium overcomes this mismateh,

T T TR iR, e
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b , Axial positioning of the turboalternutor shaft ig accomplished by spiral-
groove gas bearingd, The bearings ure self-aligning, because of their gimbal
mounting, The bearing material ls beryllium-copper alloy, which is compunt-
ible with the nitrided thrust runner at the low unii louding present (in contrast
with the journal bearing pads where the high loading at start and stop, due to
line contact between the journal und pad, precludes the use of this material).
The grooves are photoetched into the bearing surface.

For monitoring bearing performance us well as for initial bearing adjust-
ment, provigion ig made for seven capacitance-type displacement probes with
the placements proceeding from the turbine end of the ahaft:

g tatie oL
37 " W AT T L T MRS Y TR R Y SR ,‘
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: Probes Function
; 1 Axial shaft movement
2 Shaft orhital movement
2 Shaft orbital (periphery of thrust collar)
1 Journal bearing pad movement
1 Outer thrust bearing movement

Th turbine wheel ig 1/2 ihch in diumeter and is made of aluminum. The
wheel is secure to the shaft by an interference fit. Proper selection of the
fit diameters and wheel shupe allows the nssembled rotor to be operated at
design temperature, at safe stress levels, Experience has shown that turbine
wheels can be removed from the ghaft and can be replaced without disturbing
the rotor balunce,

ALTERNATOR DISIGN

The alternator design s similar to previous designs but, because of the
! required designepoint vulues of speed and power, greater advantage can be

s taken of the very high copper conduetivity at the 14°K inlet temperature than
in eurlier desipgny., Because of this high conductivity, the armature current
can be high for this alternator, which allows the terminal voltage to be low-
: ered at the required power, ‘Thua the flux density can be lowered and the air
i gap can be increased,

Decreased flux denaity reduces core losges, The large air gap coupled
with a tooth width of 0, 050 inch reduces the slot harmonics and aasociated
losges to a negligible level,

Table 5 shows the calculated features und performance of the alternator,
Electromagnetic effirlency i8 estimated to be 99,4 percent, which {s higher
than the efficiency for previous designs,

34
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Table 5

ALTERNATOR DESIGN AND CALCULATED PERFORMANCE
(14°K inlet temperature)

Parameter

Performance
(Computer Lesign
15-23000)

Stator

Outside diameter punching (in, )
Inmide diameter (in, )
Length (in,)

Material (in, )

Number of slots

Spiral (deg)

Tooth width (in, )

Circuits

Connection

Piteh ($)

Conductors per slot

Wire

Turns in serles per phaae
Pitch factor

IMamtribution factor

Skew factor

Stacking factor
Resistance, 20°C )

1.0 akage reactance i)

Rotor Vield

Diameter {in, )
Longth (in, )
Material

Alr gap {in.)

Performunce (168 K)

Speed (rpm)

Power factor

Output (w)

Line-to-line volig -- no load
linesto~line volts -~ tull load
Resintanve at 18°K (u)
Current (amp)

Current density (Rmp/in®)
Core lnan (w)

Copper luss (w)
Electromaugnetic efficiency (%)

0, b40

0,41

0, 410

0, 004 Hymu 80
12

41

0, 080

i

Wye

83,3

80

1 = 0,0008 In, HI®
100

0, 968

0, BeH

0, B3

0. 0

4, b

. b4 et 1800 He

0, 261
0,478
to-
0,01h

H0, 0vo
1,0
PENIT
30,0
8,04
0, 044
0, 800
11, 0
0, 14
0, 03
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_ “ GAS ARG ANALYSIS AND DESIGN
1" % The gur bearing analysig and design ig presented in Appendix 11, "Clage
; § Bearing Anulysis and Design, "
-
. ASSEMBLY PROCEDURE
.
S The provedure for assembling the tueboalteruator is presented in Ap-
E pendix ., 'his appendix i reproduced trom a separate document titled
- Instruction Manual:  ‘Lurboulternator Assembly Procedures,
i TURBOALTERNATOR PERFORMANCE

: TURBOALTERNATOR MANUFACTURE

Duping the course of this program, [t wae decided to utilize o turboslter-
nator made (vatlable from a terminated U, 80 Alr Force contract,~ 'The im-

oeoE O

portant dimensions of the wheel and nozzle are nimost identical to the unit
designed for MERDC, and culeulations indicate thut the Air Force turbine would
meet the requirementy of the MERDC tests, 1

A compirizon of the wheel and nozzle characteristics fur the MERDC und
Al IMoree units 18 given in Table 6, 'T'he Afr Foece unit was originally de -
gigned for two turbine wheels on one shalte  In the MERDC tests, only the
gmaller of the two whoeols was used, :

Tuble 6
COMPARISON O WHERL ANDNOZZ1LE CHARACTERISTICS

e+ o i e st b e 2vammms e < e oot e
Al Forer | ATERRDG ‘

Whee! Dineter (inehd 0, 00 0, A00

Mo T tineh) 0, hgon 0, uTon

Nurpbeo ot Pode s 3% 24

Deser Spea] Grpm) B0, 000 a0, oon

i

p Novcde Admdsston Avre Uenetion) De 2018 0, 2714
vt Do Vutor e | AL i
bt b v Flowe s Tempe ratigé) :
Mo Plow Faviog Preasirs (Upatrenm of Nov, le) ‘
An alte cnidor was desipned and huilt for the MERDC turboatternator with |

/3 fewer fnrng por glot than the Air Force alteritor to peduce the operating
voltage and improve {te efficlency ot 11°K, Sincee thid aiternator algo it the
Afr Foree bouking, it was used in the MERDC turboalternator aggembily,

SContraet Nog 193810 -T1-01-1003




R i AL

sentnaL @ eecrnic

mme ) T

A new nozzle flange was designed and fabricated to permit disassembly

of the turboalternator housing., (The Air Force unit was designed for welding,
which made disagsembly inconvenient, )

The parts used in the MERDC assembly are shown in Figure 14; with the
exception of the alternator and the nozzle flange, essentially all of the other
parts were previously assembled and tested on Air Force contract, as in Build
10, The operation of this firet stage Air Force turboalternator, Build 10, is
described on pages 108-111 of the Air Force final Technical Report (Ref, 5).

i b e o RS I TN R

The report also includes the following information pertinent to the MERDC 5
turboalternator: -

The turboalternator open-cycle tests and procedures are described on '
pages 83-88,

3 The results of open-cycle performance tests on the first stage, 0.56-inch-
diameter turbine wheel at room temperature and 177°K are described on pages
111.185, In reviewing these data, the fact that the MERDC alternator has 1/3
fewer conductors in the windings must be kept in mind. This reduces the out-
put voltages and aftfecta the total power., The alternator phase winding resis-
tance ir also reduced approximately 1/3, thus reducing the power logs per
phase and the total power loss, and affecting the electromagnetic efficiency.

TURBOALTERNATOR PERFORMANCE DATA REDUCTION PROGRAM

A data reduction program was used to reduce the open-cycle data on both
the Air Force and MFRDC programs. This data reductionpogram was pre-
pared to evaluate single-gstage turboulternator performance. 7The alternator
voliages and currents, thermocouple voltages, turbine presaures, and alter-
nator frequency are the data recorded and used in the computer program.
Perfect gas relationships are used throughout the program. Any perfect gus
can be used in this program with suitable input of:

o Cas constants
» Rotometer constants

¢ Alternator housing leukage constants ’

The program is now set up only for helium and nitrogen,

The open-cycle turboaliernutor temperature (OCTRM'T) program was
prepared for opon-cycle tests conducted at room and cryogenic temperatures,
using FORTRAN IV computer language. Ice is used for the room-temperature
thermocouple reference junction and liquid nitrogen is used for the cryogenic
temperature test reference junction, All principal turboalternator instrumen-
tation is shown schematically in Figure 185,

o @7 TN =
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2
Hesults of the data veduction pragream Far ootypical MERBC ot poind ’
; al crvogenic temperature using the OCTRMT progreram is shown on Figure 16, ;
" The data reduction program used ta reduec the Aip Force dita wos mothified 4
' to oliminate the ulternantor honsing lenkage flow, since the MERDC apen evele §
tests were conducted with the turbnalternator installed into g sealed housing, A
These data rediction results ore hasel one )
: 3
o Dty otdained direct!v diuring testy, {
e ‘Test ot conversion, such as thermoeanple vollages converted ta ?
E“ aheolute tempoeratures, :
5 q
| o ‘lest dida manipaloted to prosvide performanee Tactors, such as ovep- d
all effereney and individual lossed, i
[ Viethods awed aned enteies on each Time of the outpt dato veduction sheet are: |
3
¢ " \ . .
) o Line 1 Phe fiest entes s fhe title aned Besits the ambient) tenpern -
F Turve and pos used i testhing,
j o Lane 2 - Ihe second enley ddentiies the dota point, rang and date, :
:

o lLiine o The thivd entey dwees oL erall perforngimer, The tatal [
clecteren) power - the <o of the theee phiocae powers, Fhe apeed )
is obtamed Yromc the Teegquenes cannter,  The avere ) cdfcione sy /‘L
the cotual tonal electeenl power outpad over the cemrape power
inpary Uhe i senteopie poecer - Bl on the Mlow aeroses the tarhine
whiee by ot tha oty Mo theausdy the s 2oy The conmes bodd copee |
is the rotabme speed over The saquare root af The ahsolole inlol 1

3 Fornpertt e, !
{
] o L Vo Fhe nest epbey bt thie Tosed volthpes, o obbained Feoen
3 the Tine o pedenl tecnnna = Troan the o shoast e Phe doned et
tanee s derived from Che calibented tost Toad banke Phe Teeguens -
tac the eodabionad bregene o heet

o l.ine Phe theeo phiavc curpent A oee obilbained by measurement of *
salteoe draps e roses the boged bk cwerent shuot inoeach lep, A o i
Fisitend s the cope foss, Lo on Dreguenes, whiedr isin taen hinsoedd i
andc peeedetornonaed el ton dhip, based on the aeserage ot
NNV EHE NEE S TN

: e | ine b Poswer ol eac b pbise v shown feonn the psaddie b ol plitise i
* cnerent ared sottape, Phe e of the thieee phiose poseres s shown f
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E'igure 18, Typical Single MERDC Data Point at Cryogenic Temperature
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Line 7 -- Joule (I®R) losses are shown for the separate phasey and
the totul of these losses, 'These losses were determined from the
meagured current and phage winding resigtarce, which is a function
of the average slot temperature.

Line 8 .- Two slol temperatures are tabulated along with the average
slot temperature, 'The temperature is measured from thermocouples
positioned 120 degrees apart in the stator slots, The winding resisg-
tance is a function of the average slot temperature.

Line -« Performance factors and characteristics of the turbine are
shown, The turbine inlet temperature is measured at the nozzle
inlet. The exit temperaturc is calculated from the calculated tem-
perature drop acrosgs the turbine wheel, The temperature drop is
calculated from the irput power and actual flow acrouss the turbine
wheel, The inlet/exhaust pressure ratio is the total pressure ratio
acrossg the turbine,

Line 10 -- The wheel power ig the power input of the turbine wheel
to the shaft. It is determined by adding the total electrical power to
the sum of the losses. The wheel efficiency is the wheel power over
the isentropic power across the turbine wheel, The windage power
{s the sum of the shaft and wheel parusitic losgses deduced frum the
design computer program and is a function of speed, temperature,
and ambient pressure, 'I'he bearing friction power is calculated from
relationships generated from the design computer program and is a
function of speed, temperature, and pressure, Both journals and
hnth sides of the thrust bearing are included, The corrected torque
is the torque (in, -1b) divided by the absolute inlet pressure in inches
of mercury.

l.ine 11 -- The temperature drop efficiency is the calculated temper-
ature drop over the isentraopic temperature drop, It represents the
potential efficiency if there were no flow leakage loss, The tip speed
ig the turbine wheel tip speed, Shown next is the velocity ratio of the
tip gpeed to the spouting velocity.

Line 12 -- Next listed is the total meusured flow through the turbine
norzle from one of the rotometera. Prior calibration of the roto-
meter provided the pruper constant for the flow equation, The inlet/
nozzle pressure ratio is the inlet pressure to nozzle exit pressure
ratio. The nozzle/exhaust pressure ratio is the nuzzle exit pressure
to turbine exit pressure ratio. The flow factor is a grouping of flow,
temperature, and pressure, which 18 a turbine nozzle performance
characteristic,

Line 13 -- Next listed are bearing performance factors, The journal
bearing power for one get of three tilting pads is determined from
the measured assembly average pivot film clearance listed, The
friction power for the loaded side of the thrust bearing is also deter-
mined from the thrust bearing loaded side clearance. 1oth the
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agssembled journal pivot film thickness und the load side thrust
bearing clearance are listed in microinches,

A listing and flow chart of the open=ycle data reduction computer program
used to reduce the MERDC cryogenic turboalternator data are given in Figures
17 and 18,

JOURNAL BEARING MATERIAL

As described in the Air FPorce Final Report (Ref, 5), problerns were
. encountered in manufacturing and operation of turboalternators using tilting
f pad journal pads made of nitrided 304L. stainless steel. Air l'urce turbo-
alternator ngsemblies, Builds 8, Y, and 10, were made with a newdesign of
tilting pad journal bearings, fabricated from a promi. ing new material,
Kentanium, Grade 185, Since Build 10 is the one uucd for MERDC tests
(with the exception of the nozzle flange and alternator), the MERDC unit used :
Kentanium bearing material, '

VERY LOW TEMPERATURE TEST

Results of the preliminary open-cycle tests made on the Air Force turbo-
alternator assembly, Build 10, were very encouraging. However, the Air
Force contract was terminated before further tests could be completed.

Since similar tilting pad bearings woulu be required in a turkoalternator ]
assembly being designed on an ARPA contract (No, DAHC-153-720C-0235), a
special open=cycle experimental test was conducted on the ARPA contract, :
using the Air Force turboalternator assembly, Build 10, to operate at tem- b
peratures upproaching liquid helium. ‘The turbealternator was installed into ;
& sealed housing and operated in the normal manner on the open-cycle system

at approximately 100, 000 rpm, with a 9-watt load, until the assembly reached

90°K, Then, with a valving arrangement, the turboalternator wus gradually

changed to operate on cnld helium gus supplied directly from a pregsurized

liquid helium dewar. The turboalternator continued to operate satisfactorily

with a minimum turbine exhaust temperature of 9, 89K vbtained, Essentially,

no performance data were taken during this test because of the limited amount

of liquid helium in the pressurized dewar. 'The main purpose of the test was i
to observe the operation of the bearings, by monitoring the proximily probe ]
signals, at the low temperatures., As mentioned previously, the unit tested
. at 9, 8°K was identical to the MERDC unit, with the exception of the nozzle

] flange and alternator,

This experiment was succegsful and a significant milestone wag achieved
in the development of turboalternators for cryogenic refrigeration, This was,
purhaps the lowest temperature ever achieved with o turboexpander operating
on self-acting gas bearings., It is the first step in establishing the feasibility
of turboalternator operation with gas-lubricated bearings, using very low
viscosity helium. 'The 0, 8°K helium gas {s probably the lowest vidensity fluid
ever used in a hydrodynan.ic beuring system,
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Figure 18, Open-Cyvecle Turboalternator Temperature Program (Sheet 1 of 9)
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Figure 18, Open-Cyvcle Turboalternator Temperature Program (Sheet 4 of 1) !
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Figure 18, Open-Cycle Turbonlternator Temperature Program (Sheet 4 nf b) -1
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Figure 18, Open-Cycle Turboalternator Temperature Program (Sheet 5 of 1)
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WU R EFRICMEALRY /7482873583001 ,16.320037+147199AN4, 74124404,
1WOT0 &18.,2695%30,-10.4807818@/

10080 VATA FRICMCLIAISFRICMIZ2IIS FRICMCEINIY FRICHCAS 12 FRIAMC S, Y,
10090 AFRICMCALI) /oAl 1 IBE0AE=01,14:833700,1:43671841,%.41944%4,
10100 $R.272744A8,-6,5%721933/

10110 DATA FHICMCL,4), FRICMC2,4) 5 FRICMC D, 4), FRICMC A, 4), FRINMCS, 4),
10120 &FHICMCEsA) 70 4656THSIE=01, 1102947 AK, 13204704, 419497007,
10140 4=3.8823788,2.81684330/

Figure 18, Open-Cycle Turboulternator Temperature Program (Sheet 6 of )
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Flrare 18, Open-Cycle Turboalternator Temperature Program
(Sheet D of )

MERDC TURBOATERNATOR ASSIKMBLLY

An usgenmbly drawing of the MERDC turboalternator {s shown in Migure 10,

Upon teansfer of the Air Morce turboalternator, Bulld 10, to the MERDC
contract, the unit was completely disassembled,  All crvitical purts to be re-
used were carefully examined under o microscope,  "I'he shaft (part 7) journal
bearing surfaces und the Kentanlum journal bearing puds (part 23) were lightly
relapped to remove slight indications of wear, ‘The housing section (part 14)
wag drilled and tapped to reposttion the journal bearing proximity probe
(part 11) to adjugt the probe angle for viewing the lurger Kentanium journal
bearing pad.  Now thrugt bearing gimbal pivois were ingtulled in the thrust
bearing asgemblies (parts 13 and 22), The new pivots have mating ball and
socket ity to reduce the play in the thrudt benring nasemblies, as noted in
the Air Fopree turboalternator, Build 10,

he nozzle seal inspection test was muade with the nozzle block and new
nozzle flange to onsure o unfform metal-to-metal seal ot the nozele diameter,
Thix test {1 dederibed above under turboaliforngfor openscyvele tests and
procedures,
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All of the turboalternator parts were ultrasonically cleaned and sealed in
clean plastic prior to assembly in a clean room as outlined in Appendix 111,
"Turboalternator Assembly Procedures."

The thrust bearings were shimmed to give a total axial shaft travel of 0, 6-
thousandth of an inch between thrust bearings and to provide a 1, 5- tc 2,0-
thousandth of an inch turbine wheel to nozzle axial clearance. The journal
bearings were adjusted for 260-microinch radial clearance,

PRELIMINARY TURBOALTERNATOR TEST

The turboalternator flow tests described in the Air Force Report (Ref. 5) -'
and results plotted in Figures 75 and 76 of that report were repeated on the |
MERDC assembly. Results of the tests are shown in Table 7,

Table 7

MERDC TURBOALTERNATOR FLOW TEST

Tent tian Y. Agreement

Nozzle calibration le <2
(no turbine wheel)

Norvzle calitiration N, <3
(no turhine whoel)

Zero apeed He 3
(with turbine wheel)

Znry ypeed N, <6
(wit:i turbine wheel)

Initial room temperatures operational tests (October 1973) on the turbo-
alternator assembly with the shaft magnet unmagnetized and magnetized gave
excellent results, ‘Tests were miade at speedy in the area of 100, 000 rpm.
The proximity probes indicated very stable operation, and the shaft orbit probe
#ignals produced exceptionally small orbits of 30 to 40 microinches ut each
ene of the shaft, very similar to Bulld 10, The thrust, journal bearing, and
outer gimbal ring proximity probes also showed very stable operation, with
a slight once per revolution oseillation noted, IMigures 20 and 21 show the
proximity probe signals chtained, (The faint shadow or double images in the
vgcilloscupe traces are caused by buckground noise in the proximity probe
instrumentation, )

Alternator Winding T'est,  Room femperature resistance meusurements were
made on the MERDC alternator 3-phase windings, The average winding resis-
tance was 9, 1350 £ 0, 15", ‘The Air I'orce average wihding resistance was
12,520 at room temperature and 1, 840 at Hyuid nitrogen tempecature,  Since

hh
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Figure 20, Shuft Orbits of MERDC Turboal-
ternator Assembly, Operating at ,
Room Tenmperature, No Load, and ]
100, 000 RPN, (Oscilloseope Sen- '
gitivity of proximity probe sipgnals-

F 200 win/em,)

the same wire was used in both windings, u resistunce ratio of 7, 85 would
apply to both windings.

e aoo

Figures 22 and 23 show the sinusoidul, 4-phase voltage outputs from
the alternator. (The uscilloscupe vertical sensitivity is 10 volts per centi-
meter and the sweep is 0, 1 millisecond per centimeter in both figures, ) {
These photographs verify, to a degree, the low voltuge regulation and the
freedom from harmonics one would prediet from past similar experiences,

[ The terminal voltage appears upproximuately as it should for the conditions L
1 of this test,

MERDC Turboalternator Open: Cvele 'l'osts

Since considerable room temperature test duta hod been obtained on the i
; Air Force program, it wus decided to fest this agsembly at temperatures

approaching that of liquid nitrogen, with helium gas, in the openscycle test
station, In this test, the turboulternator is instulled into a sealed housing
with feedthroughs for the electricul connections. ‘'I'he helium gas to the tur-
bine ig precocled by flowing the gas through b coil immersed in liquid nitro-
gen. Strips of plastic maleriul were attached to the turbvalternator support
strand, to direct the cold nozzle exhuust poas around the turboalternator sealed
housing, cooling the whole agsembly, A bell jar was placed over the turbo-
alternator assembly, to {golate the Wystem from ambient moisture, The tur-
bine exhaust gas still expands o atmosphere,

e e =
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Figure 21, NERDC Turboalternator Assembly,
Operating ut Room Temperature, No
[ovd, amd 100, 000 RPAL (Prace 1 is
the thrust nrobe, asi shaft motion
between thrust bearingsy Trace 2 iy
\' the journal bearing pad motion; "Croce
5_ 3 i the onter thrust beuring gimbal ring
' mation, Ogctllodeope senaitivity of proxe-
imity probe signal 400 1 in/em vertically;
horizontal sweep 1,0 ma/em,)

The performance meangurements cun be obtuined and the effective aver-
age hozzle preduure cun be measured in conjunetion with other performance
3 factors, ‘I'he effectlive anveriage nozzle pressure would be the pressure in the
F gealed houging, The three pressure ratios obtoined from combinations of
] the inlet, nozzle, and exit pressures will vary with the velocitv ratio in a
) characterigtic manner,

The turboualternutor was operated for one hour at room temperature,
. 100, 000 rpm, and no load, to purge (Lo system with evlinders of hellum gas,
i 'I'he dew point of the helium wus -65°1°, 'T'he gus pressure {up connecting the
gealed housing wus disconnected to purge the turboalternator housing and the
gealed housing, 'Then, in order to cool the turboolfernator ageembly at a
glow rate, liquid nitragen was slowlse added to a dewne confaining the cooling
coil,

After 2-1/4 hours of cooling, the pos tempe rature ol the nozzle inlet
reached 109K, and the aliernator winding temperiture was 185K, The
turboalternator operoted datisfoctorily ot speeds in the order of 100, 000
rpm with an 11-watl load on the alternntor,

)
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Figure 22, Alternator, 3-Phare, lL.ine-to-
l.ine Voltage Output of MERDC
''urboalternator, Operating at 1
Room Temperature, No l.oad, 3
and 100, 000 RPM

Figure 23, Alternator, 3-Phage, line-to
Neutral Voltage Output of MERDC
4 Turboalternator, Operating at

Room Temperature, 8, 6-Watt
Resistive l.oud, and 100,000 RPM
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The only problem encountered during cooldown was that the leads from
the orbit proximity probes failed and the operation of the turboalternator had
to be monitored by the remaining probes,

The test plan was to check the operation of the turboalternator and to oh-
tain performance data by operating the turboualiernator in o vertical position,
thrust end up, with the nozzle-inlet-to-exhaust pressure ratios of 1,4, 1,9,
and 2,4 (pressure rativ of 2.4 was the design condition),

Tests were conducted by adjudting the gas flow through the nozzle to ohtain
a given prersure ratio, and the turhoalte rnator speed wag counirolled by vary-
ing the resistive load on the alternator with specds ranging from low operating
gpeeds up to 200, 000 rpm, Nine data points were obtained on MERDC Run 100
with a preasure ratio of 1, 4 and speeds ranging from 69, 300 to 211, 320 rpm,

e PR DT T TR

e qpi e

The novzle pressure ratio was then adjusied to 1, 8, and b data points
were obtained on MERDC Run 101 with the turboalternator gpeeds ranging
from 118,320 to 196, 240 rpm, As the turboalternator speed was adjusted
towards 180,000 rpm slight roughness was noted on the thrust probe, the
journal bearing probe, and the vuter gimbal ring proximity probe signals,
This indicated that the shaft may have been just touching the thrust bearing
surface, but in yeneral, this did not affect the operation. At this pressure

ratio and spced, the sealed housing pressure wasg 84 inches of water above
atmospheric,

As the turboalternutor flow was gradually inecreased for the 2,4 pressure
ratio, the proximity probe signals became rough und the turbine speed de-
creased, Increasing the gas flow continued to decrease the turhine speed.
Then, the turbine stopped, Attempts to restart the turbine fuiled,

The turboulternator was allowed to warm up to room temperature, 'I'here
appeared to he considerable moisture present in the turboalternator, us
evidenced by the fact that tapping the support stand did not move the shuft as
it does normally., After purging the turboalternator with a low flow of helium
gas for approximately one hour longer, the turbine started, H& operution was
rough at first, but smoothed ou! quickly, All of the proximity probe signaly
were {dentical to those obtained belore starting the cold tests.,

There ure two poasible explanations for ungatisfactory operation at the
higher pressure ratio, I"Mrst, the vessel in which the unit was tested did not
permit a bleed of gus from the alternator regilon to the discharge gide of the
turbine, For this reason, increased presanre on the hack side of the turbine
wheel may have overloaded the inner thrust bearing, (The finul installation
of the turboalternator included o gas bleed to counteract this effect,)

A gecond explunation i that moisture wis deposited in the turboalternator
and caused the shutdown. 'T'herce wug some evidence of thig; us the unit was
being warmed up and purged with dry gas, the bearings appeared sticky on
the vacilloscope traces, which would be the cage if moigture were present,
This effect wus present until some time after the unit was fully warmed up,
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FINAL TURBOALTERNATOR OPEN-CYCILE TESTS

To complete the open-cycle testing, a second series of tests was con-
% ducted in December 1074,

A number of gaa supply systems were congidered to eliminate the pos-
sibility of moiature causing the above problem. It was decided to use helium
gas from a traller containing 40, 000 standard cubic feet of helium, The
purity was guaranteed to be 98, 985 percent or hetter, with a dew point less
than =110°F (less than 2 ppm water by volume),

A bleed line and valve were also connected to the turboalternator sealed
housing to reduce the housing pressure during the open-cycle tests if required,

The proximity probe feedthroughs were adjusted to improve the contact
with the mating lead connectors und prevent opening during cooldown,

The second open-cycle test was started using the same procedures for
purging and cooling as described ubove, 'The turboalternator operated very
well during cooldown, and this time the orbit proximity probe leads did not
open. Figurea 24 and 25 show the proximity probe signals obtained with the
turboalternator operating with the nozzle gas inlet temperature of 88°K, 11-
watt load and at 100, 000 rpm, The proximity probe signals are very similar
to the room temperature, no load operation shown in Figures 19 and 20,

Figure 24, Shaft Orbits of MERDC Turboal-

A ternator Operating in the Second

; Open-Cycle Test with 81°K Clas,

: 11-Watt Load, and 100,000 RPM,
(Oscllloscope Sensitivity of Prox-
imity Probe Signals 200 pin/em,)
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Figure 25, MERDC Turboaltornutor Operating in
the Sume Conditions us 'igure 24,
(Irace 1 is the thrust probe, wxial
shaft motion between thrust bearings;
Trace 2 {9 the journual bearing pad
motion; 'race 3 {s the outer thrust
bearing gimbal ring motion, Oscil-
loscope sensitivity of proximity probe
pignal = 400 M in/cm verdeally; hor=
tzuntal eweep - 1,0 ms/cem,)

As a comparative check, two data points were repeated in MERDC Run
102 with the nozzle inlet to exhauat pressure ratio of 1,4, There was no no-
ticeable change in the operation of the turboalternator, 'The nozzle pressure
ratio was then increased to 1,8, and one of the lower speed data polnts was
repeated in MERDC Run 103, with the nozzle inlet gas at 83°K, 20, b-watt al=
ternator load, and 117,000 rpm, This data point also repeuted very well;
however, the thrust proximity probe indicated that the ghaft thrust was just
barely touching the thrust bearing, It was, therefore, derided to reduce the
housing pressure from 58 inches of water to 27 inches by opening the housing
bleed valve, since this condition would become worse at higher speeds and
higher nozzle pressure ratio, The reduced housing pressure corrected the
thrust operation and the data point was repeated with lower housing pressure
being the only difference, 'The nozzle pressure ratio was then increased to
2, 4 to be certalu thut the Livusing hleed was sufficient, ‘I'he turboalternator
operated well; four data points were taken during this MITRDC Run 104 with
speeds ranging from 166, 500 to 18H, 840 rpm und loads from 67,7 to 60,1 watts,
The fixed three-phase, "Y" connected, resistive load points were the limiting
factor in varying the speed and load over a wider range, 1'igures 26 and 27
show the proximity probe signals oltained with the turboalternator operating
at 188,840 rpm and 60, 1-watt load, IMigure 27 shows a slight oscillation of the
shaft between the thrust hearings, hut there was no indication of touching or

a1
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Figure 26, Shait Orbits of MERDC Turboal=-

ternator Operating with 82°K Gas,
60, 1=Watt [.oad, and 188,940 RPM
with Nozzle Pressure Ratio of 3,4,
(Oscillogcope sensitivity of pruxime-
ity probe signals . 200 g in/em,)

Figure 27,

MERDC Turboalternator Operating in

the Sume Conditions us I'igure 26, (Trace
1 ig the thrust probe, axial shaft motion
between thrust bearings; Trave 2 18 the
journal bearing pud motion; 'I'race 3 i8 the
outer thrust bearing gimbal ving motion,
Oscilloscope sensltivity of proximity probe
signaly 400 g in/em vertically; horizontal
sweep 1L, 0ans/em),
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rough operation, Since the housing bleed did not have to he readjusted at the
higher preasure ratio, three additional data points were taken for MERDC
Run 103, pressure ratio 1,9, at higher speeds,

After the above data points were taken, the turboalternator was stopped
and restarted cold without any difficulty.

The operation of the turboalternator was very successful during the
second open-cycle test, Results of this test with very dry gas gave evidence
that moisture was the cause ol the turbine stopping during the first cold test,
and that the sealed housing bleed will be required in the cryvsection to reduce
the housing pressure when opernting the tu boalternator with nozzle pressure
rativs greater than 1,8,

PERFORMANCE TEST RESUL'TS

The date obtained in the first and second cryogenic open-cycle tests were
reduced and the performance test parameters were plotted in Figurea 28
through 33,

The daia reduction program was not modified to reflect the operation with
the housing bleed line vpen, since only four new data puints were obtained in |
the second open-cycle test, with the nozzle pressure ratio of 2,4, A rather \
lengthy program would be required to establish the correct parameters over i
this wide temperature range. Therefore, the points ubtained with the bleed
line upen are identified in the curves,and their valuea should be considered
as trends, not actual values, An indication of the effect on the data, caused
by the housing bleed valve, can be seen by compuring the reduced data from
MERDC Run 103, data points | and 2, Data puint 1, shown in Figure 34, was i
obtained with the bleed valve closed, Data point 2, shown in I“igure 38, was |
obtained with the same resistive load and with the turboalternator operating
at approximately the same pressure ratio and speed, but with the bleed valve
open to reduce the housing presgure from 68 to 27 inches of water,

Algo, the eynation uged in the dutu reduction program to calculate the
alternator winding resistance per phuse versus temperature was derived for
the Air Force alternator and wus not modified for the lower resistance wind-
ings of the MERD(* alternutor; therefore, the winding resistance per phase,
‘he joule loss per phase, und totul joule loss shown fn Figures 34 and 35 would
be approximately one third less, 'I'his would increase the electromagnetic
efficiency slightly,
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Section &

CRYOGENIC HEAT EXCHANGERS

GENERAL

Refrigeration cycles which employ dynamic rotating machinery operate
at lower pressure ratios than cycles which employ positive displacement
machinery, For a given refrigeration load, this requives a higher mass flow,
These conditions place a requirement on the cryogenic heat exchangers for
high thermaleffeciiveness and large heat transfer surface area, An ef-
fectiveness of 98, 5% is required in the warmest heat exchanger of the select-
ed cycle. An effectiveness this high implies an extremely large number of
transfer units, 66, which also implies an extremely high lateral thermal con-
ductance. A conflicting requirement is that while the heat exchangers raust
have high thermal conductances, they must also have small pressure drops
because of the low pressure ratio of the cycle,

A type of heat exchanger considered to be well suited for this application
was the stacked screen heat exchanger., The perforated plate heat exchanger
was considered, but the required plate porosity and hole size would have made
manufacturing extremely difficult, Since stacked screen heat exchangers had
been successfully constructed in small sizes by Kinergetics Incorporated,
the decision was made to purchase the heat exchangers,

Specifications for the heat exchangers were selected based on analysis
of the cycle, These are presented in Appendix 1V, "Specifications for a Set
of Seven Cryogenic Exchangers, "

DESIGN AND CONSTRUCTION

"'he demign and construction of the heat exchangers is discussed in the
vendor report enclosed as Appendix V, "Kinergetics Incorporated -- Final
Report. " Because the vendor was unable to prevent stream-to-atream leak-
age  the cold exchanger, it was decided to make this exchanger inactive,
Thia was accomplished by blocking it off at the joint betwe=n the aluminum
header and the wire mesh header gection at the warm end of this exchanger,

TEST RESULTS .. KINERGETICS

The portion of the testing which was completed by Kinergetics is presented
in Appendix V',

TEST RESULTS .. GENERAL ELECTRIC ‘

The diffic e s encountered at kinergetico s ncorporated resulted in a
delns of 29 moaaths feom the speci® d date, It wae concluded i conamaction

N
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with MISRDC, that it was in the best interest of the Government to aceept
delivery of the heat exchangers and compiete the testing at General Elcctric,

GENERAL EILECTRIC TEST FACILITY

T

The Rescarch and Developmoent helium test facility consists of a positive
displacement compressor, aftercoolers, and leak-tight plumbing necessary
for the testing of high efficiency heat exchangers and turbomachinery, I was
decided to use this facility to test the heat exchanger, -

The compressor is an Ingersoll Rand Company unit, Class ESII-1 Ni.-2,
which has a solid lu ricated piston. The bore is8 17 inches in diameter and the
stroke is 9 inches long, and the unit can be operated cither in the single or
double acting mnde, The motor is 80 hotrsepower, 1800 rpm,

With the suction pressure above one atmosphere, the unit is single acting,
linder these conditions, the rated performance for helium gas is:

Lhavacteristic Performance
Inlet pressure 0, 121 MN/m? (17, 8 psia)
Discharge pressurce 0. 358 MN/m® (52 psia)
Inlet temperature 332°K (136°1)
Volume flow at inlet 0. 187 m®/sec (386 cfm)
Helinm density at inlet 0,175 kg/m"
Helium mass flow 32,7 g/wec

This mass flow of 32,7 grams per second, and the pressure patio of
2,05, are more than adeguate for testing the heat excharnger,

TEST METHOD

The phvaicul arrangement of the heat exchanger test g shown in FMigure
36, Helium ts supplied from the facilities compresgor, It pusses through
the hiph pressure side of heat exchanger 7 bhefore flowing out supply 7 to the
Houdd nitrogen dewar.  The lines to and from the liguid nitrogen dewar are
insulated, A walve is incladed for controlling the returning stream pressaaee,

The helium returns from the dewar, flows in return 5, and flows through ex-

changers 6 and 7, before returningt othe compressor, Heat exehanger 6 has flow onldy

through the oa pressure passages, Although exchanger Gdocs contribuate totne Tov
presgre-stecinopressoredeop, ot docs ot cantethate tothe streitm - ta stren
heat teansfer, Thereis s hleed from vetura B for ase dnting conldown,

The termineratures of the two streams are meagupred betoee cntering and

atter leoving the heat exchanger, with copper-congtantan the cmacanph 5 an
seted g the stpeatmd, Thers i olso o thermocouple o the bleed e ni-oo
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return 1, The reference junction of the thermocouples used to measure the
warm end temperatures of the heat exchanger are in an ice hath, and all
others are in & liquid nitrogen bath, Figure 36 shows temperature difference
measurements, 4 T1 and A T2, but these measurements were not taken be-
cause grounding of the thermocouples during installation made them inoperable
in the temperature-diffe rence mode of operation.

Pressures are measured at points indicated in Figure 36 with preasure
gauges, The 4 P measurement indicates the pressure drop past an A,S, M, E,
nozzle of known dlameter to provide a mass flow measurement,

o e T MAATNTT ORI I ST

Figure 37 depicts the heat exchanger during assembly., In this figure, the
vacuurn bell jar is not yet in place over tha exchanger on the base plate, The
, tubing to and from the cold end of the heat exchanger can be seen to be curved
f in two planes at the connections to the heat exchanger, This is to ensure good
' thermal mixing of the gas in the tubing before the temperature measurements
are made. The nitrogen dewar is on the right and the cryogenic valve in the
cold helium stream can be aeen to the lower left of the nitrogen dewar. The

tubing leading to and from the nitrogen dewar was lauter insulated with l-inch
thick foam rubber,

Figure 17, Heat Exchanger During Assembly
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TEST RESULTY

E After initial testing of the heat exchanger, it way discovered that the ten-

2 sion rod designed to maintain the heat exchanger undor axial compression

' was not loaded to the proper tension by the vendor, The tension in the rod wos
subsgequently increased and asdditional tegts were made, 'Phe measuremoents

. made before the rod tension was Inereased are referved to as Test 1 in this
report, and the tests after the tensioning ave referrod to as Test 2,

3

The test begun with & stream-~to-gtream helum leak rate messurement,

3 The stream-tu-gtream leak was tound to be 1,37 < 1070 g/gec/psi at room

; temperature and near atmogpheric pregsure. 'I'his lenk was considered smuall
; enough tuo warrunt proceeding with the effectiveness and pressure drop moeu-

' suremaents,

The heat exchanger wuas cooled by flowing helium through the exchangoer

F and the dewar ol Liguid nitrogen, while allowing o portion of the flow to escape
out the bleed, The cooldown rate was such that T2 and '1'5 decreased at o
rate ol 2’K/min or lessg, Cooldown to 100°K lasted approximately 8 hours,

Once the heat exchanger was cold, the dain were taken using the following
] procedure, U'he pressures were sel at the desired viillues, und the mass flow
wos adjusted, ‘The flow stubilizved ond was allowed 1o continue for approsi-
mately | hour before dota points ligted in Table 8 were tukens I 'Fest 1, the
first fise points were tuken ot or near the deshgn pregsure ratios while the
slxth was taken ot the minimum pregsure rotfos that could be aehiesed with

the valse inthe tublng leading to the nitrogen dewar wide open, 'This dota poin :
witd tiken to observe the effect of the pressure difference and the resalting
lea kage between dtreatng on NTU and effectiveness,
Tuble 8 !
k
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After the six points in Test 1| were taken, an attempt was made to measure
the leakage from stream-to-stream, It was found that the leakage had increased
go that it was above the range of the instrumentation.

Because of this high leakage rate, it was decided to attempt to increage the
loading on the heat exchanger tension rod, It was discovered that the rod was
under tension well under one-third of the design value, The rod tenaion was
then increased to the design value (13, 800 lb warm),

R

During Test 2, additional flow meters were used to allow measurement of
interstream leakage over & range of several orders of magnitude, The stream-
to-stream leakage was then measured during the Test 2 cooldown., Table 8 pre-
sents the leakage data as the heat exchanger was cooled,

Table 9
LEAKAGE MEASUREMENTS

Test No. | T2 °K) | T5 (°K) | DP {psi) | MI. (g/sec) ML /DP (g/sec/psi)
Test 1 208 208 5,6 7,617 x 1078 1,37 x 10
Test 2 300 300 8.1 3.9%10°°® 6.48 x 10-®
5,8 3,66 x 10-® 6, 38 x 10
9, 4 8,44 x 108 6,88 y10-°
9,8 7.13 x 10-8 7.27 x 10
204 300 10, 8 3,03 x 10°9 2,81 w1079
11.8 4,83 x 10°9 3,08 x 109
154 207, 5 6.5 2,02 ¥ 10-9 4,12 x 10-9
7.2 2,71 ¥ 10"@ 3,76 v 10-°
120 221,5 4 8,07 « 109 2,01 x 102
4,5 1,02 x 10-} 2,27 v10°9
{ 5,0 1,24 x 10} 2,2 % 1078
f 123 | 1300K 4 2,42 ¥ 107} 8,07 1077
3 2,42 « 10 B, 07 « 10-°P
ng 202° K¢ 5 1,10 o=t 4, 888 v 10-@
10 3,77 » 10} 3,71 s 1o-®
| 12,6 5 11 < 107 4,00 x 10-9

no flow through the bleed
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E After cooldown, the efficiency and pregsure drop were again measured,
These are the two puints listed under Test 2 in Table 8, The first was taken
near the deaign pressures, and the second was taken with the valve in the tub- :
ing leading to the nitrogen dewar wide open, '

ea el

DISCUSSION OF THE TEST RESULTS

3 The data taken during this teat were taken at temperatures lower than the
’ design cundition temperatures, 'The section titled ""Relating the Results to
Design Condition,' in Appendix VI, "Heat Exchanger Analysis,' presents an
analysis of heat transfer and pressure drop in the heat exchanger, ¥quations
for acaling the data to the design condition are developed,

The specified pressure drops through heat exchanger 7 are , 019 atm (, 279
psi) on the high pressure side and . 022 atm (, 31234 psi) on the low pressure side
at the rated flow of 7,888 g/sec, 'The measured high pressure side drop cuan be
seen in Table 8 to be in the range from 1,7 to 1,9 psi,

, Ag a result, at least in part, of leakage, the heat exchanger will not meet
! the 08, 5% gpeciiication for effectiveness, The meusured effectiveness at de-
sign preasures never exceeded 02, 8%, When the stream-to-stream pressure
difference was reduced from the deaign condition, an improved effectiveness i
as high as 94, 0% was observed, Thius indicutes that stream=~to-stream leakage “
is at least in part causing the low heut exchanger effectivencss,

The method used ta caleulate effectivencss und NT'U from the data is
described in the section titled, ''Datn Reduction Computer Program,' in
Appendix VI, The effectivenuss caleulation 18 based on the average of the
temperature differences between stroams at the warm und cold end of the
heuat exchanger, [

1
(A'T1 uT2)/2
(T =T T

Iffectivencess

[

The effect of leakuge on the heat pxchimger effectiveness 18 unalyvzed {n
the gection titled, ''Effect of Helivm Leukage, Thermu! Radiation, and Axial
Conduction on Heat Exchange Porformance,’ Ih Appendix V1, Phe effect of
gtream-to-giream leakoge 18 shown to nerease the cold end temperature if-
ference (4°1'2) and to have lttle offect on the warm end temperature difference
(A1), A lmak to the casing of the heat exchanger bypasgses the low pressure
side of the heut exchanger and increnges the temperature diffoerence on both
ends, 'f'he following approximate equations are developed in the siwne gection
of Appendix Vi,

I}

it e et maem

i M,
. 2 L tor leahape fo the cnwing
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AT M |
T~ 1 - i~ fur stream to stream leukuge

Applying these equations to the data in Table 8 ylelds some information
about the leaks inthe heat exchanger, In 'T'est i, the large difference in the
temperature differences at the two ends of the heat exchanger indicates that
there was a large stream-to-gtream leak, Thig leak appears to be substan-

}? tially less in 'Test 2 after tenaion on the bolt has been increased., This can
3 be seen from the fact that the temperature differences at the two ends of the .
} heat exchanger are closer together, A comparison of the warm end temper- §

ature difference in the two cases indicates that the leakage to the casing was 3
not affected substantially by the tightening of the bolt,

The two data points in 'Test 2 show the effect of decreasing the stream-
to-giream leuknge on the stream-to-giream temperature differences. "The f
ratio A'T1/AT2 i8 much lurger in the second data point, where the pressures
in the low and high pressure sides of the heat exchanger were brought closer
together. This wnuld be expected from the preceding equation,

The first T'est 2 cdata point waa taken at the deaign pressures for the
heat exchanger, When the temperature differences are applied to the pre-
L ceding two equations, i stream-to-streum leakage of approximately 1/3 the
muoss flow and a leakage to the casing of 1/20 the mass flow are indicuted.

The gpecification for the heat exchanger stream-to-stream lenkoge wus
10 atm ce/sec at 20 pai pregsure differential, which corresponds to approxi-

3 mately 1,8 x 10°" g/sec, ‘The leakage test results in Table O indicate that 1
‘ the heat exchunger exceeds the apecified maximum streum-to-stream leakuge

Wl room tempiriture, 1

Several features of the leakuge from stresm-to-stream are indicuated by the 1

data in Table 9, The room temperature leakage decreased after the rod wus i

fondded, an was indicated by the thermal dova, The leakage mereases dramatie

ually with decreasmg temperature, The leukage wus experimentally found to

he lineariv dependent on the stream-to-stream presgure difference,  'his in-

dicates thut the leak s laminar, ‘The dependence of the leuk on temperature

wun be derived from the laminar equution for the friction factor, ‘
At i

to l/Re where £ Triction fuctor (]__/hl,\i (MI ,i -_3.‘*.\)
(MI FAD
M, Popie s Re —te

b hy dreantice dhameter

|
i
i Iy deng iy,
1

My heakage
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W viscosity
A . cross section
l. - length

. The leakage increases faster with decreasing temperature than can be
explained by the increase in density and the decrease in viscosity considered
in the above equation, This indicates that the hole through which the leakage
ig occurring changes geometry with decreasing temperature,

] : The last two data points in Table 9 indicate that the streum-to-siream

' leakage {8 more sensitive to the temperuature of the cold heat exchangers
(which are pressurized but through which there is no flow) than it is to the
cold end temperature of heat exchanger 7. This indicutes that the stream-
to-atream leak is in one of the colder heut exchungers, Since the other heat
exchangers have lower design operating temperutures, the stream-to-stream
leakage would probably be much worse when cooled down to design conditions,

The next to last data point indicates that the heat exchanger would leak
approximately 1/4 the mass flow from stream to stream when operating at
the design maaa flow and pressures, ‘I'hia agrees fuirly well with the pre-
vious estimate of the leakage based on the warm and cold temperature
differences,

The leakage to the casing could be in any of the heat exchangers, and
there {8 nothing in the data to indicate where it 18, If this leak i« also in one
of the colder heat exchangers, [t will invrease i the actual operoting
temperatures,




oxneaaL @ eLecrae

Section 6

RECOMMENDATIONS
TURBOALTERNATORS

Miniature turboalternators with self-acting gaus bearings have been de-
veloped under this contract and other contructs to the point that they appear
well suited for those applications where reliability and long life are of pri-
mury importance, Provided that 4 noncontaminating syatem cun be developed,
it appears that the only drawback to the type of turboalternutor tested under
this contract is the relatively high cust, [t {8, therefore, recommended that
further effort be devoted to cost reduction in the urea of turboanlternutors,

CRYOGENIC HEAT EXCHANGERS

'I'he difficulties with development of a heat exchanger of the plustic and
wire mesh tvpe are deseribed in this report,  Unfortunutely, the cuudes of
the conatruction and leakage problems were not identified in this project, It
18, therefore, difficult o make recommenduations for further work on this
type of exchanger except to propose o more fundamental approach, with u
detuiled analvticul and experimental investigation of plastic-to-metul bonding
and differential thermul contruction, 1“urther recommendationa can be mude
after the next development phase, now being conducted under another contract,
is completed,

Other types of plastic and metal exchangers are the perforated-plate tyvpe
and the expanded metal types, The peclorated plute type was vejected for uge
in this contract because of itg high cost compared with the wire mesh, How-
ever, the perforated plate heat exchanger has already been purtly developed
atd found to be redutively feaktight,  Perhaps fturther work on production of
perforated plates with lower cost would be justiffed,  Pxpunded metal is
low cost heat transfor sarface that has alreads been mvestipated for use in
heat exchangers,  Prelimmars deselopment results indicate that seahing s
not a problem with this materal,

The sdenl heat eachanger wonbd avaid the use of plastios altogether, thus
alleviating problems of sealimg and differentéal conteaction,  An all-metal
exchanger using wire meash bounded 1o thin-wall daintbess steel tubang has been
partially developeds This type of exehanger would e especially useful in
dyvatemy with the highep pressure rotios that are charactesistic of positoer
displacement compressorsg in those Svstenms, lonpitadimal heat condietton
aned Flow nuddisterrtbaton b heat exchin pers cre not s sesere o prablem os
theey are i svsterns with bow pressure catics, 1w reconneended that fortner
development of S0 metat wore mesh exchanpe s be conducteds This decelop
ment woubd b coneo el permieeidy wd b metad g fechinb s, e pecin

i the b r ceppon, g b wath o copsteactoag s rect g ball s oedd st
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APPENDIX |
PRELIMINARY TURBOALTERNATOR DESIGNS

Cycle-study computer Run 479, ligure 5, established the turboulternator
regquirements shown in T'able 10, Algn shown in this table are principal turbo-
ulternator design parameters given by the same run, The three puwer outputs
and overall efficiencies must match the cvele requiremenis, Thege turboal-
ternators, of course, were not optimized in the cycle gtudy; hence, the wheel
tip diameter, admiasion, and speed are shown only for reference purpnges,

Camplete turboaiternator design studles were conducted for ull three of
the stages for the required cyele conditions, The besgt operating geometries

Table 10

TURBOALTERNATOR DESIGNS
From Cycle study Run 47h

Cyele Study Parameters Turbovalternator nlet Temperature
14K KN 170°K
inputs
Inlet temperature ((R) 2h 4 i, 0 106, 0
Inlet pressure (psia) 41,2 1,7 42,1
Inlet pressure tatm) 4,814 3,448 2,871
Outlet pressure (pria) 17,22 16, H2 T, 0T
Outlet pressure (atm) 1, 162 1,145 1,124
Mass flow (1h-'hr) AR ] 11, KO nL
Mass Tow (Ih sed) 0, 007§ 0, 00327 0, 001014
Mass Now (0 sec) KIRTE R 0, T4 )
Relrrperator powep output outis) ‘ R NEH Y onb
(verall reltiporator ethiciencs 0, 4700 0 1vn (0, 10D
fraction)
Mbieo b tip diann ter tuochl 0, by 0,hy (Y
Yot dsaor (e o) a, U100 by, 100, ‘
Speed Crpey) ti, 00 ted, b YL, HOO

- e e I PN W —
[T B l

Praceding page biank

- S




sentaaL @ suecraic

woere cstablisheds Fhe O G20 <inchi=dinmoeter turbine=whoeel size was evaluatod
for the 170K turbine, Ananitial assembly=drawing lavout was tade, and the
expected moechanical arvangement was establisheds The tlting=pad journal-
bearing desiens were examined oy all threo stages, and considerations Jor
the thrust=hoaring designg woere roeviewed,  Limiting conditions on the turbine
wheel were examined for streas and detflection for all three wheels, and o
complete anulvsis was made for the 0, 50=inch=diameter turbine wheel ol the
14°K turbines A review was then made of the two ulternate upproaches for
designing and constructing the 170K turboalte rnitor stape, and consideration
wus given to the use ol an existing Government =rurnished unit,

The theee desiens that were recommended are shown in Table 11, A
0. G20=inch=diameter wheel design is algo shown for the 170°K turbine,  The
U S, Army turbine referred to {8 the unit previously constructed under UL S,
Army Contract No, DAAKOZ-88-0-0:1420, I'his unit bas o wheel dinmeter of
0,620 Inch,

TURBOALTERNATOR DESIGN GOALS

(ne goul for the turboalternator designs wias to use identicul party wher-
ever possibie inoall theee harboalternators,  Puaether, the design of the exist -
ing wmiall freame stze turboalternator, congteacted under o Uy S, Al Poree
contract, was used wherever posstble, 1o Tt the peed for new drawings,
Cleometry aspects of the gamall frame sbze were meorporated, whereser pos
sible, inthe coole studivs and the gubsequent aetuad design of the indis fdual
turboalternators,  was thereby hoped tiad only the noesle and turbine wheels
vwould beodifferent Peo undt toount, Phe purpose of the desien approneh aserd
was o moantaom Tow desipn-pomt speed, so the agher anftial operatng apecid
at rootn temperature wounld provide oo reasonabdy Taepe power ougpad for o
cooldown, Thiddime the deaivn speed Tow e adao peduce the bearing Yosses
because bedietg losses inerease with speed and wilb saes with mdicedhand uni
assemblivcs Adequately cheeking the bearmng setbwps tond Gssoarig thin thes
are ol the dheworod fegien cleatanees o il nnceetion, Heroe, qt the desipe
speed s toneg the eesk of e aerane oo nepe begring Toss teare o oty
agaeinbly shonld oot be as pregt,

Nocrdlow e es were made Tor asxan threast cooand b bl tarcs ag
the rotatinge o sen By Past evpue e e hdeo medioared 0000 e ee fen ot e
a net Wi foroe s vsaadby oncthe bioc bk sade of the taebanes b el, that ingreases
the thrust bescoep Tondd ey onec divec b Hlowesver ) Brormn evnereng e ugth
different gswen Yhes for the sooame desapen, i hos Decn tooont thiad te thy g

.

vatc bee ate e ey Dreetpon, ol the peeeabae t Fono e e o b v, A

EATU N o ca e b thipagr veapene Logad oo bl e Voor b vl v ey
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TURBOATTERNATOR DESIGN sEATVARY
Vartane tpes partial adinvasion, radial impatse ‘
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The design approach anticipated for the turboaelternators has beentou use
the laminar-flow, radial-impulse turbine blades that have a converging flow
passage. This flow passage ig considerably different from that previously
used on the early General Electric and U. S, Army turbine wheels, Thesge
early turbine wheels uged a constant cutter diameterto form the blade pro-

: files, and therefore there was a congtant-flow, cross-sectional area between
; . the turhine bladea. This cutter diameier enters into the design program cal-
4 f culations and alao the perfurmance of the overall turboalternator and is a

: : significant computer-program deaign variable, All the turboalternator de-

] ; signs were therefore considered with a nominal cutter diarmeter, so the trend
] in efficiencies could be seen aloug with the blade-height-to-cutter-dianeter
ratio, This ratio is a significant consideration because it is an index to how
3 time-consuming and costly it is to cut the particular turbine wheel with the

‘ minijature-tracer milling aystem used,

ST TR T

DESIGN FOR 14K TURBOALTERNATOR

A number of runs were conducted using the design-point computer pro- 3
gram that designs partial-admission radial=impulse turboalternators, Over- '
all results are shown in Table 12, where various nozzle angles were used
in conjunction with a 0, 50-inch-diameter turbine wheel, For the coldest tur~
bine, it is desirable to maintain a small turbine-wheel dlameter, to kecp the
design operating speed up to a reasonable level; however, previous experi- :
ence in manufacturing and assembly has indicated that the turbine wheel i
diameter should not be below 0, 50 inch, In this particular design, there is §
no apparent reason that the turbine-wheel diameter should be larger to de-

: crease the design speed further, This table shows the variety of changes

2 within the design before the final design bausis was adopted; 80,000 rpm ig

\ the best design speed, along with a nozzle angle of 80 degrees, The overall

efficiency is a few percent higher than the design requirement, providing a 1
¥ design contingency, A configuration of 23 blades is best for high efficiency, !
which algo results in & blade height-diameter ratioof 2,0, The fact that the {
23-blade configuration is the most efficient one is contrary to what has been ;
X seen on other designs, where a larger number of blades can improve efficien- i
cy. The last two columns show the change in axlial clearance efficiency. An ]
efficiency gain of about two percent can be obt2ined by decreasing the axial 3
t clearance from 2,0 to 1,0 mil,

Table 12 indicutes that there is a trade-off between the nozzle angle,
speed, and Llade height-to-diameter ratio. The larger nozzle angle increases
the blade height to accommodate the flow,

RS

i

A complete printout of the adopted design point, computer run 4781007, i
is shown in Figure 38, which shows all of the significant input and output
i1formation, The journal-bearing clearance and power loss compare rea-
sonably well with that for a similar run with the tilting-pad gas-hearing se-
lector program of the Franklin Iinstitute Research Laboratories, Of course
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Table 12
. DESIGN VARIATIONS FOR 14°K TURBOALTERNATOR .

“Rund | Runb | Runi 7 | Rund
18 a0 ] a0 80
80,000 | 90,000 | 90,000 | 90,000

_Debign Pavamiters | Runil | Rund | ¥

Nousie angle (deg) A
Ly Spesd (rpm) s 90,000 . ou.oon
H ‘Ovtmil szlnncy (!ﬂet(on) : \

it aidost [Voidone [ osetar | vidtorl B dted | 0, 40
Number of blades N | 1 s K
Noininal cutter djemater (in.) . - | 0,03081  0,0308¢( 0,08081 |0, 03081 | 0,0371 | 0.0an8t | 0, 03081
Blade height (i, ). i Lovoses | o.0ne8 | o008 | o 0841 | o,0%01. | 0,0101 | 0,086
Blade=helght-to-autter-diameter Ratla| 1.7 - | 1.70 70 |tee [ase 300 | 1.9
Axial clearance (In,) 0,002 | 0,003 | 0,002 ]o.008 | o0.00s | o0.002 | 0001
*Adopted as preliminary design point, - ) (CR-21€8

there should be a good correlation, because the design-point computer pro-
gram for the turboalternator incorporates the tilting-pad gas journal-bearing
selector program, However, there is a slight difference in the value of the
turboalternator design-point program, which shows a journal friction of
0.08007 watt, while the bearing-selector program shows a power loss of
0.0876 watt, The actual total power ig, of course, the aum of both sides of

~ the thrust bearing and both journal bearings, In the design-point computer
program, only the one loaded aide of the thrust bearing has been included,
Both tho thrust- and journal-bearing film thicknesses do show reasonable
values: the thrugt-hearing film thickness (loaded side) is around 400 micro-~

inches, and the journal pivot-film thicknesa is shown to be about 140 micro-
“inches,

DESIGN FOR 58 TURBOALTERNATOR

The first series of design studies was conducted with a 0. 70=-inch-diameter
wheel, as was used in the cycle-design program, With an 80-degree nozzle
angle, the best speed was determined for a 43-blade turbine wheel (Table 13),
A worthwhile increase in efficlency could be obtained by decreasing the speed
from the 161,700 rpm calculated by the cycle computer program, because the
cycle program optimizes the turbine on the basis of merodynamic efficiency,
and the parasitic losses are not included in this optimization, Inclusion of
the parasitic losses lowers the predicted speed, It can be seen that with a
0. 70-inch-diameter turbine wheel, the efficiency can easily exceed the cycle-

f ' design requirement of 0,374, At 130,000 rpm the predicted efficiency is :
P U. 403, “

A second wheel diameter was investigated with the possible prospect of ;
adapting the existing U, 8, Army turboalternator with a wheel diameter of S
0. 625 inch, Table 13 shows the turboalternator design results representa-
tive of different speeds with different numbers of blades, It is seen that the
computer program predicts efficienciea greater than the cycle-design

St et S
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Figure 38. Design for 14°K Turboalternator (Shcet 1 of 3)
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Figure 38, Design for 14°K Turboalternator (Sheet 2 of 3)
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Figure 38, Design for 14°K Turboalternator (Sheet 3 of 3)
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Table 1 3
§ éﬁ DESIGN VARIATIONS FOR 55°K TURBOALTIZRNATOR
: &
LR T A R e
“ ‘: (dog) (rpm) (traction) Blades Dl?mnor tine) dllnrr:at:r ()
i i r; 0,70 Inch
a 1| 80 160,000 | 0.3740 43 0,02187 | 0.0889 3.086 0. 002
3 % 2| a0 188, 000 0, 3837 43 0,03187 | 0,0858 3.08 0.002
$ 3| ao 150, 000 0. 3500 43 0.02187 | 0.0887 3.08 0. 002
t 4| 80 145,000 0. 3968 43 0.03187 | 0,0887 8.08 0. 002
& 5 | 8o 140, 000 0. 4004 43 0.03187 | 0,0888 3.04 0, 002
: 6 | 8o 138,000 0.4031 4 0,02157 | 0.0888 3,04 0. 003
z : T | 80 130, 000 0.4033 4 0.02157 | 0.08%6 3,04 0. 003
3 Wheel Diameter: 0, 825 Inch
; 8 | 80 130, 000 0.3048 37 0,03283 | 0,088 4. 93 0, 003
{ 9| so | 138,000 | o.3070 ] 0,02283 | 0,06b7 7,92 0, 002
10 | 80 140,000 0, 3983 87 0.02283 | 0,0887 1,92 0. 002
E. 1| 80 148,000 0, 3988 L} 0,032383 | 0,0857 .02 0. 002
' : 12 | 80 148,000 0.3011 31 0.02767 | 0,0887 2.38 0. 002
18 [ no 148,000 0. 3888 a9 0.02888 | 0.0688 2.20 0. 002
Wholelg.mg!cr_: 0,78 Inch
14 | 80 138,000 0. 36068 47 0,02107 | 0.0857 .12 0. 003
18 | 80 130,000 0. 4024 47 0,02107 | 0.0856 .12 0. 002
16 | 80 128, 000 0,4048 47 0.03107 | 0,0848 3,12 0. 002
17| 80 120,000 0, 4038 47 0,02107 | 0,0854 312 0. 002
; 18 | 80 130,000 0.4081 53 0.01823 | 0,0858 3, 80 0. 002
] 19 | 80 120,000 0.4016 43 0, 0234 0, 0687 2,80 0. 002
20 | 80 120, 000 0,4334 47 0.02107 | 0,0884 5.12 0,001
d *Adopted am preliminary design point | cn-am[
i requirements, but not as great as in the larger 0. 70-inch turbine wheel design,
Operating at a higher speed is also not as desirable,

A third wheel diameter was considered for this second=-stage turboalter-
nator, as shown at the bottom of Table 13, With a 0, 76-inch turbine wheel
diameter, a variety of computer runs was made, with a varying number of
blades and some changes in design speed, It is 8=en on the table that slight
variations will produce the expected trends of slightly increuased efficiency,
with a larger number of blades, There {8 no compclling reascn to choose
one of these designs over the other; however, it is desirable to maintain low
design speed, to minimize beaving losses and provide an adequate spred mar-
gin for much faster refrigerator-systern cool=down, The recommended !
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design vs =bown in Table 13, Rim 17, where 47 blades arve requived ror a v, 75-
inch=diwmeter turbine wheel operating at 120,000 rpui. A complete paintout
of the desig for this % K turhoalternator is shown in IMigrure 39,

DESIGN FOR 170°K TURBOALTERNATOR

Bliars: A

Table 11 shows a summar: of the turboalternator compute r- program
designa conducted, The firgt sol ol computer design results is shown for a
0. 620-inch- diameter turbine wheel, ‘I'his wheel diametor was selected he-
cauge of the possibility of usins the existing U, S, Army turhoalternator, ‘The
design shows that the required officiency of 0, 3062 apparently can be met
with a small marygin but with a very high design speed of 230,000 rpm, Of
: course thig design speed allows little opportunity for a wide margin from an
- initial cooldown dpecd on the order ot 250,000 rpm,  LMigure 40 shows a com-
plete design-program computer printout,

B Fov e

I R TP

Tauble 14
DESIGN VARIATIONS FOR 170K TURBOALTERNATOR

| |t | sored | Sreral | o, |l | e | S| e

E {deg) (rpm) (fraciion) Hlades mm" (in, } d'g;t;' {in, )
: Wheel Diameter: 0, 625 Inch

1 80 100, 000 0.3133 KN/ 0. 02253 0,0610 3.04 0, 002

2 a0 10, 000 0.31465 ki) 0, 02283 0.0+618 3, 04 0. 002

3 80 1120, 000 0.3184 37 0. 02283 0.0818 3. 64 0,002

4 - [+] 130,000 0.3184 37 0, 02283 0.0818 3.64 0. 002
Wheel Diameter: 1,00 inch

8 80 180,000 0, 2883 43 0, 0328 0, 06321 1,01 0 002

8 80 170, 000 0.30348 43 0, 0326 0.0410 1.81 0.002

10 80 150, 000 0,315% 43 0, 0323 0,08618 1.01 0,002

1 80 160,000 0,311 43 0, 0325 0,0618 1.0 0,002

13 80 150, 000 0,3210 47 0, 0204 0,0617 2.10 0, 002

14 80 160,000 0,3281 LR 0. 0286 0,0617 2,41 0,002

14 B0 150,000 0,3282 a0 0, 0326 0, 0817 2,73 0, 002

16 80 160, 000 0,3277 87 0.0104 0,0617 3.18 0, 002

| CR-2178 I

A 1,0-inch-diameter turbine wheel was then evaluated to satisfy the same
requirementd, but to operate at u much lower desigh operating speed. The
: computer rung show that with some voriation in the number of turbine blades
] and opeeds, o hest operating condition can be 150, 000 rpm with a 57-blade
' turbine whet | and with a reasonuble blade-height-to-cutter-diameter ratio,
This conditiin {4 shown as Run 16 in T'able 14, Figure 41 shows a complete
printout of th e design-program output,
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Figﬁre 30, Design for 83°K Turboalternator (Sheet 2 of 3)
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Figure 30, Design for 55° Turboalternator (Sheet 3 of 3)
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Figure 40, Designfor170°K Turboalternator, 0,62b-inch Wheel (Sheet 3 of 3)
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Figure 41, Designfor 170°K Turboalternator, 1.00-inch Wheel (Sheet 1 of 3)
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Figure 41, Designfor 170°K Turboalternator, 1,00-inch Wheel (Sheet 2 of 3)
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Figure 41, Designfor 170°K Turboalternator, 1.00=inch Wheel (Sheet 3 of 3)
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Between the two different turbine-wheel diameters, the obvious prefer-

b ence would be the 1, 0-inch wheel diameter, where there is about a one-percent ’ E
- efficiency advantage; the largest overall advantage would be in operating at a )
3 design-point speed of 150, 000 rpm, rather than 230,000 rpm, ;
MECHANICAL ARRANGEMENT

. T
SRR TRL P, o i S

] | A mechanical-arrangement layout was made for the 140K unit, based on
the design approach used in the amall Air Force turbositernator frame aize.

The turboalternator was designed to incorporate elements that could
readily be developed to provide suitable performance and that could be adapt-
able to quantity production. A layout of this turboalternator is shown in
Figure 13,

The turboalternator is mounted on gas~lubricated journal bearings,
Three hardened pads at each journal bearing support the 0, 25-inch-diameter
shaft with an operating gas-film thickness on the order of 200 microinches,
These journal bearings are of the self-acting tilting-pad type and are capa-
ble of stable operation throughout the operating range and at any attitude,

L e M el e e e

Two inwsrd-pumping, self-acting, spiral-grooved, thrust bearings posi-
tion the shaft axially, Like the journal bearings, the thrust bearings are gas-
lubricated and typically operate with a 500-microinch gas-film thickness,

The entire bearing system is self-aligning because the thrust bearings are
gimbal-mounted and the journal tilting pads are individually self-aligning.
Sstisfactory operation of the complete bearing system can therefore be some-
what independent of the accuracy with which adjacent parts are manufactured,

The radial-inflow impulae turbine wheel is 0, 50 inch in diameter. The
radial-inflow wheel is convenient for close blade-tip sxial clearances to
minimize leakage, The turbine nozzle will be designed for partial admission,

} The turbine energy is absorbed by a two-pole permanent-magnet alter-
nator, This compact alternator is a very practical device for extracting
energy &t cryogenic tamperatures when that energy will be dissipated at a
remote location. The two-pole magnet operates within the stator, which {s
wound three-phase in a core of low-loas (ron laminations,

A vacuum-type enclosure is welded for the final assembly., Proximity
probes are installed to monitor the position of the rotor and gas-bearing
elements,
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TURBINE WHEEL STRESS AND DEFLECTION ANALYSIS
14°K UNIT
The 149K unit turbine wheel is shown in Figure 42, The wheel is made of 4
6061 -T6 aluminum and fits onto & stainless-steel ghaft. The extreme operat- 3
_ ing conditions for the wheel are: ' ;
Condition Temperature Speed (rpm)
Cold 149K 90, 000 3
Warm 329° K 250, 000
L 0, H00=-{n, Dla

%

0, 0l-in. Radiun

0, 03+in, Radlu

/

[}, 26 1 - {01y |)1u——-—0| CR-2102

Figure 42, [First-Stage Wheel

The coefficlent of thermul expansion of aluminum {s greater than that of
A _ steel, The wheel -shaft assembly is made at room temperature; therefore,
as the warm condition is approuched, the wheel expands more than the shaft
and becomes loose nn the shaft unless the wheel shaft assembly is made with
a slight interference fit at room temperature.

b, R O RTASGT ST T

The stresses caused by the interference fit are increased as the tempera-
ture {s lowered, The thermal atresses are therefore very much higher for
the cold condition than for the warm condition. Because the wheel is small,
the centrifugul stresses are very small, At 250,000 rpr, the peak centrifugal
stresses are only about one-third of the thermal stresses at 14°K, From the
standpoint of stress, the cold condition is therefore the critical condition. The
procegs followed in the enalysis of this wheel was to determine the room-tem-
perature interference required to maintain wheel-to-ghaft contact in the warm
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condition and then to perform a stress analysis {or the cold condition with
this interference fit.

The interference fit required is 0, 056 mil on the radius or 0.1 mil on the

; diameter. This {it is sufficient to ofiset the differential thermal expansion

i : and the semall centrifugal force, tending to separute the wheel and shaft in a
SO \ warm condition, The wheel stress was analyzed for the cold condition, using
' thie value ol interference fit. A plot of the elfective stress contours is shown
in Figure 44, Note that the gtress levels are low everywhere except in region
_: A, and even in region A, the stress level is acceptable., Actually there is no
' contact with the shaft in region A, because the shait is slightly relieved to aid
' in pilotirig the wheel for assembly,

' dtrewd Coloure e
§ U Siin fin
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I'igurce 43, Cold=Condition Effective Stress Contours

Becausc centrifugal effects are small for this wheel, there is almost no
bending, so the tip deflectione are very low, Deflections for the wheel in
the cold condition are shown in 1'igure 44, Deflections for the warm condi~
tion were not calculated but are expected to also be emall, because the cen-
trifugal sircsses are small,

Becausu the 0, l=percent croep-atress limit at 70°F for 30, 000 hours is
40, 000 pei, the wheel design is considered acceptable, Creep data At cryo=
genic tempcratures are not available,
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I'igure 44, Deflections for Wheel in Cold Condition

The actual design range on this aluminum-wheel interference {it is 0. 2=
to 0. 4-mil diametral interference, to assure that the wheel is attached at all
times and can resist the operating torque.

58°K UNIT

The B5°K wheel deaign is 0. 76 inch in diameter., The extreme operating
conditions lor the wheel are expected to be:

Condition Temperature Speed (rpm)
Cold BB°K 120,000
Warm 322°K 250,000

The wheel may he made of either 6061=T6 aluminum or ¢ Al=4V titanfum,
a trade-off between:

¢ Ease of making the aluminum wheel, but possibly limiting the maxi-
mum speed below the target of 250,000 rpm,

¢ Using titanium, but ensuring that the target upper speed limit of
250, 000 rpm can he obialned,

170°K_UNIT

The 170°K wheel doeign is 1. 0 inch or 0. 626 inch in diumeter. The exe
treme operating conditions expected lor the two diflerent wheels are:
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Speed
Condition Temperature 1, 0=inch Wheel 0. 625-inch Wheel
; Cold 170°K 150, 000 rp:n 230, 000 rpm
' Warm 322°K 250, 000 rpm 250, 000 rpm

From prior results, such as the work completed for the U.S. Air Force,
it is expected that: the 1, O=inch~diameter wheel must be made of 6 Al=4Vn
titanium to achieve the target warm speed of 250, 000 rpm, and the 0. 825-
inch=diameter wheel probably car. be made of aluminum, with no problem,

Design considerations for a titanium wheel are somewhat different from
those for an aluminum wheel. Tie coefficient of thermal expansion is less
than that of stainless steel. The wheel-shaft assembly is made at room tem=-
perature; therefore, as the cold condition is approached, the wheel contracts
less than the chaft nad becomes loose on the shaft unless the wheel-shaft ag-
sembly is made with an interference {it at room temperature. The stresses
caused by the interference fit are relieved as the temperature is lowered and
are increased as the temperature is raised. The thermal siresses are there=
fore very much Ligher for the warm condition than for the cold condition. Be=
cause the warm condition also has a higher speed, it is the critical condition
from the standpoint of streas.

1O S ERR, T R NS R
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The proccas to be followed in the analysis is to determine the room-tem-
) perature interference it required to maintain wheel~to-ghaft contact in the
cold condition and then to perform a stress analysis for the warm condition,
with this interlerence tit.

3 The design of a 1, 1=-inch=diameter turbine wheel is described in the pro-
: gress report to Wright=-Patterson Air l‘'orce Base (Ref, 4, Vol, 1, Section 5).
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Appendix i
GAS-BEARING ANALYSIS AND DESIGN

BEARING DESIGN REQUIREMENTS

The overall design requirements for the journal and thrust bearings
are:

<) Lubricant -- Heliun: gas from cycle working fluid
Contract design life goal -~ 2500 hours
| Ultimate design life goal -- 10, 000 hours and more

Shock and vibration loads -- None while operating; normal handling
: while not operating

Acceleration load <= None while operating, but design for 2,0 g in
| any direction while operating

Design temperature -- 14°K (28, 2°R)

B Maximum operating temperature -- 125°F (385°R)
Starting -~ Many start-stop cycles

Orientation -- Both vertical and horizontal

y Additional requirements, as a consequence of the operating environment,
‘ : include a constant bearing ambient pressure 1,10 x 10° newtons per square

3 ' meter (17.22 psia) and a maximum speed of 200, 000 rpm, This maximum
speed will be experienced only at the maximum operating temperature at the
start of gystem cooldown, After cooldowr haa started, the speed will be grad-
ually decreased until the design speed of 0, 000 rpm is reached at the design
temperature of 14°K,

BEARING TYPE SELECTION

Only self-acting gas bearings were considered for this design, 4

Externally pressurized bearings were not seriously considered for the i
following reasons:

¢ Refrigerator cycle efficiency requires u low ambient pressure,
near atmosepheric, 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 u mechanical und thermal
heat-leak complication thal is considered fmpractical,
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e The hearings must be isolated from the rotor cavity by noncon-
tatting scals, The design of the sea's could be as complicated
as the degign of the bearing itself,

Tilting “pad journal bearings (Figures 45 and 46) were selected for the
journals because oft
‘o Confidence in ultimate succnss
® Prior manufacturing and cryogenic test experience
¢ Broad stability range
¢ Inherent self-alignment
¢ Reasonable tolerance to dirt ingestion and thermal distortion

i)

Sty
R &~ 't

Pivot Cirele

et ‘l‘."-lh'-'l“"

'yt u—-"""'—_‘. -

hele
Maate D laetial

Juurunl Bearing Clt- 2o

Figure 43, Pivoted-Pad Journal Bearing (Schematic Diagram)
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] A double-ucting hydrodynamic thrust beoring with o gimbual svsteor mount
b was sclected becouse of:
¢ (Confidence In the ultimute success
4 ¢ 'vior manufacturing und cryogenic test experionce
3 o Suftability for any uttitude ptus g-londing
4

¢ Suifability for complote Melrf-nlignment

,‘ A spirnl-grooved inward pumping geometry (shownin Figures 47 and 48)
{ was svlected for the wrbonltetnator designe becnuge a stable configuration

’ could be abtained thnt operated with o grenter load capacity and less power
logs than any other configuration,
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i ‘- JOURNAL BEARING DESIGN
| PROCEDURE :

The procedure for journal bearing design consists of the following steps:

® Set up criteria for selection,

¢ Sclect bearing parameters nnd performunce chuaracteristics for A
preliminary design.

o Determire first bending critical speed of rotating nssembly.

¢ Determine the stability and respunse of the rotor/journal bearing
combination,

Many of the selection criteria nre based upon ergineeriny judgment,
based upon past experience, For example, the principal journal bearinyg
, design goal is to maintain a fluid film geparation of the bearing surfaces
: in the cryogenic environment, All that ig required is a nonzero minimum
i film thickness, but there arc wwo other film thicknesses that are usually :
f considered, One is the pivot {ilm thickneas chosen as a dosign goal in :
» ' advance of thermal distortion data, The second film thickness i8 chosen "
k as the absolute minimum acceptable film thickness, which should take into
: account basic equation accuracy, numerical solution accurncy, und antici-~
pated manufacturing tolerances, Similar considerations apply to eritical
speeds and other aspects of the design,

The criterin used in desipning the journal bearings are:

® Pivot film thickness nt 2«g ateady-=state load without beuring surfacr
digtortion will be 100 microinches,

® Absgolute minfimum film thickness will be 50 microincehes,
® DPower logs must be [ow, o

] ¢ Shoe pitch, roll, and radinl translationn] natuenl frequencies, with
undistorted hearing surfaces, must bhe 25 porcent above or B percent
below the operating speed extremes,

® f'irst vonding criticnl speed must be 25 percent above e upomtin‘g
speed range,

® Whirl threshold speed must be above the operating speed range,

¢ Maximum nondimensional pivot film thivkness (111*) will be 0, 75,
for pod stability,

¢ Minimum nondimensional pivot film thickness will be 0, 20, to limit
bearing friction,

Muximum pivot point strens (hertz) will be 100, 000 psi,
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journal beavings were designed with a selector computer program,
(Rel. 4, App. V1), that contained the following:

Coeffivient of nondimensional pnlynomials for single-pad load, power
loss, radiul stiffness, and pitch axis stiffness versus bearing number
(A)at constant nondimensfonal pivot film thicknesses (1H1?) of 0, 20,

0. 25, 0,30, 0,40, 0,50, 0,60, and 0, 75,

Logic to compute internally coefficients of nondimensional poly-
nomials for single pad lond, power loss, rudinl stiffness, and
piteh axis stiffness and load versus HP at constant A,

Coeffirients of nondimensional polynomiuls for pad inertia versus
shaft mass for constant M at the threshold of translatory whirl
instability,

A routine based on beam theory for computing two rigid-body
natural frequencies and the first bending critical speed of a
systein consisting of forr bars, three musses, and two bearings,

A routine for computing the increase in journal diameter due to
centrifugual force,

logic for testing film thickneyses relative to input criteria,

logic for testing the proximity of the following {requencies relative
to the end points of un operuting speed rauge:

= Shaft rigid-body translations and rotntions

- Shoe radial translation

- Shoe pitch axis rotatlon

- ‘I'ranslatory self-excited whirl

logice for varying the machined-in clearance, preload, and preload i
spring stiffness if {requency or film thickness tests are not passed,

Iogic for computing performance charucteristies 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 oviginal pad data contilned in the seled tor program were produced
by a numerical solution of the transient Reynolds equation, Since the rerulls
are based on a disturbance from equilibrium, both steady-state and stability
data were obtained simultancously, A}l pad derign data are hased on a pad
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arc length of 100 degrees, with a pivot location of 65 percent und u length=
to-diametcer ratio of one,

The JSELCT journal hearing selecto. program was used to design the
dlting-pad journal bearings for the turboalternator, Initinlly, a target max- oY
imum speed of 250, 000 rpm for room-temperature cperation was used as
input, With this high maximum speed, it was found that maximum rigid-body

%‘
5 PERFORMANCE
:
]

b eritical 8peed for the 2-g operation was too close to the cold temperature de-

: sign operating speed of 80, 000 rpm, The reason for this is that the high, ’

; 2560, 000~ rpm speed required n stiffer gas bearing at the lower, 980, 000« rpm 3

design speed, ‘The variations of the maximum rigid-body critical speeds ure ‘

; a8 shown in Table 15 for the three levels of g-loading of interest. Then,

: the sliffness of the shaft was reduced from 7, 000 pound-inches, With only

. this change, the maximum rigid-body critical speed wus reduced by only

; about 1000 rpm,
Table 15

DESIGNS WITH A MAXIMUM OPERATING SPEED OF 250, 000 RPM
= 7000 lb~in, ®

- - e - r - ———— s o e s smors s s .....T..., a4 e e e b te et b p s e b Il

[ lundmu 0 0 l 0 2,0 ‘
Destun bearlng number (A) | 0,250 | 1, 180 0,250 | -= | 0.28 1, 180 F
Maximum rigid-body 78,200 { 106,400 86,200 | -~ hi, 200 127,800
critival upeed (rpm)

‘t 11=2280

ot pes i apnsarn ]

As shown on page 144 of Referencce 4, the spring rate of typical finished s
turboalternator shafte of the subject design are 50, 000 and 38, 0001b=in, K
Using the simple beam formula likened to conditions of the test, the shaft stiff- '
nnss i4; SL‘

Ly
where F - Youngs modulug (pai)
I = Sccond moment of urea (inch*)

$ = Shaft spring rate (Ib/in,)

1. = Span hetween supports (inch)

The corresponding shaft stiffness values, 19§, are 7410 und 5640 pound-
inches®, Hence, the 8000 value appeared to be n reasonable nvernge and was
used for all subsequent design runs,

] It was therefore decided to lower the maximum operating speed to 200, 000
. rpm. The 2-p operating range of bearing numbers wags firsgt investigated, and
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the lowest hearing loss was determined, The results are shown in Table 186,
where a bearing number of 0, 350 provides the lowest journal bearing power

loss of 0, 1542 watt, The maximum shaft rigid=body critical speed ig com=

{ : fortably below the desigmnpoint of 90, 000 rpm,
g K Table 16

B DESIGN SPEED PERFORMANCE AT 2.0 G

£

; Bearing i Muximuom w13 ateth Spring=Mounted

& Number e :mn]:, ‘e Shalt iigid-13ody F;‘l::': 1’*111«?12.:;: Pivot=Pud Fhim

g lambda vering ,": 'ir Critical Speed ( ) Thickness

g; (nd) Loss (watte (rpm) b, (win.)

B 0, 4000 TR 8h. 044 16" 241

: 0, 3500 0, 1542 81, fal 168 248

; 0, 3000 ", 13H0 80, 045 167 240

N 0, 2500 0, 1637 80, 184 246

[

g L

d ISl

- Cornplete design rung were then made for the three g-loadings of interest:

Run Number G~ Loading
4791001 2.0
4701002 1,0
4791003 0,0

A sumimary of these performance runs is given in T'able 17, The three
runs are printed completely in Figures 48, 50, and 51,

Pertinent performance parameters from these three computer runs are
given in Figures 52 and 53 as a function of the g-londing, Figure 53 shows the
variations of bearing power loss and pivot film thickncss for the two extremes
in operating conditions of speed and temperature, Figure 52 shows that the

3 highest calculated rigid-body critical speed is safely under the design speed,

4 and the spring-pad radial translational critical speed ig well above the max-

; imum operating spced, The pad=-pitch critical frequencies are shown opera-
ting reasonably above the respective operating and design speeds,

Next, un analysis wus conducted to evaluate the effects of the spring pad,
spring rate, and film thicknesses, Figure 54 shows the results of computer
runs of constant values of nondimengional spring-pad film thickness for vary-
ing values of spring-pad spring rate, This nondimensional film thickness is
the ratlio of the actual film thickness to the operating muchined-in radial
clearance, Also cshown are the 1-gdesign values, The results indlcate that
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GAS BEARING PERI'ORMANCE SUMMARY
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JSELCTU 148 4REST 12719772

e nGAS-LUBRICATED JOURNAL BEARINGS»esew

*sDESIGN SPECIFICATIONS#s

DESIGN RUN NUMBER 4791001

DESIGN SPEED (RPM) 90000.0
TEMP. AT DESIGN SPD (R) 23.20
AMBIENT PRESS,DESION SPDCPSIA)Y 17.80
VISCESITY,DESIGNCLB#SEC/ IN®#2)0,9100L=09
MAX. SPEED CRPM) 2000000
TEMP. AT MAX $PD (R) 388,00
AMBIENT PREBS,MAX SPD (PSIA) 17.82
VISCOSITY,MAX  C(LB®SEC/INewR)0.3100L=08
JOURNAL DIAs CIN) 0.261
ROTOR WEKIOMNT (LB) 0.0326
LEFT QVERNUNG WT. ¢L®) 0.0074
; WTe BETWEEN BRGS. ¢LB) 0.0396
f RIGHT OVERHUNG WT. (L) 040087
LEFT WT. T@ LEFT BRO. CIN) 0.2450
LEFT BRG. TO CO C(IN) 1.3800
CO T® RIGHT BRG. CIN) 0.5700
RT BRG T@ RT QVERHUNG WT (IN) 0¢1680
G LOADING 2.0000
JOURNAL WALL THICKNESS CIN) 0.1308
YOUNGOINERTIA, CLBeINee@) 0+ 6000L+ 04
PERCENT OF RAD FOR PAD THICK 041530
PAD LENGTH ¢IN) 0.2610
POISSONS RATI® (ND) 0.2600
YOUNGS MODULUS ¢P31) 0.3000K+08
WT DEN @F Jo MAT: CLB/ZINS$3) 042800
WT DEN OF PAD MAT C(LB/INS#3) 0.2800
ANOLE BETWEEN PIVQTS (DEG) 120,0000
MINIMUM PIVET FILM TKe CIN) 0.000100
T
: FiXs T
: SPRING STIFFNESS CLB/IN) 049536£¢03
: MACHINED IN CLEARANGCE CIN) 0.000382
' STARTING PIVOT FILM THICK.CND) 0.643000
: BALL RADIUS CIN) 0.014000
SOCKET RADIUS (IN) 04014300

ONLY ONE PRELOAD 13 BEING CONSIDERED

E_ Figure 40, Design for 2,0-g Gas~Lubricated Journal Bearinge (Sheet 1 of 4)
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. LANBDA LOGP

LAMIDA, DES. SPD. 0+380
F g LAMEDA, MAX. SPD. 2.694
:  E CLEARANCE, DES.: SPDs CIN) 0.00038123
: CLEARANCE, MAX. SPD. CIN)D 0,00037817
3 WHIRL SPELED C(RPM),DESIGON 1041163.12
WHIRL SPEED CRPM),MAXIMUM 696180.04

THIS SECTION INCREASES FLUTTER FRES
ENTERING PRELOAD Lo®P

seenGAS LUBRICATED JBURNAL BEARINGS#wuwe

i »2CONDITIONS AT DESIGN SPLED#»
] : LAMBDA ¢ND) 0.3%08
4 - AMBLIENT PRESSURE (PSIA) 17.82
1 ¢ CLEARANCE ¢IN) 0.000381
3 : JOURNAL DIAMETER ¢IN) 0.261008
1 ; BRG. TRANSVERSE STIFF. (LB/IN) 1988.08
; BRE. VERTICAL STIFF. (LB/IN) 9279.48
y BRG. POWER LOSS C(WATTS) 0.1348

SHOES WITH FIXED PIVRTS
LeAD (LB 0.1086
PIVOT FILM THICKNESS (IN) 0.000168
PITCH STIFFNESS CIN-LB/RAD) J.1103
PITCH CRITICAL FREG. (RPM) 230567.7
SHOES WITH SPRING MTD. PIVETS

LOAD (LB) 040529
PIVOT FILM THICKNESS ¢IN) 0.000048
PITCH STIFFNESS C(IN-LB/RAD) 0.82820
PITCH CRITICAL FREQ (RPM) 118476,9%
TRANS« CRITICAL FREQ (RPM) 380516.4
STIFF oF PRELGAD SPRING (LB/IN) ?5%5.6
PIVET SOCKET RADIUS (IN) 00143
PIVET BALL RADIUS ¢IN) 0.0140

Figure 49, Design for 2,0=g Gas«Lubricated Journal Bearings (Sheet 2 of 4)
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Figure 48, Design for 2,0-g Gag«Lubricated Joi rnal Bearings (Sheet 3 of 4)

#aGENERAL CONDI TIONS»»

WHIRL SPEED LIMIT (RPMY 696180.0
FIRST BENDING CRITs SPDe (RPM) J594872.8
SHAFT RIGID BODY CRIT SPD (RPM) $1530.1
SHAFT RIGID BODY CRIT SPD (RPM) 982314
SHAFT RIGID BODY CRIT SPD (RPM) 47410, 6
SHAFT RIGID BODY CRIT SPD CRPM) 34073.0
SHUE PITCH INERTIA CIN=LB-SECS) 0.3340E-08

WEIGHT OF SNOL (LD) 0.0003%9
THICKNESS OF BHOE CIN) 0.0800
MACHINED*IN CLEARANCE (IN) 0.000382
START=UP CLAMPING FORCE CIN) 0.

START=UP CLEAR ON TOP SHOE (IN) 0.000%3

saneeGAS LUBRICATED JOURNAL BEARINGS##ndn

#eCONDITIONS AT MAXIMUM SPELDw»

LAMBDA ¢ND) R.094
AMBIENT PRESSURE (PSIA) 17.02
CLEARANCE (I1N) 0.000378
JOURNAL DIAMETER (IN) C.241008
BEARING X=-STIFFNESS (LB/7IN) 31 73.931
BEARING Y=STIFFNESS (LB/IN) 1699.1358
BELARING POWER LOSS CWATTS) 1.80

SHOES WITM FIXED PIVETS

LOAD <LB) 0.8584
PIVAT FILM THICKNESS CIN) 0.000231
PITCH STIFFNESS (IN LB/RAD) S.4347
PITCH CRITICAL (RPM) 304696.8

SHOES WITH SPRING MTD. PIVETS

LOAD ¢LB) 0.R0%8
PIVOT FILM THICKNESS (IN) 0.000270
PITCH STIFFNESS CIN LB/RAD) J.8173
PITCH CRITICAL (RPM) 258316.8
TRANSLATION CRITICAL ¢RPM) S02798 .2
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100 1| A
130 4791001 |
200 90000, 235.2 17,22 9.,1E~10 R00000. 383, oo
300 1788 31E=10 +R41 0074 0356 <0097 -
400 845 1.38 570 163 .08268 8.0 3
i $00 1305 28 .28 .26 30.E6 6000, 2
-3 ] 600 133 261 0001 .
- ' 700 01 !
- 1 800 T 3
1 900 00028R 9336 ¢643 0140 0143 b

Figure 48, Design for 2,0-g Gas~Lubricated Journal Bearinge (Sheet 4 of 4)
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sesss0AS LUBRICATED JOURNAL BEARINGShawuw

waDESIGN SPECIFICATIONSaw

DESIGN RUN NUMBER 4791008

DESIGN SPEED (RPM) 90000.0
‘ TEMP. AT DESIGN SPD (R) 23.20
p AMBIENT PRESS,DESIAGN SPDCPSIA) 17.20
; VISCOSITY,DESIGNCLB®SEC/INe=2)0,9100E-09
MAX« SPLED (RPM) 200000.0
TEMP. AT MAX SPD (R) 385.00
AMBIENT PRESB,MAX §PD (PSIA) 17.82
VISCASLITY» MAX CLBwSEC/IN®e2)0.,3100E-08
JAURNAL DIA. C(IN) 0.261
ROTOR WEIGHT (LB) 0.0%26
LEFT OVERHUNG WT. (LB) 0.0074
WT. BETWEEN BRGS. (LD) 000396
RIGHT GVERMUNG WT. (LB 0.0087

Figure 50, Design for 1, 0=g Gas-Lubricated Journal Bearings (Sheet 1 of 4)
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%

‘ 3 LEFT WT« TO LEFT BRG. (IN) 0.245%0

¢ ; LEFT BRG. T@ CG CIN) 143800

o % CG TO RIGHT BRG. ¢IN) 0.%700

. RT BRG T@ RT QVERHUNG WT CIND - 0s16%0

3 ? G LOADING ' 140000
JOURNAL WALL THICKNESS CIN) 01308
YOUNGRINERTIAs CLB®IN®#R) 0.60008¢04
PERCENT GF RAD FOR PAD THICK 0, 1830
PAD LENGTH CIN) 0.2810
POISSONS RATI@ CND) 0.2600
YOUNGS MIDULUS ¢PSI) 0+3000C+08
WT DEN OF Jo« MAT. CLBZIN®®I) 0.2800
WT DEN GF PAD MAT CLBZIN®#3) 0.2800
ANGLE BETWEEN PIVATS ¢DEG) 120.0000
MINIMUM PIVET FILM TKe CIND 0.000100

T

‘ Flxs T

2 SPRING STIFFNESS C(LB/IN) 0+9936E+0)

- 4 MACHINED IN CLEARANCE ¢IN) 0.000382

‘ STARTING PIV@T FILM THICKJ.CND) 0.390000
4 BALL RADIVUS ¢IN) 0.014000
T SOCKET RADIUS CIN) 0.014300

L ONLY ONE PRECLOAD IS BECING CANSIDERED
LAMRDA LoOP

LAMBDA, DELS. $PD. 0.3%0
LAMBDA, MAX. SPD. 2.6%4
CLEARANCE, DES. $PD. ¢IN) 0.00038123
CLEARANCE, MAX¢ SPDs CIN) 0.00037817
WHIRL SPEED (RPM),DESIGN 1041163.182
3 ; WHINL SPEED C(RPM)  MAX]MUM 696180.04

THIS SECTION INCREASES FLUTTER FREQ
ENTERING PRELOAD LOQP

*anse0AS LUBRICATED JOURNAL BLARINGS®wmww

*sCONDITIONS AT DESIGN SPEED##

LAMBDA (ND) 0.2302
AMBIENT PRESSURL (P81A) 17.02
CLEARANCE ¢IN) 04000381

Figure 80, Dosign for 1, 0-g Gas=Lubricated Journal Bearings (Sheet 2 of 4)
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JOURNAL DIAMETER ¢IN) 0.261002
BRG. TRANSVERSL STIFF., (LB/IN) 1383+ 6%
BRG. VERTICAL 8TIFF, (LB/INY 218.76
BHG. POWER LO3S CWATTS) 0s1477
SHOES WITH FIXED FIVOTS
LOAD (LB) 0.087%
PIVET FILM THICKNESS CIND 0.000188
PITCH STIFFNESS (IN-LB/RAD) 2.399¢
PITCH CRITICAL FREQ. ¢(RPW) 200728.0
SHOES WITH SPRING MTD. PIVOTS
LOAD LB 0.0611
PIVAT FILM THICKNESS CIN) 0.00082%
PITCH STIFFNESS (IN<LB/RAD) 1e14%9
PITCH CRITICAL FREQ (RPM) 139883.8
TRANS« CRITICAL FREQ CRPM) I*saal .y
STIFF OF PRELOAD SPRING. CLB/IN) 938.64
PIVOT SOCKET RADIUS (IN) 0.0143
PIVOT BALL RADIUS ¢IN) 0.0140

#5 QENERAL CONDITIONS#w

WHIRL SPELD LIMIT (RPM) 696180.0
FIRST BENDING CRIT. 8PDs (RPM) 399499, 6
SHMAFT R1GID BEDY CRIT SPD (RPM) 7393%, 4
SHAFT RIGID BQOY CRIT SPD C(RPM) 96392,
SHAFT RIGID BODY CRIT SPD (RPM) 43091.0
SHAFT RIGID BODY CRIT SPD (RPM) 330184
SHOL PITCH INERTIA CIN-LBeSEC2) 0.3340F-08

WEIGHT OF SHOE (LB) 0.0003%¢
THICKNESS aF SHeL C(IN) 0.0200
MACHINED«IN CLEARANCE (IN) 0.000382
START«UP CLAMPING FORCE ¢IN) 0.

START<UP CLEAR ON TOP SHOL (1IN 0.000%3

exnnGAS LUBRICATED JOURNAL BEARINGSswwne

L " B R S

#eCONDITIONS AT MAXIMUM SPEEDww

i LAMBDA ¢ND) 2e694 :
| AMBIENT PREBSURE (PSLA) 17.82 i
CLEARANCE ¢IN) 0.0002378 3

3 Figure 50, Design for 1,0-g Gas=Lubricated Journal Bearings (Sheet 3 of 4)
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; JOURNAL DIAMETER (IN) 0.261008 »
§: ﬁ BEARING X=STIFFNESS C(LB/IN) 2892.098 y
. BLARING Y=STIFFNESS (LB/IN) 1572, 788 g
3 BEARING POWER LSS (WATTS) 1.77 k-

. SHOKS WITH FIXED P1VOTS C

a_ LOAD ¢LB) 0.2407 1
b PIVET FILM THICKNESS CIN) 0.000248 3
i PITCH STIFFNESS (IN LB/RAD) PTIY o
1 PITCH CRITICAL CRPM) 290047, 1 }
i Z SHOLS WITH SPRING MTD. PI1VOTS |
8 f LOAD ¢LB) 0.R144 !
) ' PIVOT FILM THICKNESS ¢IN) 0.000062 ‘
] : PITCH STIFFNESS (IN LB/RAD) 4,07 *
; 1 PITCH CRLTICAL CRPM) 263860.2
TRANSLATIGN CRITICAL (RPM) S08219.6
] LIST
1ONPTS 08135C8T  12/20/72
100 1

180 AT1%1008

200 90000+ 298 17.22 9.1E-10 200000, %585.
300 17:88 JlE-10 +R61 +0074 0396 0087
400 o243 1.30 570 165 08268 1.0

$00 1303 .28 .28 .26 30.£86 6000,

600 «1%3 861 0001

700 0 1)

800 T

900 000382 95%.6 390 0140 +014]

Figure 80, Design for 1,0-g Gas-Lubricated Tournal Bearings (Sheet 4 of 4)
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oo . weneeQAS LUBRICATED JSURNAL BEARINGSw###s

oo w*DESION SPECIFICATIONS*»

.ﬁ{ﬁ%ﬁ*:a DESIGN RUN NUMBER 4791003

v pRgreN SPEED CAPM) 90000.0
Tk TEMP. AT DESION SPD (R) 28.820
b AMBIENT PRESS,DESION SPDCPSIA) 17.08
i VISCESITY,DESIONCLB#SEC/ IN®#2)0.9100E~09
S MAX. SPEED C(RPM) 200000.0
" .7 TEMPs AT MAX SPD (R) 98%.00 :
3 “a! - AMBIENT PRESS,MAX SPD (PSIA) 17.92 :
§ BT VASCOSITY.MAX  CLBwSEC/IN®#R)0.3100E-08 3
2 : JOURNAL DIA. CIN) 0.261 ;
i © ROTOR WEIGHT <LB) 040826
* LEFT DVERHUNG WT. ¢LB) 0.0074
WTe BETWEEN BROS. ¢LD) 00396
RIGHT QVERHUNG WT. (LB) 00087 _
LEFT WTe T@ LEFT BROs CIN) 0.24%0 :
LEFT BRA. T8 CG CIN) 1.3800 y
CG TG RIGHT BRG. (IN) 0.5700
RT BRG Te RT QVERNUNG WT ¢IN) 0.1430 “
, 0. LOADING 0 ]
; JOURNAL WALL THMICKNESS CIN) 01308 ‘
: YOUNGHINERTIA, C(LBNIN®eR) 0.6000L+04
PERCENT OF RAD FOR PAD THICK 041330
PAD LENGTH CIN) 0.2610
PRISSENS RATIO ¢ND) 02400 L
YOUNGS MIDULUS ¢PSI) 0.3000L+08 ;
WT DEN OF Jo MAT. CLB/ZIN®#D) 0.2800 :
WT DEN OF PAD MAT CLB/IN#%3) 0.2800
ANGLE BETWEEN PIVETS ¢DEQ) 12040000 :
MINIMUM PIVOT FILM TKe CIN) 0.000100 1
T s
rixs 7 ;
SPRING STIFFNESS (LB/IN) 0.98546L+03
MACHINED IN CLEARANCE CIN) 0.,000384
STALTING PIVEOT FILM THICK.C(ND) 0.330000 j
BALL RADIUS CIN) 0.014000 '
SOCKET RADIUS (IN) 0.014300

ONLY ONE PRELOAD 1S BEING CONSIDERED

Figure 81, Design for 0,0=g Gus=Lubricated Journal Bearings (Shoet 1 of 3)
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«AMBDA LQQP

LAMBDA, DES. SPD. 0.3%0 i
LAMBDA, MAX. 8PD. 2.694 .
CLEARANCE, DESe SPD. (IND 0.000381 23 3
CLEARANGE, MAX« SPD. CIND 0.00037817 4
WHIRL SPEED CRPM),DESION 1041163, 18 3
WHIRL SPLED CRPM) » MAXTMUM 496180.04 E

THIS SECTION INCREASES FLUTTER FREC
ENTERING PRELOAD LOOP ' 5

(A3 LUBRICATED JOURNAL BEARINGS##hws

*sCONDITIONS AT DESIGN SPLED#»

S LAMBDA ¢ND) 0,508
L AMBIENT PRESSURE (PSIA) 17.80
; CLEARANGE ¢IN) 0.00038 1
JOURNAL DIAMETER €IN) 0.261008
BRG. TRANSVERSE STIFF. C(LB/IN) 1313.77
BRO« VERTICAL STIFFe (LB/IN) 898. 76
BRG. PONER LOSS ¢ WATTS) 0. 1448
SHOES WITH FIXED PIVTS
LOAD (LBD) 0.0743 f
PIVET FILM THICKNESS CIN) 0+000201 .
PITCN STIFFNESS ¢INeLA/RAD) 1.7740 3
PITCH CRITICAL FRLQ. C¢RPM) 174045 .8 )
EHOES WITH SPRING MTD. PIVOTS “
LIAD (LB) 0.0743 i
PIVOT FILM THICKNESS ¢IN) 0.0002082
PITCH STIFFNESS CIN-LB/RAD) 1ela91
PITCH CRITICAL FREQ CRPM) 17281843
TRANS. CRITICAL FRE® CRPM) 4229944
STIFF OF PRELOAD SPRING (LB/IN) 9438.6
PIVET SGCKET RADIUS CIN) 0e0143
PIVET BALL RADIUS ¢IN) 0.0140

w#GENERAL CONDITIONS®» {

WHIRL SPEED LIMIT (C¢RPM) 94180.0
FIRST BENDING CRIT« SPD. CRPM) 3942 7.7
~HAFT RIGID BODY CRIT 3PD (RPM) 673727

; Figure 81, Doesign for 0,0-g Gas=Lubricated Journal Bearings (Sheet 2 of 3)
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SHAFT RIGID BADY CRIT SPD (RPM) 35595.1

; i SHAFT RIGID BQOY CRIT SPD CRPM)  39342.5
i L SHAFT RIGID BEDY CRIT SPD CRPM)  32564@.5
4 SHOK PITCH INERTIA CIN«LB<SEC2) 0.53A0E-08
i WEIGHT OF SHOE (LW) 04000389
: ~ THICKNESS @F SHOL ¢IN) 0.0200
3 i MACHINED=IN CLEARANGE ¢1N) 04000382
- g START=UP CLAMPING FORCE CIN) 0s
d : START«UP CLEAR ON TOP SHOE ¢INY  0.00083
i i *#9080AS LUBRICATED JOURNAL BEARINGS#w##a
3 WACONDITIONS AT MAXIMUM SPEED#s
E i LAMBDA ¢ND) 2.694
5 ; AMBIENT PRESSURE (PSIA) 1702
| f CLEARANGE CIN) 0000378
, JOURNAL DIAMETER CIN) 0.261008
, ; BLARING X=STIFFNESS (LB/IN) 26964998
: z BEARING Y=3TIFFNESS (LB/IN) 19204438
] - BLARING POWER LOSS CWATTS) 1478
SHRES WITH FIXED PIVOTS
LOAD (LB) 0,270
PIVOT FILM THICKNESS CIN) 0.000281
z ®ITCH STIFFNESS (IN LB/RAD) 4.5288
3 _ PITCH CRITICAL C(RPM) 277993.8
F SHGES WITH SPRING MTD. PIVATS
. LBAD (LB) 042270
| PIVOT FILM THICKNESS (IND 0000283
1 PITCH STIFFNESS (IN LB/RAD) 404580
- - PITCH CRITICAL (RPM) 275819.6
; TRANSLATION CRITICAL C(RPM) $1781149 i
L1ST ]
1aNPTS IT801EST  12/19/78
, 100 |
s 150 4791003
% 200 90000+ @3.2 17.22 9.1E~10 200000. 38%, ﬁ
300 1722 31+K=10 «R61 <0074 0396 ,0087

400 845 1438 870 165 205265 0.0 !
S00 13083 .28 .88 .26 30.KE6 6000, i
600 (193 261 0001 !

‘ 700 0 1

| 800 T

‘ 900 000382 983,68 4330 0140 0143 j

Figure 51, Destgn for 0, 0=~ Gas=Tubricated Journal Beavings (Sheet 3 of 8)
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Figure 52, Journal Bearing Performance as a Funetion of (i<Loading
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the spring-pad spring rate is not too sensitive abovea value of 609 pounds per
inch, There is a decrease in the spring-pad pitch critical frequency, but

this is of no significant consequence,

Probably the mo#t critical problem with varying the spring rate to a
softer epring is the practical aspect of setting the initial desired bearing

clearances,

A complete summary of the selected design is shown in Table 18,

A comparison with a similar previous design shows the Wright-Patterson
Air Force Base contract dosign uses n 884-microinch ground in clearance, as

Table 18

TURBOALTERNATOR TILTING-PAD JOURNAL

GAS-BEARING DESIGN SUMMARY

Characteristic

Design Parameter

Type

Pad wrap angle (deg)

Pad pivot location (% from leading edge)

Pad material and weight density (1b/in,?)

Pad coating and surface finish (rms)

Diameter (inch)

Fad length (inch)

Angle between pivots (deg)

Journal material and weight density (1b/in.?
Journal wall thickness (inch)

Cold machined-in clearance (inch)

Ball material, coating, and surface finish (rms)
Socket material, coating, and surface finish (rms)
Preload spring stiffness (lb/in,)

Shoe pitch inertla (in,~1b-sec®)
Nominal weight of shoe (pound)
Wominal thickness of shoe (inch)

3-shoe tilting pad
100

85

304, 0, 28
Nitride, 4

0, 261

0,261

120

304, 0, 28

0,1308

0, 000382

304, Nitridem, 4
304, Nitride:, 4

986, 0
0,534 x 107"
3 80 x 1074
0, 020

*Subject to change

CR-2279

N
i
4
|
i
3
0
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compared to the 382-microinch clearance for the present design. This would
lead to lower bearing number and higher bearing power loss, as was seen from
the trend of T'able 16,

THRUST BEANING DESIGN

PROCEDURE

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

The design criteria used in selecting the thrust bearing are:

¢ Maximuin design load of 2,0 g

¢ Minimum film thickness of 100 microinches with parallel,
undistorted bearing surfaces ut maximum load

¢ Stable operation with minimum posaible gimbal pivot friction
and damping from zero net load to maximum load

Low power loss
Minimum outaide diameter

.

°

¢ Maximum gas {ilm moment

® No rigid-body natural frequencies in speed or load range
.

Maximuin sliffness over operating range

‘The general thrust-bearing design procedure consists of the following
principal steps:

¢ Set up criteria for selection,

¢ Optimlize load capacity with respect to film thickneas for axially
stable face geometries,

¢ Determine bearing and gimbal-ring moments of inertia and pivot
friction characteristics neceasary to provide stability with a mis-
aligned thrust runner for both axial translation of the rotor and
angular rotation of the gimbal ring,

The spiral-groove thrust bearing selector program for uniform clearance,
STBSUC (Ref. 4, App.IX), was used to obtain demign and performance param-
eters, This same program was used to compute the film righting moment
for the spiral-groove bearinge, at a load of approximately 2 §.

The moment was then checked, using the nonuniform clearance program,
SPGRTH (Ref, 4, App. VIII), Pivot characteristics were computed so that the
pivot friction morient equaled the film moment with collar misalignment at
maximum loud,
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Program STBSUC, the spiral-groove thrust bearing selector program for
uniform clearance, was used first to evaluate the thrust bearing design, The
program is based on analytical expressions for computing the load capacity of
a spiral-groove bearing witha uniform film thickness, In addition, the power
loss, axial stiffness, and tilt stiffness are computed; several other parameters,
such as the Reynolds number, are computed and listed as an aid in the design
selection, Wher the bearing design parameters have been selected, a plotting
program is used to compute and plot performance characteristica for adouble- '

acting bearing,
The principal parameters for the hearing design study are:

¢ Ratio of outsido diameter to inside diameter
¢ Design film clearance at which the load is to be optimized

For a small value of optimized film clearance, the load-versus-clear-
ance curve will have a steep slope, maximizing the film thickness at high
load at the expense of the film thickness at a lower loading, This film thick-
ness {# normally selected as 3 compromise between the fillm=-thickness safety
margin at maximum load and stiffness at normal operating conditions,

The design parameters are usually selected so that:
¢ The Mach number is less than 0, 8 at the outaide diameter,

¢ Minimum number of grooves is less than the maximum number
of grooves, The minimum number is based on minimizing
groove entrance effects; the maximum number is based on manu-
facturing considerations,

Relative awash amplitude is less than 0, 18 X film thickneas,
Reynolds number is less than 1500.

The bearing number lambda {a less than 80,

Convective and transient inertias are much less than one,

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

¢ Thrust-runner tip speed is leas than 800 feet per second,

Based on the comparison of the luad capacity predicted by this program
with available experimental data, the theoretical load capacity and stiffness
are multiplied by 0, 78 ans a safety factor,

PERFORMANCE
The principal dimensions of the thrust face were established, In order

to evaluate the sensitivity of the depth of groove on this design, a set of
three different groove~depth designs were considered. A range of the three

128

wdlE

P ESEDSUPSor- o




AR 2 Dk

srnmnaL @ ericraic

dosigns for which the groove depth was varied and the corresponding optimum
cloarance of ench groove depth s shown on Figure 66, Also shown i the
referenced drawing tolorance range cstublished,

400 e o Itun No,
4791001

)

§‘ ween EEES WEEDT Emh PN T " GEARY SRR Smen

. / |

s Design

© - ‘l’ itun No,

g qoo b= 791000

*m‘ es e SEmD oA - |

: |

g ' Drawing

Y Tolerance
U | Range

200 }.— l
-
4\ itun No, |‘ :

1703002

4L |
I 80a0 1000

I J

1200 1400
Croove Depth @in,) —(‘Tl.‘{- .;‘”

Mpuee bO, 'Pheast Bearing Ciroove Doeplh Versus Clearanee

'he nelected design run number I8 4701003, shown on Vigure §6, 'I'he
output of thig computer program ran repredenis the design speed performanee
expected from one thrast beanring fuee only, 'U'he following input is printed
with the output:

® I'iLle indicating the gos used ag the lubrication,
& totio of outside ddumeter lo Inside dinimeler,
¢ Shalt rotationnl gpeed (rpm),
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STURIN 15126EST 12721772

100 1

200 4791003

300 00031 90000, .287 25.2 17.22 .003
400 4289 473 1493 7142 010 9, 4E=6

500 P.4E=6 ,05265 2.0 0.0

600 1 2% 25

READY
OLD-STRSUCU

READY
RUN

STASUCY 1502 7EST 17721712

C ; MELTUM-LURRICATED SPIRAL ORUOVE THRUST REARING
i ! RATIO OF OD TO ID = 2,0000
seire [ NPU'T veewr

4 : DESION RUN NUMRER 4791003

SHEED, KPM 0.9000B+05  ORDIWE LT/RRC WIDTH 0. 7300E+00
TRMPERATUR &, DE, R 0.2520E+02 OROOVE/ZRIDOE WIDTH  9.1930E+01
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SHASH ANOLE, DG 0,3000E=02  EXP COEFF,RUN, IN/IN F 0.04005=0% :

WT DEN BHO MAT,LS/IN3 0,28908+00 MIN ALLOW, RIDGE W,IN O, 10005=01 '

SHAET WBIGHT LR 0.8265E=01 CLEAR AT OPT ORV,D,IN 0,31 00E=03 ;

)

) e OUTPUT W :

] MACH NO, AT OD 0.,289078400 MIN, NO. GROOVES 28 |
] (IMBAL YTD RRO TK.,IN 0,6250E=01 VISCOSITY,LR«SEC/IN2 0,4020E-09
; WAX M. OF OROQVES 39  BEARING oD, IN, 0, 5740400
: MOLECULAR MEP, INe  0.2163E=06 BRO, INER, IN«LR-SEC2 0,23687B=08
GROOVE DEPTH, N 0.0488E=-03 TIP SPRED, RFT/SEC 0. 22546403

Figure 86, Helium=-Lubricated Spiral-Groove Thrust Bearing, Design Run
No. 4701003, Ratio of Outaide to Inside Mameter 2,0 (Sheeot 10f3)
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Figure 86, Hellum=-T.ubricated Spiral-Groove Thrust Bearing, Design Run
No. 4701003, Ratio of Outside to Inside Diameter 2, 0 (Sheet 2 of 3)
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e Gas temperature (°R) used in computing the viscosity.
3 ® Bearing inside diameter (inch),
. | * Amblent pressure (psia).
¢ Thrust-runner swash angle, peak-to-peak (dug).:
i ¢ Weight density of the bearing material (1b/in.%) uaed in calculating
k- ' the moment of inertia for tilt frequency output, '
s ¢ Shaft weight (pound) used in computing axial frequency output.
L " ® Groove-length/bearing-width ratio (nondimensional) measured
4 radially.
e Groove/ridge-width ratio (nondimensional) measured at constant
radius.
: ;i ¢ Croove nngle (deg) measured between tangent-to-groove and radial
1 .ﬁ coordinates, :
P . ® Coefficient of thermal expansion for bearing material (n, /in, °F)
, uged to compute dishing due to bearing film shear heating.
"‘} ¢ Coofficient of thermal expunaion for thrust-runner material (in, /
in, "F) used to compute dishing due to bearing film shear heating.
\ : ¢ Minlmum allowable ridge width (inch) and minimum thickness of
. ridge used to compute maximum bearing number,
] -“' ¢ Clearance at which lond capacity i8 to be optlmized (inuh),
3 ' The output conaists of a group ¢f overall performance factors which

include the following:

® Mach number (nondimensional),based on hellum and the thrust
bearing outside diameter, used to indicate the potentinl of com-
pressibility effects nt the tip of the thrust bearing,

¢ Viscosity (Ib-sec/in,*) based on appropriate gns at input temperature,

® Moleculur mean-free path (inch), based on the appropriate gas used
to compute the effective vincosity,

o Minimum number of grooves, computed on the bausis that the pres-
4 sure ripple across the grooves in 10 percent of the pressure rise
along the grooves and related to the amsumption that the edge
correction 18 nogligible,

¢ Maximum number of grooves, which manufucturing and structural
conelderations have based on on input quantity that limite the ridge i
wall thicknewss, i

' o Iatimated moment of inertin of the bearing, with respect to o dlam- L
eter, through the midplane (in, =1b-gec®),
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e Assumed thickness of the thrust disk, based on dividing the annular
width of the thrust disk by 2, 8,

L Bearmg outside diameter obtained from the inside diameter and the
ratio of outside diameter to inside diameter,

¢ Groove depth (inch),
¢ Thrust=runner tip speed (ft/sec),
Individual performance items are then tabulated in 18 columns, for one
thrust face only, with a heading for the land film clearance in microinches:
¢ Load capacity (Ib), including the 0, 75 safety factor referred to above,
¢ Power lons (watts),

b

k

‘ ¢ Relative swash amplitude (nondimensional). This is the ratio of
2 calculated swash amplitude to the maximum swash amplitude at
: contract, The calculated swash amplitude is based on the swash
¥

¥

4
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o

angle, the film tilt atiffness and the moment of inertia of the
bearing, oalculated on the basis of an ussumed thickness-to=
diameter ratio,

¢ Maximum distortion-to-clearance ratio (nondimensional). Distor- ;
tion is due to bearing viscous shear heating and is assumed to flow .
axially, causing the thrust disk to take the shape of a cup of a !
sphere,

¢ Axial frequency (cycles/minute), which {s natural frequency bamsed
.on the axial film wtiffness and weight of the rotor,

LT e frequency (cycles/ minute), or natural frequency based on the
'-’_3_*-, . film tilt stiffness and bearing moment of inertia,

» Axial stiffness (1h/in,), aguin including the 0, 75 safety factor,
¢ Tili stiffness of the gas film (1b/ rad),

f ¢ Effective viscosity {lbenec/in%, This quantity is used in cal-
s culating bearing perforimance and is based on the film thickness,
t viscosity, and molecular menn-free path, The mean-free path
effect reduces the viscosity and therefore the load vapacity,
becoming more pronounced as the film thickness decreascs,

¢ Reynolds numbur (nondimensional), 'This I8 the ratio of inertia to
viscous forces, Indicating whether the assumption of laminnr
flow used in the present analysis is valid, The vulue should be
Imgs than 1500,

¢ Convective inertin ratio (nondimensional), 'This is based on the
groove width and tangential velocity, indicating whether the as-
, sumption of negligible inertia effect la velid, The v tio should
1 be very much less than one,
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. ® Transient inertia ratio (nondimensional), hased on the nominal
'3 bearing gap andaxial oscillation, indicating whether the assump- 3
tion of negligible inertia effect is valid, The ratio should be 4
b very much less than one, ¥

b ¢ local compressibility ratio, steady-atate (nondimenasional)
b based on the tangential velocity, indicating whether the as-

- - : sumption of quasi incompressibility is valid, In this analysis,
o sectionnlly linear pressure profile is assumed, To be valid,
b the magnitude of the circumferential pressure fluctuntion must
3 be small compared to the local pressure level, This ratio
should be very much less than one,

¢ [ocal compresaibility ratlo, dynimic (nondimensionul), based
on axial omcillation and referring to the sssumption defined above,
This rutio should be very much less than one,

Figure 57 shows the corresponding design cnmputer run for a single
thrust bearing face at the maxiinum speed conditions of 200, 000 rpm and 8858°R,
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Figure 57, lellum~Lubricated Spiral-Groove Thrust Bearing, Design Run
No., 4701004, Ratio of Outside to Inside Dinmeter 2,0 (Shoot 100 3)
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\ With an 800-microinch total clearance for the two thruat faces, a com=
i bined thrust bearing performance runis shown in Figure 58 for the D48~
i microinch groove deptl.., The various performance factors, such as load,
! power, axial stiffness, and tilt stiffness, are shown as a function of the
E
h
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loaded side clearance of the bearing. Th=2 information for the computer pro-
grams is shown graphically in Figures £9, 60, and 61 for the three different

: % groove~depth designs that were considered,

§ 3' The designs from thease bearing performance runs are compared in

E Table 10 for the three groove-depth designs, Shown in this table are the signif-
i icant performance factors for 1-g, 2-g, and 0-g operation, It can be seen that.

R

S the largest groove depth, of 1220 microinches, is not satisfactorytomeet the criterio’

Computer Run Numbers
4791001 4701002 4791003
Desigm grouve depth in,) 1220 610 p48
1-g Operation
Load (pound) 0, 0507 0, 0807 0. 0807
Power loss, both faces (watt) 0,170 0. 148 0.150
Land clearance (uin,) 170 240 210
Axial stiffness (lb/in,) 230.0 48.0 36.0
Tilt stiffness (in,=1b/ rad) 5.8 10,0 8.4
2-~g Operation
Luad (pound) 0.1014 0,1014 0.1014
Power loss, both faces (watt) . 0, 200 0,286
Land clearance {iin,) below 100 140 100
Axial stiftnans(b/in,) -- 118 48,0
Tilt atiffnesa (in,- b/ rad) ‘e 34,0 10, 8
9:5 Operation
t.oad (pound) 0.0 0.0 0,0
Povwer loss, both fares (watt) 0.1153 0, 1242 0.1108
land cleatance {Min,) 400 400 400
Axial stiffnean (1b/in,) 163, 4 182, 1 181, 2
Tilt stiffness (o, ~1bh/ rad) 3.0 31 4, 24

140

l(.‘R-22.')0l

3 Table 19
: THRUST BEARING DESIGN COMPARISON H
- Spead (rpm) 90, 000
3 Temperature CR/°K) 22,6/14,0
Viscosity of hellum (lb-nec/in," 8,1 x 107
Ambient pressure (psia) 17, 32
Rotor weight (pound) 0, 0807
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of a minimum thickness of 100 atthe 2~g operating condition, The other two
designs are satisfactory, und there is little difference between them as far
as the performance features are concerned, However, the design with a
groove depth of 810 microinches should be considered a very limited design
since the tolerance on maintuining this type of groove depth is more serious
than muintaining a groove-depth tolerance around the larger, 948-microinch,
nlearance, It can be concluded that the existing thrust bearing design draw-
ing, 423D435, will adequutely suit the turboalternator thrust bearing design.
Table 20 shows the complete geometry of the thrust bearing design,

Table 20

TURBOALTERNATOR SPIRAL-GROOVE THRUST
BEARING DESIGN SUMMARY

Characteristic DeligrnParameter
Outside diameter (inch) 0,674
Inside diamcter (inch) 0,287
Inside diameter, grooved region (inch) 0, 364
Number of grooves 15

Groove angle (uvg) 71,2
Groove width to ridge width at conatant radiue (nd) 1. 08
Groove width (deg) 15,809
Ridge width (deg) 8. 191
Depth of groove (inch) 0, 000048
Collar swash angle (deg) 0,003
Total axial clearance (inch) 0. 0008

Bearing material, coating, and surface finish (rms) Beryllium copper,
none, 8

Collar material, coating, und surfnce finish (rms) 3041, NITRIDE, 4
C'R-2289

Figure 82 shows the performance to be expected for the high-speed
operation of 200, 000 rpm and 583°R under the maximum-speed and maximum-
temperature operating conditions,




s w4 A ey e Sl s

E
1
Speed = 200,000 rpm Ambicnt pressure - 17, 220 psia '
Temperature 988, 0°R Outstde diameter = 0, H74 in, .
Dwg. No, 4280430 Inside diameter s 9, 287 10 T
Design Run No, 4791004 Toutal axivl eluarence © 0.8 mil ¥
3
8 g y
- 2- = !
'
2
S gL .
- ~N E
= 1
Y
EH ﬁ g
v ’
o
:
&
3 g |
e " 1:
__1
H 1 | g | | J .l
% o 0,40 0,40 0. 80 Su. 00 0.%u 0, 40 0.60
Clearance (mils) Clearance (mj o) -‘
|
g 8 _ ]
8 s T
3 3| %
:3 R ;
h Lol L
2 !
g2 Tg
e 3.
£ 48
‘c
:
- -
] 2
o
@ l | ) 8 1 i J
N, 00 0,20 0,40 U, 80 2. 00 4, 2 u, 11 0, B0

Clearanoe (ialls) Clisiranee (s D 1"‘7’@

Figure 62, Helium-Lubricated, Spiral-Groove Thrust Bearing, 048~
Microinch Groove Depth, Room-Temperature Performance
as & Function of Loaded Side Clearance

14b




S T R i e s s cnspen e e

e L L 0 L e

ek 2 ik
ke Lo bttt Rt oA

Appendix Il
TURBOALTERNATOR ASSEMBLY PROCIDURES

This manual pruvides detailed assembly und disassembly procedures
for the turboalternator development by General Electric Corporate Reseurch v
and Development in Schenectady, New York, under Contract No. DAAKOZ- .
71-C-0026, All instructions and procedures described are based nn techniques f
that were successfully employad by Corporate Research and Developm.ent )
during the course of th : development program., :

Special assembly tools are shown in Figure 63. All part numbers refer
to turboalternator assembly drawing 888E477 as shown in Figure 19 and to
the photograph of parts in Figure 84, unless otherwise specified,

PRELIMINARY CLEANING AND HANDLING

1. Afier manufacturing, inspect all parts under a microscope to snsure "
complete deburring and satisfactory surface finishes on all critical :
areas, :

e
[~
-

Ultrasonically clean the electric stator in a solution of ¥reon* and
vacuum-bake at 120°F for 8 hours, Inutall a liquid nitrogen cold
trap in the vacuum line between the vacuum pump and the furnace,
to prevent oil migration. Ultrasonically clean all other parts
several times in clean solutions of chlorothene to ensure removal
of oil and grease films and any paprticles clinging to the surfaces,

CLEAN ROOM ASSEMBLY [

1. Perform all final cleaning operations, assembly procedures, and 3
initial testing in a clean rootn to ensure maximum cleanliness of the
complete assembly.

2. Prior to entering the clean room, ultrasonically clean all parts and
seal them in clean plastic, This step includes clenning and sealing 4
of tools, [ixtures, and mo forth used in the assermnbly procedures, :

3. TPinal-clean the turboalternator parts in a clean room area, in a
solution of Fireon,

f 4. Assemble the turboalternator {nside pressurized clean benches
within the clean room area. Air through the clean benchea is
; filtered to 98, 88 percent of J. 3~-micron particles,

“Freon, a precision cleaning agent manufactured by E,I, DuPont Je Nemours
and Company, Inn,

t Praceding page blank 147
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Handle all parts carefully during assembly to
prevent damage to oritical surfaces and dimensions.

[CAUTION]

Use no lubricants in any portion of the assembly
because most lubricants are very volatile at room
temperature and will cause serious contamination
in the refrigerator system.,

TO. JSEMBLY

Assemble the turbine wheel (Part 19) onto the unmagnetized shaft (Part
1) as follows:

NOTE: Inspect finishes of turbine wheel bores prior
to assembly to ensure that the chemioal converaion
coating and lubricative plating were not damaged in
previous assemblies,

l 1, Scribe lines at each end of the shaft on the outer diameter, along
the axis of the shaft and along a line on the back of the turbine whesl
adjacent to the shaft, for realignment after the balancing operation.

¢, Install the thrust end of the shaft in the brass shaftholder (a) and
tighten the clamping screw. Place the turbine wheel (Part 19) on
the opposite end of the shaft, aligning the scribed lincs. Thread the
wheel pusher assembly (o) into the end of the shaft, using the ‘wreads
in the inside diameter of the shaft grinding center. (For details of
the wheel pusher assembly, see¢ Figure 65.) Then, after rechacking
the alignment of the scribed lines, tighten the wheel pusher assembly ]
by holding the end of the threaded rod (Part 8, Figure 88) with a 3
wrench on the flats and tighten the nut (Part 11, Figure 68), forcing

% the turbine wheel onto the shaft.

Normally, a torque on the order of 1. 0 in, «Ib {s required to push
the 0, 8-inch-diameter aluminum turbine wheel onto the shaft with
0.0004=inch interference, wheeleto=shaft fit, A sudden increase
in the torque value indicates the turbine wheel has been pushed com«
3 pletely onto the shaft and the stop on the inside diameter of the ture
¢ hine wheel is touchilg the end of the shaft,

3. Remove the wheel pusher assembly from the shaft and insert the
special hexhead cap screw (Part 33) in the threaded shaft center,
This hexhead cap scrsw, with the top ground flat, is used for the
viewing surfuce of the thrust proximity probe during final assembly
and teating. Using the socket wrench (b), torque the hexhead cap
screw to 5.8 in, ~lb by holding the shaft holder at the opposite end
of the shait,
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4. Remove the shaft holder (a) from the shaft (Part 7).

: BALANCING THE ROTATING ASSEMBLY*

After the turbine wheel has been installed onto the unmagnetized shaft and

i
? the hexhead cap screw is torqued in place, the assembly is ready for the bal-
I ancing operation:
b i
"-; 1.  Place the assembly in a balance machine and balance it at 6000 rpm,
E to the maximum unbalance displacement in esach plane of 2, 0 uin,
:j For balance correction, remove material {rom the turbine wheel
and shaft, as outlined in Figure 886,
;
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Figure 68, Turboalternator Shaft Asaembly Balance Specifications
INNER THRUST BEARING ASSEMBLY (PART 22)

The part numbers in this assembly appear in Figure 67, Preassemble
this asseinbly on the bench,

1. Install the pivot screwe (Parts 4 and 3) in the mounting flange (Part
1) and in the gimbal ving (Part 3), }

2, Assemble the thrust bearing (Paxt 2) in the gimbal ring by adjusting
] the pivot screws to approximataly center the thrust bearing, !

3. Repeat the above procedure to install the assembled gimbal and
thrust bearing into the mounting flange. After the ahove paris are

*Shaft baluncing equipment is discussed in detuil in "Shaft Balance Equipment, "
above,
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Figure 67. Turboalternator Inner Thrust Bearing Assembly

f assembled, acourately center the gimbal ring and "hrust tearing
and adjust the tipping force of the gimbals.

; 4. Center the gimbul by uiing a No, 48 drill, 0,078 inch in diameter, to
: measure the spacing between the gimbal ring and the mounting tlange.
' Adjust the pivot screws accordingly,

8, Use a No, 84 drill, 0,088 inch in diameter, as a guide to adjust the
spacing for centering the thrust bearing in the gimbal,

i 8. Position the inner thrust bearing assembly on its test fixture ().
When the thrust bearing is properly centered, the assembly will
slip easily onto the fixture,

. 7. Adjust the thrust bearing pivot screws and the gimbal pivot screws

' until & 1, 8= to 2, 0= breakeway force is measured on a force yage
when pressed against the outer edge of the gimbal ring and the

thrust bearing at the midpoint betwaen pivots, Then lock the pivot
screws in position by tightening the locking set screws (Parts 8 and 9),

's 8, Recheck the centering of the thrust bearing on the test fixture (j)
after udjusting the correct tipping force,

| NOTE: The gimbal rings and thrust bearings are de-
signed with a spring at the pivot sections to maintain
the tipping force over a wide range of temperatures,
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CUTER THRUST BEARING ASSEMBLY (PART 13)

The same procedures are followed in the assembly of the outer thrust
bearing, as outlined akove, for the inner thrust bearing., Test fixture j,
used to center the thrust bearing, is designed to accept both thrust bear-
ings. For details of this assembly see Figure 68,

TYPICAL THRUST BEARING ASSEMBLY

Figure 68, Turboalternatcr Outer Thrust Bearing Assembly

PRELIAINARY JOURNAL BEARING ASSEMBLY
AND STATOR [MSTALLATION

1. Assemble the irurnal bearing support clamps and stems (Parts 26
and 27) onto ihe housing sections (Parts 8 and 13), 'The spring stems

? in bearing stem support assemblies (Part 27) must be inserted from

the inside diameter of the housing before the stem claraps are at-

f tached to the housing, The other journal bearing support stems can

'“ be inserted through the stem clamps from the outside of the housing

sections.

2. Positicn the journal bearing stems off center to allow clearance for
the installation of the gage shaft (f) into the stator section of the
] housing (Fart 8), from the nozzle end. The nozzle-to-housing
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rabhet fit dimensions on the housing are uscd to position the gage
shaft vertically and to center the gage shalt into the housing, As-
semble the gage shait holder (g) to the housing nozzle flange with
three screws (Part 49). Then gradually tighten the centering screw
in the gage shaft holder to position the gage shaft securely into the
housing,

Assemble the three journal bearing pods (Part 23) into the housing,
Check the pud orientation before ussembly (ligure 68). Hold the two
solid stems in the assemblies (Part 268) firmly, so the pads are
against the gage shaft und tighten the stem clamps securely., Posi-
tion the apring stemn asgsembly (Part 27) so the pad ie held gently
against the gage shaft, without applying pressure from the spring.
Tighten the spring stem clamp securcly.
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4.

8,

6.

Remove the gage shaft holder and gently tap on the end of the gage
shaft with the back end of the brass shaft holder (c) to loosen the
gage shaft from the housing. Do not allow the gage shaft to drop

out of the housing, Insert a dummy shaft (h) through tne housing and
gently push the gage shaft out as the dummy shait is inserted. The
ends of the shafts must be held together during this operation to pre-
vent the pads from dropping off. Tape the dummy shaft to the hous=-
ing so it will not drop out,

To insgtall the stator (Part 10), the stator leads must first be fed
through the housing and out through the hole in the housing wall,
Orient the stator above the houeing so the leads can be drawn
through as the stator is inserted into the housing. Press on the
stator shell to be certain that the stator is bottomed in the housing,
Then tighten the set screw (Part 46), to secure the stator in position,

Assamble the journal bearing pads in th.e outer thrust sectivns of the
housing (Part 13) in a manner similar to that described above; how=
ever, it is necessary to temporarily remove the thrust bearing and
gimbal assembly from this section of the housing by loosening one
of the pivot screws in the housing sectioin. Insert the sume gage
shaft (f) from the thrust bearing probe holder end (Part 14) using
the housing rabbet fit dimension again to center the gage shaft.
Mount the gage shaft holder to the outer thrust bearing flange and
tighten the centering screw in the holder, to position the gage shaft,
Install the pads and stems as outlined previously, using the same
procedures to remove the gage shaft and install the dummy shaft (h).
Then reinstall the thrust bearing and gimbal asgembly over the dummy
shaft. Readjust the pivot screw previously loosened, to give the
1.6~ to 2,0~g tipping force and the pivot locking screw reset. Par-
tially remove the dummy shaft from the assembly, but position it

to hold the journal bearing pads in place and allow reteating of the
centering of the thrust bearing with the bearing test fixture (j).

SHAFT HOUSING ASSEMBLY

1.

2.

After completion of the rotating assembly balancing operation, install
the brass shaft holder (a) onto the thrust end of the shaft and tighten
the clamping screw. Hold the shaft sucurely by the shaft holder and
remove the probe viewing screw (Part 32) from the shaft, using the
sorket wrench (b), Remove the shaft holding fixture from the shaft,

Remove the 0, b=inch=diameter turbine wheel from the shaft, using
wheel puller (d), Disassemble the halves of the wheel puller assembly
(Parte 1 and 2 of Figure 70) and reassemble them around the turbine
wheel, as shown in Figure 70, Hold assembled Parts 1 and 2 of the
wheel puller (d) with a wrench on the flats, as the pulling force is
applied by tightening the screw, Part 7 of Figure 70, Normally, a
torque of 3 to 4 in, =lb 18 required to remove the wheel,
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3. Place the preassembled, inner thrust bearing assembly (Part 22)
onto the previously assembled housing section (Part 8) with the
journal bearings and stator installed,

4. Thread the tapered shaft extension (i) into the end of the shait at the
turbine end. Insert the tapered extension and shaft through the inner
thrust bearing assembly, Poesition the end of the shaft extension

" against the end of the dummy shaft and gently remove the dummy
shaft as the shaft is installed, Keep the two shaft ends together so
the journal bearing pads do not drop off the stems,

5. Remove the tapered shaft extension and, using wheel pusher ¢, in-
stall the 0, 5=inch~diameter turbino wheel and prohe viewing screw
(Part 32). % After completing the above assembly, remove the shait
holding fixture (a).

NOZZLE ASSEMBLIES

Preassemble the nozzle assembly (Part 18) on the bench., Do not assem-
ble the gus inlet and discharge cylinder (Part 18) at this time. Ensure that
the c-=seals are centered in the seal grooves before the inner and outer noz:zle
sections are assembled. Orient the offset mounting holes in the nozzle sec=
tions for correct alignment during assembly., Torque the six No., 4~40
0, b=inch=long assembly screws to 8, 8 in, =1b, to ensure a metal-io-metal
seal at the inner section adjacent to the nozzle channels.

PRELIMINARY THRUST BEARING SHIMMING

Depth micrometers are used to measure the shaft position to obtain the
axial shim requirements (Figure 71). Table 21 lists the clearance specifica=-
tions and the required depth micrometer measurements and calculations to
determine the thickneas of the shims. The following procedures are used:

1. Place the partially agsembled turboalternator in a vertical position,
thrust end up, on o stend with a cutout to clear the turbine wheel,
Press down on the inner thrust bearing mounting flange to be certain
it is fully seated onto the housing,

NOTE: Threaded holes have been provided in the
outer flanges of the thrust bearing assemblies
(Parts 13 and 22) for jack-out screws, if required.

2. Position the thrust clearance ring (k) onto the inner thrust bearing
mounting flange (Figure 72), Measure and record Distance A from
the top of the thrust clearance ring to the top of the shaft thrust
runner.

*Described above under "Initial Wheel=to-Shaft-Assembly. "
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Figure 71, Turboalternator Dirmcnsions for Shimming Thrust

Bearing Position
Table 21

AXIAL SHIMMING MEASUREMENTS FOR TURBOALTERNATOR

Specitications

Distance (Inch)

Wheel=to=nozzle clearances

Shaft total axial iravel between thrust
bearings

Inner Thrust Bearing Shim

A. Distance from top of thrust clearance
ring (k) to top of shaft thrust runner

B. Repeat Measurement 1 with nozzle
installed

C. Inner shim (X) required: Xs=(A - B)
+0,001b

Outer Thrust Bearing Shim

D, Hepeat Measurement A with nozzle as-
sembled and inner thrust shims (X)
inatalled,

E. Distance {rom top of thrust clearance
ring (k) to outer thrust bearing surface

F. Outer shim (Y) required: Y » (0,732~ E)
- (D = 0, 6605) + 0,008
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3,  Measurement of Line B requires installation of the nozzle, Position
: the nozzle asaembly cn the housing, aligning the mounting holes in
9 the nozzle with the holes i{n the housing flange. Then evenly tighten
f the assaembly screws (Part 48) to bring the nozzle {fully into the
housing. Measure and record Distance B.

4. Calculate the inner thrust bearing shim requirements, as instructed
on Line C,

8. Install three shims of thickness x, calculated above, between the
housing and inner thrust bearing mounting flange, 120 degrees apart,
Be certain that the inner thrust bearing shims are positioned so the
turbine wheel is not touching the nozzle and the shaft thrust runner
is resting on the inner thrust bearing surface, Then measure and
record Distance D from the top of the thrust clearance ring to the ]
top of the shaft thrust runner (the value obtained should be the same 1
as that for Measurement A above), '

6. Place the thrust clearance ring (k) onto the outer thrust bearing as-
sembly (Figure 72), Then, with the thrust bearing parallel, measure
and record Distance E from the outer thrust bearing surface to the
top of the thrust clearance ring.

7. Calculate the outer thrust bearing shim requirements, as instructed
on line F,

NOTE: Five mils are added to the above distance
measurements, The outer thrust bearing cannot be
measured accurately, Final shim adjust: .ents are
made with proximity probes for greater accuracy.

s i, ST,
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Thread the tapered shaft extension (1) into the thrust end of the shaft,
Install the outer thrust hearing assembly by positioning the dummy
shaft against the end of the shaft extenslon and slide the outer thrust
bearing asgeinbly onto the shaft,

Remove the tapered shaft extension and insert the three outer bearing
shims, of thickness y, calculated above, butween the inner and outer
thrust bearing mounting flanges, 120 degrees apart,

With the outer thrust bearing in position, turn the shaft from the
thrust end to be certain the turbine wheel and shuft are free to rotate,
Then gradually tighten the thrust-end assembly screws (part 40),

Do not overtighien the screws; they should be just snug enough to
hold the shims in place,

INSTALLATION OF THRUST PROXIMITY PRCBE

| ]

a

3

L,
2,
3
4,
h,
8.

Mount the turboalternator assembly onto a support stand, turbine

end down, 'I'hree lengths of 4-40 threaded rod can be used in place
of three alternate nozwle assembly serews to attach the turboalter-
nator to the support, The turboalternator support should be mounted
on twn indexing tables so the turboalternator can be rotated from a
vertical to a horlzontal position and can be rotated radially about the
axig of the shaft. Figure 73 {8 a typical test station showing vacillo-
Bcopes, the Wayne-Kerr Instruments, and a turboalternator immounted

on two indexing .ables,

Adjvst the indexing tables to poaltion the turboalternator vertically,
with the turbine end down.

Install the tl ~ust proximity probe (Part 11) into the nozzle bloek
by carcfully turning the probe in until it touches the end of the ghaft;
thon hack it out slightly, and tighten the jam nut,

[CAUTION]

Care muat be exercised in carcying out this pro-
cedure, to avold damaging the probe Textolite
threads,

Connect a 10-foot lead between the probe and the Wayne=Koerr in-
strument (Model PM100H),

Clip the ground lead from the Wayne=Kerr instrument to the turbao-

alternator housing,

Connect an osceilloscope to the Wayne-Kerr recorder output through
the filter clrcuft, shown in the wsetraction manual for Wayne-RKerr

instruments,
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Figure 73, Open=Cycle Test Station for Turboalternator

NOTE: All of the individual oscillators in each
Wayne-Kerr inatrument muat be disconnected and
rewired to provide operation from a separate,
single, 50 kHz supply; otherwise, the individual
oscillators v ill operate out of phase and will
cause beating and erratic signals,

7. Set the oscilloscope Y-axis sensitivity to 0,2 d-¢ V/em and the
X-axig to n sweep of 2 ma/em, Adjust Y-axis gain control to
4, 0 em for 1 volt of d=~¢ input,

8. Switch the Wayne-Kerr instrument to the CHECK position,  Short
the oscillogcope Y-axis input and adjust the zero position to a point
that i8 1 cm down from the top of the screen scale,

A, Switch the Y-axis input on the oscilloscope to the d=¢ position and ad-
juat the Wayne-Kerr set ndjustment to give a 4, 0 em deflection on
the nscilloscope,
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10,

11,

12,

13,

14,

Switch the Wayne-Kerr inftrument back to the READ position, The
thrust proximity probe is then ready to be used, and after ihe ad-

justments outlined above, the sensitivity of the oscilloscope is 400
Min/aom,

Readjust the thrust probe position so the output signal from: the

Wayne-Kerr instrurrent appears at the middle of the oscilloscope
screen,

Measure the total thrust bearing clearance by noting the thrust probe
signal level on the oscillcycope ifter the above setting. Then rotate
the turnoalternator 180 degrees vertically and note the thrust probe
output signal on the oscilloscope with the shait resting on the nuter
thrust bearing. Change the outer thrust bearing shim height (Y) as
required to meet the specified total axial shaft t-avel of 0, 0004 to

0. 0006 inch, ard record the actual shim thickness on Line F of
Table 21, for future reference,

The thrust proximity probe /s also used to measure the clearance
hetween the turbine wheel and the no.zle. Peposition the turbo-
alternator vertically, ‘vith the turbine end down, Temporarily in-
crease the thicknesa of the three shims (YY) by 0,001 inch, sna
remeasure the total travel uf the shaft between thrust bearings with
the thrust probe, Then gradually decreawe the thickness of the three
inner thrust bearing shims (x) in steps of 0, 001 inch, As the value
of the inner thrust shims derreases, the thrust probe rmay have to be
backed out so it does not touch the shaft,

A thickness of the shims (») is obtained where the turbine wheel just
touches the nozzle, Miting the shaft off the inner thrust surface, re=
ducing the total tyavel of the shaft, Once the ubove condition i3 ob-
tained the thitknens of xhims (x) can be calculated to provide a 0,0015-
0. 0020~inch clearance between the turbine wheel and nozzle, beyond
the inner thrust bearing surface, Record the actual shim thickneas

on Line ¢, for future reference,

Install shime x and y of the corrected values to meet the axial clear-
ance specifications, Align the scribe marks on the outside of the
housging at the thrust end to align the journal bearing support stems
at each end of the housing assembly and tighten the thrust assembly
serews (Part 10),

FINAL JOURNAL BEARING PAD ADJUSTMENTS

l.

Adjust the indexing table to pogition the turboalternator horizuntally
and rotate the turbonlternator until the pad stems between the shaft
orbit proximity probe mounting holes are pointing directly up. In
this position, the turboaltermator shaft 1k resting between the bottum
pads,
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Install the four proximity probes (Part 11) adjacent to the shaft, two
in the housing at the turbine cnd and two in the inner thrust-bearing
mounting flange. Tighten the probes with the jam nuts,

[caution)

Care must be exercised in carrying out this pro-
cedure, to avoid damaging the probe Textolite
threads,

Connect the 10-foot leads between the probes and the Wayne-Kerr in-
struments, The probes and Wayne-Kerr {nstruments are identified
by looking down on the turboalternator from the turbine end. The
first probe on the left is X;, and the corresponding probe on the right
is ¥y, At the thrust end, the probe on the left is Xq and the probe

on the right is ¥,

Check to ensure that the ground leard is connected to the turboalter-
nator housing,.

Each of the probe cutpit signals from the four Wayne-Kerr instru-
ments must be filtered and connected to an oscilloscope with dual-
trace amplifiers for both tho X axis and the Y axia, Connect the out-
put from Probe X to the X axis and the output {rom Probe Y, to the
Y axis of one trace, ajid Xe and Yo Lo the X axis and Y axis of the
other trace, ' ‘ ‘

Set the mcope sensmitivity on a'l‘lbfour channels to 0, 2 d-c V/em and
adjust the four channels to 4, 8 cm for 1 volt of d-¢ input,

Switch all four Wayne-Kept ifistruments to the CHECK position, Ad-
just the four channela tu givie 1 deflection of 4. 8 ocm by adjusting

the Wayne-Kerr set adjustmonts and switching the scope between

the shorted Input and the de-¢ input,

Switch the Wayne-Kerr instruments back to the READ pusition,

Short the scope inputs, and adjuat the two zetro positions to points
that are 1 cm down from the top and 2 cm {n from the right, Switch
the scope inputs to the DC position, The orbit probes are then ready
to be used, and after the above adjustments, the sacope senpitivity

is 400 uin/cm,

Readjust the four probe poaitions so the scope signals are just on the
bottom left corner of the screen, This adjustment {8 made with the
turboalternator in the position rescribed in Step 1,

The shaft clearances are measured by rotating the turboalternator
assvinbly 120 degreer to the richt and left of the position descepibed
above fur setting the probes and plotting the probe readings in the
theee positions,  An accurate method of recording the three pogitions
iu to take a triple exporure of the turbine end only, and then of the
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thrust end only, with u scope camera. Cut a section of the scope grid
from a photo and usc this section to measure the lengths of the triangle
legs formedby the three points, in centimeters. The legs of the tri-
anglea should be approximutely equul, Substitute the average value

of the triangle legs in the toilowing equation to determine the mean
bearing pivot-point radial ¢learances in microinches:

(' = 115.8 x (the length of the average leg in centimeters)

The radial clearance, C', of the shaft should be 240225 microinches.
Greater differences (n the radial clearances will require adjustment
of the apring stems and pade (Part 27) monitored by the proxiinity
probes and the oscilloscope toobtuinthe proper clearance, During
the adjustment of the jouraal bearing puds, the Lupport stems can only
be moved minute distanced or the journul bearing pads may drop off
the stema. In this case, the journal beurings must be reset to the
gage shaft, as outlined ubove under "Preliminary Journa) Bearing
Assombly and Stator [natallation, "

TURBOALTERNATOR OPERATION

Preliminary turboulternutor performance tests are made in an open=gycle
test station (Figures 73 and 74). Pilgure 75 I8 a cutaway view of the turboalter-
nator agaernbly for open-cycle testing; a schematic dlagram of the station is
shown in Flgure 76, High-pressure gas (helium or nitrogen) {s supplied from
gas cylinder banks and is expanded across the turbine to atmospheric pressure.
l.lquid nitxvgen temperature tests are poerlformed by precooling helium gas
with & cooling voil immeraced in liquid nitrogen.

+ [

Figure T4, Furboalte rnator Assombly on Opens=Cyele ‘Pest Stand
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W1 Shunt Voltuge tvoltd)
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Piguee 160 Prmeipal Turboalterngtor Ing rumentation
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Figure 76. Open~Cycle Turboalternator Test Station

Figures 73 and 74 show a two-atage turboalternator mounted on two
indexing tables in the open-cycle test station,

The inlet gas [low (nstrumentation for testing twn-atage turboalternators
is ahown in Figure 77 along with a molsture analyzer and temperature-mea-
suring (nstrumentation. The moisture analyzer is used to monitor the mois-
ture content of the helium gas supply prior to low temnperature tests, to re-
duce the possibility of ice ¢crystals hindering the operation of the turboalter-
nator,

Water and mercury manometers, not shown in ihe above figures, are
used to measure \he housing and nozzle pressures.

A temporary nozzle gas inlet fixture (o) (8 attached to the nozzle ansembly.
The same size-c seals used in the nozzle assombly and the gas connections are
aleo used to assemble the gas inlet lixiures onto the nozzles. Attach the gas
inlet fixtures 10 the nozzles by using three 4-40 threaded rods ‘o replacoe al-
ternator screws in the nozzle assemblies. Tighten three 4-40 nuts against
the gas tnlet fixture flanges to compress the c-seals.  The threaded rodas at
the turbine rad should be of sufficient length to attach the turboalternator to
the support siand on the (ndexing tablesg. Two gas connections are provided {n
the gas .nlet fixture, The larger connection 1s for the gas tnlet flow, and the
smaller coanection (a used to meapure the nozzle inlet preggure on a mercury

maromelter.
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The sceaded turboalternator howsing cover s not imstalied during this pre-
AMIHIEY oSt

Install proximty probes carer 1) mthe outer thrust bearn.g section of
the bowsg (Paet 13) cosd oo the rhrust bhearving probe holder (Part 14). Ad-
Just the probes oo an approxanaste distance aof 0.0030 to 0.0035 1heh from the
leading cdpe of the jemenal beamng pad and the onter gimbal ey, with the
turbouiiesnat i achorzonial position. Conne et the probe output sipnals 1o
meosetlloscon s, an the peene e e wlnch the thrust proxinmety probe was con-
reted. Use the pad probe and thrast poabal probe to mounrtor the operation;
there censimvivres and oo cres oo not comparable to the other proximiy
probee besnuse ol the steawine curiee sod angles involved in the measure »
montsy Therctore, ase the Ceo probe sionals oo o dndicarion only,
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one of the shaft orbit proximity probes can be used to monitor the
speed by connecting \he probe output signal 1o another scope and cal-

culating the speed from the necilloscope svieep rate. q
4. Check o enaure the proper operation of the turboalternator by moni-

toring the proximity probe signals on the oacilloscopes. The orbits &
should be quite small in diameter (approximately 1/3 cm or gmaller )
on the oscilloscope screen) and uniform. If the shaft is hitting, the '
orbits and the thrust signals will be quite distorted and will contin- %
ually vary ia size and amplitude, In his case, the thrust and orbit
measurements made with the proximity probes will have to be re-

peated in order o correct @ shim adjustment or a ghift in a pad i

position. The pad probe and thrust gimbal signals should be uniformly
once per oscillation,

MAGNETIZING SHAFT MAGNET

The mceasurements and adjustments outlined above under "Installation
of Thrust Proximity Probe' and "l'inal Journa! Bearin; Pad Adjustment"
cannot be made with the shaft magnet magnetized, because the force of the
magnet's ficld would not allow the shaft to float freely when measuring the
c¢learances. Therefore, the turboalternator must be digassembled to remove
and magnetize the shaft, The assembly procedure must therefore be reversed
to remove the shaft formagnetizing. Keep the shims identified while the parts :
are digagsembled, and use the dunimy shafts 1o hold the pads in position us
the shalt is removed.

NOTE: It it ig necessual'y o completely disassemble

the turboalternator, use a hole gage to assgist in the i
removal of the stator, Adjust & 0.3- to 0.4-inch

gupe to the smallest diameter and ingert it through

the stator,  Increase the diameter of the hole gage i
und gently lift the stator out of the housing.

1. Place the gshaft, with the turbine wheel removed, in a plastic con-
tainer (¢) to protect the critical shaft surfaces from the metal field
yoke on the magnetizing conl,

2 Subject the shuaft magnet to a uniform field of 25 kG, 1n a plane per-
pendicular to the tength of the shaft, o fully magnetize the magnet.

4 Ressemble e turboalte rnator using the same procedures Now
ali ot the crmitical clearances have been adjvated.  Install the correct
stoma durmg assembly.

Phe toobe siternatoa s now peady fog vpel cyele tests
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SHAFT BALANCE EQUIPMENT

The turboalternator shafts (?’art 7) are balanced on a modified Model MV -8 1
balancer (Figure 78), manufactured by Micro Balancing, Inc., in Farmingdale, 1
New York. k'

L

Rk '_
Figure 78, Modilied Model MV=-6 Bulancer ,

After reviewing the particular buluncing requirements of the turboulter-
nator with the represgentutives ot Micro Balancing, inc., the following modi-
fications woere made to provide o muximum unbalance digplacemoent in vach
plate of approximately 2.0 pin:

e Bulancing speed of the shuft was changed to 6000 rpm, which re-
guired an additional Ulrer in the electronics of the Model MV -6
halancer,

e Henvy duty, 1/8-inch -wide, Mylar recording tape was used for the
drive bett between the ghatt and the motor,

o Shalt cradle and suppevthardware (Figure 79) were redesygned to
reduce werght 1o o monmum, The eradle support plate 1 supported
by thieo bally mistead of the usuad fours The vibration transdacers
are pliced an Clome dyoporhes s possible, and nyvlon rods 116 mch
bt o e ancd b Bieatps o he v Bilocks, to redaoe foc e,
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Figure 70, Balancing Cradle Assembly

PARTS LIST FOR ASSEMBLY DRAWINGS

Tables 22 thirough 24 list parts for the 147K rudial impulse turboalier
natar and for inner and outer thrust gimbal asssemblics,
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Table 22

PARTS LIST FOR SINGLE-STAGE
RADIAL IMPULSE TURBOALTERNATOR
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Table 23

PARTS LIST FOR INNER THRUST GIMBAIL, ASSEMBLY
(Group No. G1i)

Part

Wty No. Namve Drawing No. /Description

1 ] Housing - - Inner 423D434P-1
gimbal

| 2 Thrust bearing 423D438p -1

1 k] Inner gimbal ring 543017141

2 ] Pivot serew ge4udIp-1

2 L] Pivot scroew 664H4311P-2

4 6 Pivot stem 88413317P~1

. 1] .e -

2 8 Set screw, hex No. 0-80 x3/32 long, cup point,
socket stuibluse steel

2 f Set sorew, hex Nou. 2-86 x1/8 lonyg, cup puint,
socket stainless stvel

2 10 Coppur slug 1718 dia % 1/32 long, copper, B11B34C

3 11 Copper slug 1/33 dia x 1/31 long, coppur, B11HI4C

M-azsq

Table 24

PARTS LIST FOR OUTER THRUST GIMBAL ASSEMBLY
(Group No. G1)

' Wty l;‘:f Nuanie Drawing No. /Degeription

i | Houaing =~ outer B88L4d81- 1
gimbal

i ] Thrust booring 4230482

! 3 Outer gimbal ring H43C1T8)10

4 1 Pivut seroew 684831111

] 5 1Mvot Berew Gg4p31110-d

4 4 Pivot atem CLTIEENR A RER

7 .- .

2 ] Set derew, hex No, 0-80 «4732 lang, cup pomnt,
socket type 304 stinbens wteol

1 " Sut Herew, hex No. 2-08 2 1/8 lupg. cup point,
Bovket typue 04 dtaanless steod

2 10 {opper slug VAL ehta 5 L 0 dony, copper, BETR3GC

! 't Coapper sluy

Vg din L7342 oy, copper, HETRBSC

[

L
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Appendix IV
SPECIFICATIONS FOR A SET OF SEVEN CRYOGENIC HEAT EXCHANGERS

This appendix includes a listing of the specifications that accompanied

the purchase order to Kinergetica Incorporated on 20 November 1672, There
were two seis of modifications of these specifications, The first set was sent
on 17 July 1074, These modifications instructed the sendor to conduct thermal
and pressure drop tests on only the warmer two balanced flow heat exchangers,
instead of on all four, as had been previously stipulated, The vendor was also
instructed to conduct a test that would determine whether plugging of the colder
heat exchangers would occur as & result of condensation of impurities picked
up by the helium gas in the warmer heat exchangers. The second set of mod-
{fications was sent on 23 December 1074 and instructed the vendor to block off
the coldest heat exchanger and to cut & hole that would vent this exchanger to

the jacket,

SPECHICATIONS

A set of soven cryogenic heat cxchangers is required for a three-stage,
Claude cycle, cryogenic refrigeration system (Figure 80), Tho refrigerant
is helium gas,

The vendor is required to deaign, construct, and preasure~drop test the
heat exchanger system, Thermal performance testing by the vendor is to be
quoted as a yeparute option, While carrying out this work, the vendor shall
be called upon to cvordinate with General hlectric engineers to assure com-
patibility of the heat exchanger system with the rest of the cryogenic refrig-

eration system,

The heat oxchianger saystem shallbe provided by the vendor under a gub-
contract with the General Electric Company, ‘The prime contract {8 between
the General Electr'ic Company und the U8, Army. As u subeontractor, the
heat exchanger vendor shall be subject to the terma and conditions of the prim

contract,

The subcontract shall be on a fixed cost, guaranteed porformance basis,
The performance guarantee is required for the performance parameters
teated by the vendor,

In the heat exchanger system, weipht is [mportant; the vendor shall de
sign for minimum weight.  In replying to this request for proposul. the ven-
dor shall provide his estimate of the welght and mlze of the heat exchanger,
based upon an initial design, It {s recognized that the weight and alze may
change somewhat as minor design imadificataons are made for compatibility
wich the vest of the refrigeration system,

_,_. R
B o b 1t S orel i
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Compressors and
Heat Rejection
Flow = 7, 688 Gram/Sec

Location 8

Turbine 3

Flow » 0, 734 Gram/8ec
Location 4

Turbine 2
Flow » 1, 488 Gram/8ec

Looation 3
b
E 2 Turbine 1
Flow » 3, 380 Gram/Bec
Location 2

__*

Location | A4 Joule-Thomaon Valve

N’  Flow = 2,108 Gram/8ec

RIPIAL

E Key!
=={}=— Demountabie Seal

g 3 # Heat Exohanger 3 ‘(‘R-‘Ilg:tl

Figire 80, Claude Cycle System (Schematic Diagram)
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Specifications for the heat exchanger system and testing procedures are
given below,

THERMAL PERFORMANCE AND PRESSURE DROP

Specifications for thermal performance and pressure drop are expresaed
in terms of temperatures, pressures, and flow rates throughout the heat ex-
changer system, as indicated in Figures 80 and 81, Note: The required ther-
mal effectiveness of all balanced flow heat exchangerr is 88, 5 percent; however,
the vendor shall design for 90, 0 percent, to be conservative, and the heat
exchanger vendor shall be responsible for pressure drops only within the
heat exchanger cores and headerse, The General Electric Company shall be
responsible for pressure drops in the connecting tubing.

hiGs PCAIM) TEMPLK) LEC: PCATM)  TEMPIX)
11 2.800 $.747 t 2 1180 4406
| - | 16174 44 400
21 2.828 13484 | 2 | 2:814 182:9%7
23 2800 %747 g2 4 1¢174 4¢400
29 1e1 68 12.49 2 ¢ 1197 12.9%
27 2814 1400
31 2.8%6 3439 3 @ 2.842 49.27
33 2800 13:.84 3 4 1197 12,998
35 14148 48.173 3¢ 1139 $2.7)
37 2.842 $3.00
41 Q088 16601 4 2 2.8M 193.3
43 Re836 54.38 4 4 1139 2.73
49 1e+1R8 183.8 4 & 1+108 1639
417 2871 170.0
- I .91 4 335.0 S2 2889 16601
$3 lelog 163: 9 S 4 1100 332.4
Notes:

1, Pressures are given in atmospheres (abasolute),

2. Temperatures ore given in degrees Kelvin,

3, l.ocations | through 5 are identified in kigure 80,
"l.ocation," above, id the cycle station, For ex-
ample, Location 5-4 {8 the inlet {o the compregsor,
where the pressure ig 1. 100 atrmogphercs and the
temperuature I8 332, 4°K,

Figure 81, Pressure and Temperatures Throughout System

STRUCTURE

In addition to transferring heat, the heat exchanger system is the
principal structurnl member of the cryogenic refrigerator, To minimize
heat leaks and facilitate system construction, it is desiruble not to rely
on uxternol support members, but rather to sudpend the cryogenic components,
such as turblternators, on the heat exchangers, The final arrangemaoenty

[

.
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E—" and support of the cryogenic components shall heworked outin coordination
meetings with engineers from the vendor's firm, the General Electric Com-

pany, and the U, S, Army,.

o i, s

General Configuration

TERGI Y h 3

The heat exchanger system shall be constructed either as a single unit
or as two units, For example, Exchangers 1, 2, 3, and 4 could be con-
structed as a single unit, with a uniform cross section, and Exchangers 5,
8, and 7 could be constructed as another unit, with a different cross section.
A rigid connection between the two units shall be provided, with the colder
unit supported entirely by the warmer unit.

Ll =~ o

Attachment to Flange

The warm end of Heat Exchanget 7Tshallbe attached to 4 room temperature
flange, The vendor shall provide a header capable of being rigidly attached
to the flange in a manner to be worked out with General Electric and U. 8.
Army engineers, This header is preferably the only means of support for
the entire set of heat exchangers and other cryogenic components,

Support of Components

If possible, the turboalternators and a radiation shield ghnll be supported
by the heat exchangers, The vendor shall provide rigid piping connectionns
to the heat exchangers, and tabs or protrusions on the headers, where needed,
to provide this support,

The total weight of each of the thiee turboalternatora is estimated to be
10 pounds, The center of gravity of the turboalternators i8 estimated to be
8 inches {rom the cdge of the heat oxchangers, The weight of the radiation
shield, to be supported at the warm end of Location 3 (Figure 80), is estimated
to be between 4 and 6 pounds,

The General Electric Compuny will select the piping sizes. with regard
to pressure drop and strength, and will be responsgible for mounting the com-
ponerts on the heat exchangers, The vendorshall be responsible for the gtrongth
- of the heat exchanger and the strength of the mounting protrusivnsg and piping
: connections to the exchangetsd,

Turbines and Joule-Thumson valves shall be mounted to t.: heat exchanger
hy means of demountable vacuum-type seals, Theae seals shall permit re-
moval of the turhine packages from the heat exchangsr during svstem develop-
ment, Hall of each seal (one flunge) shall be mounted directly on the heat ex-
changer headera, The langes mounted on the heat exchanger henders shall
be the flat flangea {the grooved flanges will be provided biv the General Flectric 1
Companv und will be attached to the turbine packages),
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Structural teat Leak

If the vendor requires external structural members for support of the
heat exchanyger, the turboalternetors, or the radistion shield, the heat leaks
s through these members ghall be used to calculate a corrected thermal per-

formance of the heat exchangers, The corrected thermal performance must
still meet the thermal performance specifications described above under
; - "Thermal Performance and Pressure Drop, "

b

ool b Rt

LEAKAGE

i e e

The heut exchungers shall be bubble tight, from stream to atream,
Bubble tightness is defined on puge 181 under "External Leakuyge,"

, The heat exchanger must be luak tight to the outside, ad measured by a
L helium mans spectrometer leak detector, Leakage test procedures are

specificd belaw,

DESIGN LIIME

R

The dusign life of the heat exchangery shall be 5000 hours, with 100
cooldown and warmup cycled reguited during refrigeration system testing,
‘The vendor shall give consideration to any degradation of materials that might
affect performance during that period,

CLEANLINESS

Cleanlineds procvdures shall be observed during assembly, Heot exchanger
parts shall he degronged and ultrasonically cleaned before assembly,

Asgsvmbly shall be pevformed in a Cludgs A\, or betier, clean room,  The

exchanpers shall be pnekuged for shipping in a cluan heut-sealed pladtic bay,
with dry nitrogen packaged inwide,

TESTING PROCEDUHRES -« THERMAL

Thermal peeformance testingshall e an optional itern to be quoted we-
parately by the vendor,  If the General Klectric Company elects to have thermal
v performance testing performed by the s endor, then the General Bleetrie Com-
| pany and the 108, Army will review test plans, tedting imethods, apparatus,
and indtrumentation with the vendor and will give approval before testing beging,

' Cryogenic Tosty

The four halanced flow exchangers shall be tewted Dndis idagdls by the
vendor, between room temperature and hiquid mittogen temperatuee, with
helium pod, ‘The Tlow rates Ahattihe varied, and thermael effectiveness tmen:
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surements shall beobtained at two Reynolds numberas above a:d two Reynolds
numbers below the design Reynolds number.

Data Extragglm ion

Data for balanced flow heat exchangcers ghall be extrapolated to the actual
operating temperature, accounting for average fin thermal conductivity, longi-
[ tudinal heat conduction, and average helium denaity, thermal conductivity,
and viscosity, Heat transfer data obtained in balanced flow exchanger tests
shall be used to predict unbalanced flow exchanger performance at operating
f conditions,

R e o

Errora in both the experiments and the data cxtrapolations musat be auf-
ficlently amall to assure acuieving the thermal performance goals. A sim-
] plified analysis of errors shall be conducted by the vendor,

TESTING PROCEDURES -- PRESSURE DROP

Pressure drop testing shallbe performed by the vendor even though
thermal tewts may not be performed by the vendor,

Flow Tests

The vendor shall tert both streama of each uf deven exchangers with ni-
trogen gas flowing at room temperature and near atmospheric pressure,
Prewsure dropgshnll be measured with Reynolds numbers at two points below
aund two points above the design Reynolds number,

Similar testsohall he mude with one stream of one heat exchanger using
b helium gas ut room temperalure and near utmospheric pregsure, s n test
ol the extrupolation method,

Data Extrapolation

Thevendor shall extrapolote predsure drop results to actual operating
conditions for all exchangers, taking into account average gas density and
viscosity,

THERMAL CYCLING

Refore leakage testing, all exchangers shall be cycled belween toom
tempe rature and liguid nitrogen temperature at least three times,  Fach
cacle muat be pecomplished in fess than one hour, ‘The cveling may be ac-
cotnplished by submerng the exchangers i hyguid itrogen,
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TESTING PROCEDURES -~ LEAKAGE

Stream ~To=Stream l.oakggg

Stream-to-stream leakage ghall be measured in all heat exchungers at
onee, with the exchangers at o temperature below 100° K, With all ports of
the exchungera bloched, except for one port on cach side, the exchangers shall
be pregsurized on one dide with helium gas ot 20 pafg. With the other side
At about atmodpheric pressure, the leakaye gas shall be collected and men-
suted,  Anaceeptiable Jeanage leselghall be o mady flow rate leas than 1o«
10™ atmecm™/soe, which corresponds approximately to bubble tightness,

T TR T B T e vy

i e

PRI s i

Eixternal I.vnlmg_«:

- Leaks through the exchanger outer walls shall be measured by moeans of

] a helfum mank spectrometer huving a sensitivity of at least 10™ torr~lters/sec,
3 With the eschangers at room temperature, the inside shall be conneeted

to the leak dotector and evacuated, Helium shall be introduceed {na plus -
tiv bag outside the exchanger to indicate the existence of leaks, and any leak
shall be located by local probing,  The test shall be repeated with the ex-
changer below 100K, Any Leakage fadiceatod by the leak detector sholl be
roepalred,

WITN LSS 'T'ESTING

Atleast one servics of heat teansfer sty GF performed b, the vendor)
and pressurce dirop tests shall be witnessed by a General Eleetele and/or a
U, S, Army cepresentative,  One-week notice of thege tegts shall be given

by the vendor,

DESIGN RV TEW

\dearpn toview sboc e hedd with General Bleeteie and 80 AWy e
presentatives U FG Belvorr, Vavginey, and approsal must b gen b Tap
constiuction stavts,

Hoast sntvoapated that the suboorttact wall begon on T Februates 1971
With s ces the starting dkide, the Todlowang schedule of completion dotes g

offered ns ognnde:

ik Compledion Date
Congbinate o with teoneral Vb cten o Jukan by T
Aten e attno e b regqunne oot

Cone Mg by ctnder ooache ne o bads

|
:
;
L
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Prepare initial design and review 15 March 1672 p
1 with General Electric,
,;‘ Prepare [inal design and review with 4 April 1872 )
1 General Electric and U.S. Army (one ' ;
, trip by vendor to Ft. Belvoir, Vitginia), d
] Fabricate hest exchanger system, U5 June 1072 ;
]
Complete predgsure drop and heat 14 July 1972
transfer tedts (General Llecir{c visit
: to veador). ;
' 1
E Ship deliverable itemas, 17 July 1072
DELIVERARBLE ITEMS i
g i
The following items ar- to be delivered under the contract, b
lem Dexeription g‘
1 One (1) set of seven ervoydenic heat exchangers ]
2 Three (3) coptes of o letter report, including o brief !

degeription of tedt apputrstus and brovedures, results
§ ol heat transfer testing (f performed) and pressure-
’ dArop testing (hoth budie test results and extrapo-
Lattons to sctual operating conditions), ane o summary
of #ructural calvulaticns

3 Three (3) setd of heat exchanger syvdtem drawings
(outline and detuiled drawings are required Y

TR W PO SN S
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i FINAL TELANICAL REPORT

GENERAL ELECTRIC PURCHASE ORDER NO. 002~207165

November 1972 through April 1975

Prepared By
M. A. Etkan

Kinergetics Incorporated
4029 Reseda Boulevard
Tarzana, CA 91356
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I, INTRODUCTION

This report describes the test apparatus, procedures, and results of heat transfer testing
and pressure drop testing of the heat exchanger fabricated to General Electric
Specification No. GL=12913. The exchanger s/stem s part of a three=stage Claude
cycle cryogenic refrigeration system, The refrigerant is helium gas,

Due to problems in the thermo! performance test system, the 98,5 percent design
affectiveness of the warm end, bolanced section of the heat axchanger was not direct-
ly ¢. monstrated in testing, The degree of vacuum required in the vacuum test chamber,
to ninimize external heat leaks during testing, could not be attained. A helium leak
in the helium flow circult in the chambar is suspected as the cause, The Inadequate
vacuum and possible helium leak combined with an extrapolation of the ceol=dewn flow
vs, liquid nitrogen boll-off data point to a large heat leak in the axchanger test system,
The pressing nature of the schedule did not leave time to pursue a cure of the problem,

The cold end balanced flow section In the exchanger was bonded in place but s Inop=
e-ative, |t is sealed off from the remaining operative six sections of the heat
exchanger, Difficulties encountered with |eckage in this section during assembly of

the heat exchanger and time Iimitations were factors In the declsion to install the section
as a "dummy" in the system,

", EXCHANGER SYSTEM CONFIG URATION

The heat exchanger system consists of a set of seven heat exchanger sections, four
balanced~flow and three unbalanced=flow, alternately mounted in series. Each section
is composed of o sandwich of alternating ,0075 dia, mesh copper screen parts and
thermoplastic sheet parts which have besn heated and pressed to force the thermoplastic
through the screen volds, The flow pastages are formed by precutting holes of the
desired size, shape, and location in the thermoplastic sheets, Figure 1 1s a photograph
of 4 completed section, and Figure 2 Indlcates the construction concept, The fused
thermoplastic forms solld walls which separate the gas flows from each other and from
the outside atmosphere, Heat Is transferred to and from the gas by passage over the wire
mesh, Heat transfer between passages Is accomplished by conduction through the screen
wires, which run unbroken through the plastic separating walls, At the same time, the
plastic forms an effective Insulator to conduction in the longltudinal direction. Flow

Imbalance compensation is obfulnT! by varying the flow area In the center portion of the
exchanger as dlicussed by Cowans!ll,

The exchanger system is effectively clamped together In the longitudinal direction by
an Inconel bolt which runs down the open center. This clamp greatly strengthens the

T, K. W. Cowans, ADVANCES IN CRYOGENIC ENGINEERING, VOL, 19, Plenum
Press, New York (1974), p 437,
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exchanger and helps to prevent leakage at all bonded joints, The bolt isa O," inch
diameter Inconel 718 rod, threaded or the warm end, The tlanged cold end © nried
Y in a stainless steel cap structure which transters the load to the exchanger body, The
¥ threaded end carries a nut and washer which transfer loads to a set of three Belleville
, ;} springs. It was originally intended to use five Belleville spiings, but it was not pos-
| sible to start the nut on the bolt threads with the five in place because the exchanger was
slightly longer than anticipated. The next lowest odd number of springs had to bhe used,
i  These springs are carried in the warm end munifold structure, and the loads are trans-
farred to the axchanger body through this structure,

¢ The heat exchanger is enclosed in a stainless steel cylindrical shell of ,050 inch

wall thickness with a flat ,25 inch thick end plate welded on one end and a flange,
with a bolt hole pattern, welded on the other end, The can is bolted to the warin end
manifold of the exchanger and uses a neaprene O-ring between the flanges for sealing,
There Is @ nominal ,050 inch gap between the exchanger outer surface and the inside
shell wall which has been partially filled with seven one~inch wide strips, spaced along
the length of the exchanger and bonded around the circumference of the exchanger, of ;
a furry, compliant cotton material which retains its compliance at liquid nitrogen A
temperatures, This material serves to impede themal conduction currents between the cold _
and warm end of the exchanger, Holes are cut In the shell to provide for the supply and i
return port flanges, which emerge from the manifold and connect to the cryogenic system ]
turbines and other auxiliaries. Special laterul movement bellows have been designed not

only to provide for longitudinal movement of the heat exchanger body with respect to the

outer shell, but alse to retain any leaking helium within the shell, Each port flange hes

; @ bellows with ona end welded to the outer shell and the other end to the flange on the

o ond of the port tube (e detall In Figure 3), Therefore, when the heat exchanger body

: expands or contracts longitudinally due to temperature changes, the bellows dnflect j
lateraily,

The Bellevilie springs are slzed und deflected to provide a clamping load varying from
: 15,800 |b warm to 12,000 Ib cold. The loud variation occurs because of approximate
0.126 inch differential between the exchanger body and the bolt during cool-down,

The exchanger weighs approximately 250 Ib and can be seen as a layout in Figure 3 and 3
In a photograph in Figure 4,

fil,  STRESS ANALYSIS OF PORT TUBES

The design criterion relative to port tube strength in the heat exchanger states that

each port tube shall be able to withstand a bending torque of 170 newton=meters (125
fta|b) at the exchange. core wall, and a force in line with the pipe of 1110 newtoms
(250 Ib) in either direction, The port tube is tllustrated in the Kl drawing package In
drawing #3711, The length of the tube from the flange end to the exchanger core is
3,965 inches, the outer diameter is ,875 Inch, and the Inner diameter 15 ,435 Inch,
The following 1s a calculation of the stress In the tube due to the bending torque applied
(assuming elastic bending theory is applicable).
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where:
@ = stress in tube due to bending (Ib/lnz)
= bending torque (ft-Ib)
y = distance from neutral axis to outermost wall (in)
| = moment of inertia (in4)
for this particular case:

M = 125 ft=lb = 1500 in-lb

y = .875/2 in
4 )
nodgdy oo 878 635 4
EER TS S 1 = .02081n
' -
. (1500 in=lb) (43751n) 4 gl 2

,0208 in®

This bending stress is acceptable for the manriol being used, stainless steel 304, which
has a yield strus of approximately 35,000 Ib/in2. Should fhe bending stress exceed
35,000 Ih/in2, plastic elongation may occur. Only gross plastic elongation would be
crlficcl to the design,

The stress in the header pipe due to a 1110 newton (250 Ib) force in line with the pipe
is analyzed as follows.

For the case of tension or compression:

. _F
Y

where:
s = stress in the pipe due to tension or compression (Ib/lnz)
d F = tensile force (Ib)

A = cross=sectiunal area of plpe (lnz)
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s = 20k . 875,34 Ib/in
285 in

The stress due to compression or tension s well below the yleld stress.

For the case of buckling due to compression:

P = “2 El
E L
®
where:
Pg = elastlc buckling load (Ib)

E = modulus of elasticity (Ib/lnz)
| = moment of inertia (ln4)

Le = effective length of the tube (in)

E = 29x10° Ib/in?

| = .0208 in
Lg*= 0.7L = 0.7 (3.95 in) = 27755 in

112 (29 x 106 |b/ln2 ) {.0208 in4) = 7.7282 x ]05 Ib
(2,7755 ln)2

The force required to buckle the pipe is far in excess of 250 b,

* The header tube is best represented as a pinnea=fixed column In which cose the
effective length Is given as ,7 L,
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V. TEST PROCEDURE AND RESULTS
E The test specifications called for four separate performance tests:
1)  External leakage

2)  Stream-to-stream leakage

Sl R

3)  Pressure drop

cy

4)  Thermal effectiveness

e FCLL 3 C R

The following sections describe the procedures used and the results obtained.
1. External Leakage

Leaks through the exchanger shell ware,measured by means of a helium mass spectro-
) meter having @ sensitivity of 1.5 x 10~ Torr liters/sec. With the exchanger at room
temperature, the inside was connected to a diffusion pump and leak detector and
evacuated. The system was evacuated for a period of three days with the best helium
background reading, on the leak detector, baing 4400 divisions. Bagging the
exchanger assembly and filling the bag with helium gas produced no significant
change In the background reading. The calibrated helium leak of 3.7 x 10~8 gd
cc/sec corresponded to 80 divisions on the leak detector, Therefors, the 4400 divi-
slons would correspond to @ helium leak no larger than 2,04 x 1070 std cc/sec. It is
postulated that the high helium background reading is due to outgamsing of the
exchanger, since it had been stream=to-stream leak tested with helium upon completion
of asgembly.

i
E

A second external leakage test was to be pertormed upon completion of the thermal
performance tests, by which time the exchanger would have experienced several cool=

down cycles. The test was to involve pressurizing the exchanger with helium gas and ﬂ
using a helium sniffer, connected to the leak detector, around the outside to detect
leakage through the shell. This test was nat performed due to the request to ship the
exchanger .

2, Stream=to~Streom Leakage

Stream~to-stream leakage was measured in all heat exchangers at once, with the temp=
erature below 100° K and also at room temperature. Directly upon completion of the

i
. |
[ thermal performance test, while the exchanger system wos still cold, the vacuum chamber gf
: was opened. With positive helium pressure on the system, one of the bellows hoses was ‘,
1 detached from the exchanger port and both openings were capped. This physically sepa- :

rated the high pressure side of the exchanger from the low pressure side. The high pressure
side was then pressurized to 20 psig. The low pressure side of the exchanger rose at o

o2

. — oy
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rate of 10 psi 721 sec until equilibrium with the high pressure side was reached. This
leak corresponds to less than 1.8 percent of the operating helium flow rate .

The 1ame test was made, without changing the test arrangement, after the exchanger
had reached room temperature. The high presiure side was pressurized to 20 pig and
valved off, The low pressure side of the exchanger showed no increase in pressure,
although the high pressure side decayed at a rate of approximately 8 pii/minute,

A R T R s

It appears that o relatively small stream=ro-stream leak, at room temperature, opens
up ot operating temperaturcs. The pressure decay on the high pressure side was due 5
to a leak in the adjoining helium circult outside of the exchanger. The exchanger ,
Itself was then separated from the adjoining hases and LN, dewar and both high and :ﬁ
low pressure streams were pressuie decay tested at room temperature. In each case, ?
the stream to be tested was pressurized to 20 psig of helium gas and valvad off from 1

!

.,,W,w—mm.
P AR T

B N

the urce . Decay on both sides was less than .2 psl /minute,

Preliminary room temperature stream=to-stream pressure decay leak tests had been per= ,
formed on both the high and low pressure streams ot the exchanger upon complation of 1
assembly. The low pressure side decayed at o rate of approximately .2 psi/minute and :
the high pressure side decayed at a rate of approximately .12 psl/minute. Both leck 4
rates were considered acceptable.

3. Pressure Drop

Pressure drop measurements were made on both streams on various combinations of two 1
(halanced anu unbalanced) of the six operatira exchanger sections with nitrogen gas at
room temperature. Each exchanger section could not be tested individually, except

_ . for #7, due to the design of the exchanger system, which does not provide an inlet and
3 outlet for each stream of each section (Figure 5). For each section combination, pressure 1
drops were measured at Reynolds numbers two points below and two points above the
design Reynolds number.

: The procedur.: was to flow gas from a compressed nitrogen bottle into the exchanger
section(s) with a pressure gauge and a laminar flow meter in the system (see Figure &),
The pressure drop through the section(s) and downstream of the test system was indicated
by the inlet pressure gauge, The pressure drop through the section(s) alone was found
by subtracting the downstream test system pressure drop, at the given flow rate, from the
overal| pressure drop read on the inlet pressure gauge. Data was taken separately for
pressure drop vs. flow in the downstream test system alone (Figure 7).

Pressure drop measurements were made prior to the external leakage test, in which the
can war evacuated, [t was decldud not to make the one required pressure drop test,
using helium gas, until loter in the program because the Introduction of helium gos

Into the exchanger would reduce sensitivity of the leak detector to be used In the
external leckage test,
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(he set of pressure drop measurements performed was determined to be invalid because
the pressure drop through the testing system wos much greater than that through the
exchanger section(s), After It was determined that the data was invalld, it was decided
to continue on to the external leakage test and come back to the pressure drop measure-
ments after completion of all other tests. The order to stop work and ship the exchanger
was recelved before the pressure drop measurements could be remade, Table 1 presents
the data taken on the first attempt.,

The following equation, taken from the Hagen<Polseville equatien for laminar flow,
would be used to extrapolate pressure drop test data (N7 subseript) to actual operating
conditions (Hg subscript).

APyt BPrs MHe  HH

P ]
*He N2 PHy  MN2

where:

APHe pressure drop through section(s) at operating conditions

A PN2 - pressure drop through section(s) at test conditions
A PT.S. = pressure drop through the test system alone

QNg = volumetric flow through test system

hy o = operating man flow rate

PHe = average cunsity of helium gas in section(s) under operating
conditions

Ly, ™ average viscoslty of hellum gas In section(s) under operating
conditions

WNg ™ average viscoslty of nitragen yas in section(s) under test
conditions

4, Thermal Performance Test

The raw test data for the warmest balanced section is presented in Table 2, included

Is the system flow rate, pressure, and nitrogen boil=off Flaw rate. This data, was taken
with a vacuum, in the test chamber, varying from 8 x 10™ Torr o0 25 x 10™ Torr,

The cool=down was started with @ vacuum of 3 x 104 Torr, but this vacuum rose to

the above range after 1=1/2 hours Into the cooledown. Apporently, a leak in the system
opened up at this point. A schematic of the testing system Is shown In Figure 8.
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v E Hallum Flow System M Nitrogen
’ E Reading Pressures Boll«OFf (2)
b (in- H20) (psl) (% of F4)
o '
: % 2.50 14.6/11.2 4
E E 3.20 14.6,/10.2 50
E_ ﬁ 3.53 14.3/ 9.7 48
: { 3.9 14,4/ 9.2 52
v

] 4.35 4.1/ 8.7 52

109* K at #1 supply port, 20 x 10=3 Torr vacuum.

Equipment:
Elow Meters = F4 Fisher and Porter Flowrator Model 10A27350,
tube No, FP=3/4-27-G=10/80

. . Pressure
' ‘ Gauges = P29, U, S. Gauge BU=2379-A
4 P47, U, §. Gauge AW=2926AR01

' Vacuum
3 Gauges = VAC3, CVC Type G PH=100C
VAC4, Thermocouple vacuum gauge NRC 802-A

Thermocouple
Bridge = T1, Leeds and Northrup, Model 8693

(1) See Figure 8 for location of presmure gauges.
(2) Flowmeter R4, maximum flow 11.0 scfm alr @ STP,

Table 2 = Thermal Effectiveness Test Data
at Five Flow Points
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To obtain exchanger thermal effectiveness, the data is reduced as follows:

1)  The Meriam Flowmeter curves are entered at the appropriate
differential presure to obtaln the corresponding scfm of alr.
This value Is then corrected for helium viscosity (x ,912) and
multiplied by the density of helium, calculated at 100° F and
the system outlet pressure, to obtrin the helium mass flow rate.

2)  The N2 flowmeter readings are multiplied by 11 scfm (the maxi-
mum flow rate) and the density of nitrogen at room conditions
to cbtain the Np boll-off mass flow rate.

3)  The temperature difference across the gas flows (8T) Is then
found by comparing the heat capacity of the halium flow to
the N2 mais flow time: the latent heat of LN2, .e.,
hNg ANz = hH, Cpp, 8T
or \

8T =
hHe CpHy

4)  The effectiveness is calculated by the equation:

AT
AT + 87

where A T Is the temperature difference betwaen the gas entering
the warm end and the gas leaving the cold end,

A sample calculation of the data reduction procedure is shown on the following page.
Table 3 shows the reduced data for the five flow points cbserved during the test.

The calculated effectiveness of the exchanger, extrapolated to operation conditions, is
almost 93 percent. The design effectivenass was 99 percent and the required effective«
ness ls 98.5 percent. A linear extrapolation of the five helium flow vs, nitrogen boll-
off points shows o 32 porgont boil~off at zero flow (Figure 9). This, along with the
poor vacuum of 25 x 10=9 Torr under which the test was run, is indicative of a large
heat leak in the testing system, Correction of the boll=off data for the maximum flow
point recorded (4.35 inches H20 @ 52 parcent boll-off) glves an efficiency of 97.11
percent. It is belleved that the linear extrapolation is conservative and that o con=
cave curve, which opers vpword, would be o closer approximation, This belief Is
given substance upon making reference to a graph of helium Flow vs. nitrogen boll-off
for a similor high efficlency heat exchanger comtructed several years ago by Ki for
General Electric (G.E. P.O . 002.206289) (Figwe 10).,
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Effectivaness Data Reduction
(rypical)

Data Point 1:
He flow reading 2.5 inches HyO, p = 14.6 psig
N2 flow reading 43 percent

Helium Mass Flow

Qo (scfm) = 2.5

viscosity correction factor is .912

100 schm !
m l = 31,25

for by, = 1.98x 10" polss
balp ™ 1.80 x 104 polse
QHq (sefm) = 912 x 31,25 = 28.5

"3\ by
izas ) 111069“0-5..5.. , g -
MHy = O, o4, = ——in in . 1728 0 s
s0 22 \ W
29.3
thy, = 4.168 gm/sec PHe * TR

Nitrogen Mass Flow
QN, (scfm) = .43 (11, anfm) -4.73

%) lbm\ min
|'|\N2 = QN2 °N2 - ﬂ‘.n m-) .0753 -—’-5- 60 ecnem C 434 -&—

14,7 x 144

I'IN: = 2,495 W/:Cc DN: » - %
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Effectiveness Data Reduction

(continued)

§T and AT

. e CpbT = thpy, AhNg
" hNy ShN
§T = 2 2
‘ ' - cal watt sec
| Bhy, = 1310 Sqo = 195,83 S
BTV wattsec
= 1,25 = 2,
Cp ] BT 9042 R
LoeT = LEMXIB N - 43.59°F
AT = VIB°F - (-260° F) = 378°F
Effectiveness:
_ AT
¢ AT+ 6T
R

MV




Mg L
Hellum Mass Flow Nlitrogen Mass Flow Effectiveness
(gm/sec) (gm/sec) (%)
4.1687 2,695 89.66 1
5.3360 3.134 90,82
5.6783 3.008 91.80
6.2380 3.259 92.09
6,7700 3.259 92,826

Table 3 = Mas Flow Rate, Nitrogen Boil=Off, Thermal Effectiveness




| T SR TR RS e e L

£
¥
H

430-T048 NIOOULIN "SAMOTI WNITIH - 6 3ANOH

Aﬁ“—.— o—_—u - NI -omﬁs&mwa ngw - g—n_ u—-—
oy 0°e 0z o'l

A 3 1 .

R R 1T 1B e iR T e a— -
i ik R e g gl |
N

| or

- 0C

(MO14 {4 4O %) eulpb.u 1040y MO (4 zN

205




(O%H NI - TOSSIId IVIINTEIIIA ¥ILIW ) - MO 24

3204 WY GNY "3°9 ¥04
4401108 TN 54 MO1d WNN3H

= ol 3O

V) [+ 3 (i ) 4 ot e

L i N 1 i | [ ] 0
. z
»
]
\ m
.IQN M
<
m
-
=
- =
>
o
$ 013 NOISIa z
Q
rls a—
E
<
=
-8 &
=

[ ]
~ 001

2086

a
o




=

A N Ml

V. SUMMARY AND CONCLUSIONS

Problems with the thermal testing system and time limitations were the main causes of
the apparently inconclusive data on the performance of the heat exchanger. It Is
belleved that the 93 percent effectiveness of rhe axchanger, which was determined
from the one thermal nerformance test made, 1s due to leakage within the vacuum
chamber, which can Infroduce severe heat leaks, and is not inherent In the heat
exchanger itself, Extrapolation of the Heilum flow vs. Nitrogen boll=off data points
lend credance to this view. External leckage tests revealed no gross vacuum leaks,
but the tests were made at room temperature and after the system had been exposed
to helium gas. The background Indicated by the helium leak detector was relatively
high, due to helium and outgassing in the heat exchanger; this prohibited detection
of medium and smalt lecks. Streom=to-itream leakage was small enough to have only
minimal effects on the performance.

Future testing of the refrigeration system by General Electric will hopsfully reveal
the effectiveness which the heat exchanger is capable of attaining. Much knowledge
has been gained In the design and construction of compact, high effectiveness,
cryogenic heat exchangers through this program. |t Is belleved that the state-of=the=
ort has been advanced by this hear exchanger.
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Appendix V|
HEAT EXCHANGER ANALYSIS

RELATING LTS TO DESIGN CONI

To simplify testing, the data presented in this report were taken at tem-
peratures slightly lower than the design condition temperatures, The data
were taken at Reynolds numbers above and below the design condition
Reynolds numbers,

HEAT TRANSFER DATA

The flow in the heat exchanger is in the laminar regime, but because
each layer of screen must form a new boundary layer, the heat exchanger has
developing laminar flow. The following correlation approximates the curves
for stacked screens at low Reynolds numbers (Ref, 7, pp. 128-130):

St m Pr-o® pe=%4%. NTU As/Aft

where:
St = h/Ge
Pr = uc/K
Re » GD/K
K = Thermal conductivity
u = Viscosity = 5,023 x 10™ x T%%7 g/cm/sec
c = Specific heat
h = Convective heat transfer coefficient
G = Mass flux
As » Heat transfer surface area
Af = Flow cross section
D = Hydraulic diameter
NTU = Number of Transfer Units
The Prandtl number is a weak "“'nction of the absolute temperature, so
the temperature dependence of the convective heat transfer coefficient is .,
determined primarily by the viscosity, The following proportionality can 1

then be used to acale heat transfer data taken at conditions other than the
design conditiona:

NTU a TO.l'I/GO.“

Preceding page blank
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PRESSURE DROP DATA

%
% Becauge the flow is laminar, the friction factor is proportional to the in-
g verse of the Reynolds number:
‘l
k ,
i fal/Re
% AP a Gu/p
,{ AP o GT Lo#
¥ where:
Re = GD/u

f = AP/4(L/D) (G*/2p A1)
AP = Pressure drop

L = Length

p = Density

The pressure drop is therefure generated at the warm end of the heat
i exchanger, The pressure drop can be scaled to design conditions by the
: ratio of the warm end temperatures raised to the 1, 647th power,

TA MPUTER PROGRAM

The thermocouple measurements in millivolts, the pressure drop across
the nozzle flowmeter, the pressure at the entrance of the nozsle, and the
barometric pressure are inputs to a computer program that calculates the
mass flow, temperatures, effectiveness,and NTU for each data point, The
following paragraphs list the program and explain the variablos, A sample
run is also presented, which represents the initial data point in Table 8,

The program was originally designed to include the thermocouple meas-~
urements AT! and AT2 in Figure 35, Because of the shorting of thege
thermocouples, the program was altered to ignore these readings. In the
sample run, these thermocouples read zero,

Following is the nomenclature for Program HEDRI: J

Line Symbol and Explanation {

170 TEST = test number; MO, DAY, YR » month, day, and year of '
of the test. ?

180 MV1.... MV8 = thermocouple millivolt readings (numbers 1, 2,
3, and 4 correspond to the thermocouples in Figure 38. Number
5 is the difference couple labeled A T1; number 8 is the difference
couple labeled AT2,

210
Lﬂhm‘ - e T e il i s mapen ne s o e . .—J
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Line Symbol snd Explanation

100 BAROM = barometric pressure in mm of mercury; P11N = pressure
upstream of flow nozzle (psig); DPIN = Pressure drop across flow 3
nozzle (in, water), E

107 MVNOZ = thermocouple millivolt reading at the flow nozzle, {

200 D1 = diameter of pipe upstream of flow nozzle (cm); 4
D2 = diameter of flow nozzle throat (cm), E:

210 M = molecular weight of gas (g/mole),
220 CP = specific heat of gas (J/g°K).
230 MU = gas viscosity (poise).

240 TTAB = number of entries in temperature-millivolt table,

i 250 DTTAB = number of entries in temperature difference-difference-
couple millivolt table.

850 DTLAV = lengthwise average temperature difference between heat
exchanger, (This average is based upon four differences: the
differences between absolute thermocouple readings at the two ends,
and the difference couple readings at the two ends).

580 Pl = absolute pressure upstream of flow nozzle (bar),
600 DP « flow nozzle pressure drop (dynes/cm?),

610 RHO = gas density upstream flow nozzle (g/cm?®),

620 ARSQ = area ratio squared,

630 A2 = area of flow nozzle throat, ‘
840 MI:O(;I‘ = mass flow rate through nozzle, assuming nozzle coefficient
= . 3
850 NRE = Reynolds number, based on the mass flow rate. ;
660 C'V = nozzle cocfficient, based upon curve fit of American Society
of Mechanical Engineers data,
670 MDOT = new mass flow rate, based upon nozzle coefficient.
700 EFI® » thermal effectiveness,
10 NTUA = apparent NTU,
720 HT = heat transferred from stream to stream,

Figure 82 im a sample data run, which represents the initial data point,




otnanaL @ rureraic

HEDRI 0B/71877%

100C «w===HEAT EXCH DATA REDUCIIONw=cas
101
1100 wevaaNDZZLE FLEW METERmcwuas
1
120C ====eREFJUNCTIONS 184 AT 273.1% K AND 243 AT 77,35 Keeosw
130 INTEGER TES1,MQ,DAY,YR,1,TTAB,DITAB
139 REAL MVI,MV2,MVI MV A, MVS, MV E, MUNBZ)PLINIMUSNRESMDAT)NTUAS MVA
140 DIMENSION MVACRO), TACR0),DTACI0) s DMVALLIOD)
: 150 DATA CMVACL)Y, 181,18)7.0,40429,.R19,:408,:610,.81%,1.0%92,1.29,
; 1918 1.8541,1.804,2:365,2:973,%.681,40310,%.04,5.81,64.62),7.4712/
f 194 DATA (TACY1)Y, Io1,18)777:35,80:0%00510042110:,1204513045140,,
; 1992 1501404518045 200::2204,240.4,260:,2804¢,5300.,3R047
: 157 DATA C(DTACT) 2 1m1,8)777451000,1400,18045220:52604,3004,240./
' ; |:B DATA (DMVACTI)»1u1,8)760.,%1:5,4048,344,29:8,26.7,24,1,82.17
3 . 1%9
180C =<vracINPUTS=ccss
170 READ, TEST,»M93,DAY,YR
180 READ, MVI,MVR,MVI,MVA,MVS, MV A
190 READ, BAROM,P1IN,DPIN
199 MVIaMV]+5,%463) MVasMVa+98,%544)
196 PIINuPIIN®R,306
) 197 MUNOZ =MV A
‘ 200 DIwh.25 D2ug 0282
; 210 Med
k 2R0 CPe3%,Q
230 MUSROOF -6
240 TTARmIE
2% DTTARsS
2%
: 12,00 =owwePRINT INPUTSecnes
A 3P0 PRINT,"TEST NOMTEST
330 PRINT"DATER “aM@," /", DAY /Y, ¥R
1 340 PRINT,"MILLIVOLT READINGSY 1,8,3, 4,9,68"
80 PRINT MV, MV2, MV, MV 4, MVS MV 4 #
360 PRINT,"NGZILE TEMP (MV)u', MyUNOZ ,
370 PRINT,'"RARQM PRESS (MMHG) s ,RAROM |
Y80 PRINT,"Pr¥8S UPSTREAM NQZZLE CIN HG) ", PL1IN
390 PRINT,'NOZZLE DELTA P CIN HEA)u“,DFIN 3
400 PRINT,''NQZZLE DIA (CM)r (C1)x',D1," <(2)e,DR2 )
410 PRINT,"MAL WT (G/MBILE)I=", M ;
420 PRINT,""SFEC HT CJ/G K)a¥, (P |
| AJ0 PRINT,"VISC (POISEYs ', MU
i 431)
48007 ecveo]EMPERATURES wsan
446D CALL INTERP(MUNGZ, TNOZ)MVA, TA, 11AR)
470 CALL INTERP(MVILTI,MVA, 1A, ITAR)
480 CALL INTERMIMVR, TR, MVA, TA, 1TAR)
A90 CALL ITNIERPEMVITINMVA, 1A, 1TAR)
500 CALL INTERP(MVA,Ta,MVA, TA, TTAR)
910 CALL INIERPC.5%CTR+413),DTDM, DTA, DMVA,D1TAR)

I'igure 82, Sample Data Run (Sheet 1 of 3)
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HEDR | OX718275

SeN DIsekDiINMeMY K
30 CALL T YIRRFCoHRCTIe 1), DTDMDIA, DMVALDTTAR)
San DISeDihwemys
S30 DILAV=C | | =2+l a=]3)n,Y
SA0 DIRAVR( | 1«Ta*|R=1)In,§
841
SHOC swweaf) ) RATRecaes
D90 Pleck' I yeD8%,46RAKAM) 2780,
400 NPaDFT Nv2IaON
A0 RHMeE)eM/Z7eeY, | awiND2)
APD ARSCQuc DY
A0 ARw s TR NanD 2w
640 MDATaAD®C P qmiKHIRDE L o= ARSI Y
AS0 NHESMPYY 20, TROGRNPEMI))
&80 Cum Tl iHe sk . DPING
AT70 MPY IRy
671
A90C cmawalblknvAl, PEKFIKMAN K s ecae
700 FFFDILAL 7¢I AV DTEAY)Y
710 NVUAREFR 2| JoFFF)
720 His(GPeMiry il ]| AY
; 7721
: 7400 esasabt 1Nl WP ieense
' 790 FPUNT» ) HIFi"

TAD FRI NI IR, L, DEE v

70 FRYNY, 0y
TEN MRENTa L Aet, |
j' 790 Prb Nl 1A=y 4 n
; BO0 FRENIMVIERNERMRAIIKE DUFFE (R gty
K10 PRINTHVPIFE O B Se',l b, 19=108", |%a}
K20 PRUNTAVDUEY CY)PLE As*,i (7 ," TleTéda, [i=]a
R0 PRINTHVERE -, e
Han Prlt AT, Axe 12, N I
BRO PRINIYNRb e, oy
RAD FriNi"N2/Z7LFE COREEsY, M\, Ak B 2000\~ ehDND
RIO FHINTI"MALS FLAW CGZSFEY o, MDY
RA0 PRINT,"WMEAT TRANS (LAY H
I HidK
939 FND
"3k !
QA semana] V) EPElAIIAN LB yesaae \
950 SURKIUTI N INIFRPCAVAL s YVALIAA, YASNTAR)
960 DIMENSTON »ACIDYYACA0Y !
970 I1FCXVAL=%AL1))94,90,90
9RD 9N =2
990 91 IFCMVALXA{]))93,91,9
1O00 Y@ 1xlel sl [K(TaNTARYIQL 0,9
1010 94 YVALeYACT Yot R VALaXOCl « 13 YR LYAL I YA I Z0a RtV mrnt ) )
10P0 K (1M
1040 94 PRINT"INLTINDFE RANCF AF  ((ERM IO Y L E AR W

Figure 82, Sample Data Run (Sheet 2 of 3)
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HEDR1 0B/18775

1040 STOP
104Q FND

HEDRI 15816 08718773

271,7,22,7%
71.18%2,0,.7967,0.2438,0:6173,0.0,0.0
27%0.0751:%,9.7

TES1 NO. |
DATE1 17 ge/s 75
MILLIVOLT RFEADINGS: 1:,243,4,8,4
A.7315%000E+00 7.%670000€=-01 #.4380000E-01 6.,1636000E+00
O 0.
NAZZLE TEMP (MVW)e 6.1636000E+00
RARQM PRESY (MMMG)w 7.%5007000E+08
PRESS UPSTREAM NOQOZZLE CIN MHG)e 3+4%90000E+00
NQZZLE DELTA P (IN. HRO)» 9.7000000E+00
NQZZLE DIA ¢CMY: (1)wm 6.,3%500000K«+00 (2)= 2.0282000E+00
MPAL WT (G/MOLE) e L]
SPEC HT ¢J/G K)wm %.2000000E+00
VISC (POISE) = 2.0000000E-04
AuUTPUT
Tin 3.02%99698E+09 DEG X
T@= 1.171%6108+02
T 9.13I18149E+01
Tan 2.8872010E+0%
TEMPERATIIRE DIFFERENCES
DIFFE CANPLE Y= 0. T#«T3n P2.884092RKE+01)
DIFF COURLE 4= s TleTas 1:3874AR50€+01
EFFs 9.0600180K~01
AFPAR. NTis 9.,6385012E+00
NRE= 3.0871199F+04
NAZZLE CAEFa 9.A0RQ4TE«01 OX FOR 2000«NRE<460000
MASS FLOW (G/SEC)a Y.3%9B2964E+00
HEAT TR N8 CWATT) 9.31331R20E+01

PROGRAM STOP AT 930
Figure 82, Sample Data Run (Sheet 3 of 3)
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EFFECT OF HELIUM LEAKAGE, THERMAL RADIATION, AND AXIAL CONDUCTION
ON_HEAT EXCHANGER PERFOR

STREAM-TO-STREAM LEAKAGE

If radiation and conduction are ignored and if there is no leakage to the g
caning, the control system shown in Figure 83 can reprerent heat exchanger?, ‘

W TR

T T

} Ty | ! Ts
: Thiann ’ ,
Y ‘ l | M-M,
4 M
%‘ »P ' I‘ l
C Ty
: Mo _ MM
_' Figure 83, Stream-to-Stream L.eakage
{ In Figure 83:
My, = Stream-to-stream leakage
M = Heat exchanger mass flow
t Ty = Temperature of the gns [rom the compressor
LE— Ts: = Temperature of the high pressure gas leaving the heat
] exchanger
' Ty = Temperature of the gas returning from the nitrogen dewar
; Ty * Temperature of the low pressure gas leaving the heat
; exchanger
C = Specific heat of the gas
(M-ML)C(T,-T;.‘) + MCU(T,-Ta) = 0
M Ty - Ty
4 -_-I-J ] -
' M Ta - ia

LEAKAGE TO CASING

The casing of the heat exchanger {s connected to the warm end of the
low pressurc stream, A leak to the casing therefore bypasses the low pres-
sure stream, Assuming the radiat/on and conduction are negligible and
assuming there ip no stream-to-atream leakage, the control system shown
in Figure 84 represents the heat exchanger,

W T ¢ e g
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Figure 84, Leakage to Casing
In Figure 84:

i Ts' = Low pressure stream temperature before mixing
My, = Leakage to the casing
T1s Tay Tay T4 = Temperatures as defined in Figure 83

An energy balance for the above control system yields the following
relationship between the mass flows and temperatures:

M,CT, + (M-ML)CT" » MCT,

L
M, /M« (T = TY/(T ~Ty)

The following approximation can be made to simplify the above equation. 4
T Ty

This approximation approaches an equality as the effectiveness of the
heat exchanger (without a leak) increases and as the size of the leak increases.
This equation ecwentially notes the fact that a heat exchanger with unbalanced
flow will have a pinch ot one end, This approximation can be combined with
the previous equation to yield ihe following equation for caleulation of the
leakage to the casing of the heat exchanger:

M

= STy = TH/(Ty = Ta)

THERMAL FADIATION AND AXIAL CONDUCTION

The control system in Figure 88 shows the effect of thermal radiation
and axial conduction on the performance of the heat exchanger, It is assumed
that the leakage in the heat exchanger can be neglected,

216




TLHE et Auere graerii,

i

genanaL @ tuctaic

1
%

™| —l Ta

TR T TS R A T

.l“ I'a
! - :

QU Q,

¥,

3 IFigure 85. Radiation and Conduction

where:
QR * Radiation to the heat exchanger
Q. ®= Conduction down the heat exchangor
Ty, T2, I'a, Ty s Temperatures ns defined in Figure 83

The following energy balance can then be written to show the effect of
thermal radiation and axial conduction on the temperatures in the heat
exchange.:

MU(T =Ty + MU -T'3) + QR + Qu =0

Qp +Q,
mc

Lw (To=Ty) = (Ty=T)

S

Thermal eadintion and axial conduction appear o a difference in the tem-
perature diffe onces at the warm and vold ends of the heat exchanger, 1If {t
were not for the leakage in the heat exchanger, this would yrovide a method
for exact calculation of the thermal radiation and axial conduction, The last
data point in ‘l'able 8 has the least anmount of leakage because the axial conis
pression of the heat exchanger had been increased and the pressure diflference
between stroams {8 small, The difforence in the stream -to-stream tempes
atures at either ond of the heat exchanger for this case is 1, 4"k, This {8
in part caurcd by leakage, but It does provide an upper bound on the effect of
, radiation and conduction, This would decrease the effectivencss of the heat

exchanger by 0, 36 percent, 3
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