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FOREWORD

The design and development effort described in this report was
performed by the Mechanical Systems Operations, Aerojet-General Corpora-
tion, Azusa, California, as part of the SNAP-8 Electrical Systems
Contrach being conducted within the Power Systems Department. The work
was performed under NASA Contract NAS 5-417 with Mr., Martin J. Saari as’
NASA Program Manager and Dr. W. F. Banks as Aerojet-General Corporation
Program Manager. Acknowledgement is ‘given Messers. H., O, Slone and
A, Stromguist of NASA-Iewis Research Center for their guidance and
assistance. : -
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ABSTRACT

" This report describes the design and development of & mercury pump and
motor for use in the SNAP-8 Electrical Generating System while in a space
environment. The pump, & combination jet-centrifugal type, is driven by a
motor with oil-lubricated ball bearings. A dynamic, shaft seal-to-space is
used to separate thz mercury and the lubrlcant oil. '

The pump has been under development since 1963. A total of 6 units
have been built and operated for an accumulated testlng time of 22,213 hours;
the longest test time on one unit was 12,227 hours. The pump was considered
to be successful and exceeded the specification requirements for a 10,000
hour life. The only complicastions encountered were in the seal=-to-space.

The pump development is currently being continued as of December, 1968.

The current goal is to extend the pump design life from 10,000 hours to
approximately 40,000 hours. The potential problems that need to be resolved
in order to extend the pump life include cavitation damage on the back side
of the impeller hub and on the mercury Viscoseal.
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SUMMARY

A mercury pump-motor assembly was designed and developed as a boiler
feed pump for the SNAP-8 nuclear turbo-electric space power system. The
design was started in 1963, and the development is continuing at the present.
The pump motor assembly is required to pump mercury at a témperature of
approximately 5OOOF3 continuously for 10,000 hours within the performance
envelope. The@Rump motor assembly,‘except for the seal-to-space vent ports,
is a self~contained, hermetically-sealed unit. The pump motor assembly,

hereafter, referred to as the "mercury pump', contains a centrifugal pump,

‘”'low-leakage:&ynamic séals; and an induction motor mounted on a single shaft

and suPported by angular contact ball bearings. Polyphenyl ether (Mix 4P3E)
is used as a motor and space-seal coolant and as a lubricant for the bearings.
Integral w1th the assembly are a jet. pump and lubricant-coolant valves with
associated plumbing. The jet‘pgmp is used to increase the mercury pump

Q
suction performance during startup when the system pressure is low.

This repoft describes the work accomplished during the pump motor
design and development conducted at Aerojetéqeﬁeral Corporation during the
period fromil965 to 1968. The report includes the more significant details
of the analysis and design 1nclud1ng the highlights of the development
progress up to December 1968.

During this period six different mercury pumps were tested for a cum~ ”
ulative test time of 21,215 hours. One pump was tested for”12,227‘hours and
was subjected to 109 startups during‘this test. The tes£ results verified
that the short-term performance of the mercury pump was approximately as
designed. The mercury pump motor assembly effiéiency was 12.7% with a jet
pump hydraulic efficiency of 12,5% dﬁd a combined jet-centrifuga% pump
hydraulic efficiency of 29%. ) ro
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. in the pump design. The ‘mercury pump is considered developed , since it has

SUMMARY (cont. )

The only significant problem encountered during deVelopmeht was the

rupture ol Lie bellows in the carbon face seal 1lift-off device. The shaft

seals have a carbor face seal with a lift-off device to reduce wear dﬁring
steady staté operation. The lift-off device consisted of a bellows actuated
with a high pressure fluid. Originally, the aetuating preesure was gupplied
by mereury from the pump discharge. In t is mode of operatlon, the 'Wa“be”:‘r"‘L
hammer”‘effect of the mercury ruptured tﬁe actuating bellows. SubsequentIV“
200 psi nitrogen was used to supply ﬁhe actuating pressure. Howeyer, the
problem was not«combletely solved, ahd there were still instances of bellows

failure. A new lift-off device was designed, and is presently belng

developed for 1ncorporatlon into the mercury pump design. - ; :

A mercury pump,post-test analysis after the 12,227-hour‘teet indicated
that there were two problems which might limit the mercury pump life to less
than 5 years. One‘was:cavitation damage of the space seal partsiand of the
pump impeller hub next to the back vanes. The other problem was fouling of
the . v1sco pump grooves by mass ‘dransfer deposits. Solutions to these

problems which are currently under study, should not require major changeb

met the original performance and the 10,000 hour endurance requlrements.A ;f
Testlng iz currently being conducted on two mercury pumps which are oper- ” i
ating Wlthln the power conversion system to- achleve a five year life within

speolflcaulon performance limits. : 2 S
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I. INTRODUCTION : G

The systems for nuclear auxiliary power (SNAP) program was initiated by
the Natioﬁal Aeronautics and Space Administration to develop a series of power
systems for use in outer space. SNAP-8 was the designation of the program
that was awarded to the Mechanical Systems Operations of the Aerojet-General
Corporation under Contract NAS 5- 417 The primary objective of the SNAP'B
Program was to develop a system whlch would convert heat from’a nuclear
reactor into 35 kw of “useful electrical power. The components were to have
a design life of 10,000 hours: (unatténded), and the design was to reflect the. ”

then-current -technology.

The SNAP-8 system design utilizes a mercury Rankine-cycle for the

* conversion of heat into electrical’energy as shown”in Figure 1. A mercury
'pump is used to force llquld through a boiler whlch vaporlzes the mercury and

- provides the force to drive the turbine. The tuzblne ‘then drives the alternator

which generates the electrlcal power. mhe turbine exhausts to a.condenser and

the liquid mercury then returns. to the pump. The nercury condensate enters the

pump at a flow of 1.8 gpm, an 1n1et temperature of. 505 F and pressure of 10.5
p51a. The mercury. preésure increases to 498 p51a at the pump outlet with a

resultlng head rise of 87 feet across the pump. . R

) The primary design con51derat10ns of the pump were the selection of
materials compatible with the hot mercury, the designing of a shaft sealing

system which would prevent the mercury and .the lubrlcant from mixing with one

«another or to 1eak out into space, and the designing of a set of components

whlch would perform without failure for 10, 060 hours. Evaluation of several

tested pumps gave strong 1ndlcatlons of an expected dife con51derably in

(excess of the 10,000 hours,ﬁ

\)

The basic mercury puump de31gn is a single shaft machine cons1st1nu of
a centrlfugal impeller type pump with & Jjet pump at the inlet to boost the

pump suctlon pressure during stertup and durlng steady state operation to

J enhance the 1mpe11er pump suction performance (Flgure 2) The pump is
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ment efforts between 1963 and December 19680
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driven by a conventional 400 Hz, three-phase, squirrel-cage, induction motor.

The pump and the motor are overhung on the opposite ends of a shaft supported

S50

. by angular -contact ball bearlngs. The bearings are ]ubrlcated with an

_organlr fluld of polypneny] ether (Mlx hPBE), and the motor and mercury

seal to space are cooled with the same fluld

This report covers “the design of" the pump and the subsequent develop-
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II.  MERCURY PUMP DESIGN |

The general philosophy used in the design of the pump was one of con-
servatism. Where!peeeible, design margin was used so that maximum flexibility
of operation could be obtained. A mercury pump design for long life led to
{Ethe selection of a centrifugal-impeller type pump. This type was selected to
avoid the life-limiting wear associated‘wiﬁh‘pumps of the positive-displacement
type. A centrifugal pump, unlike a positive-displacement pump, contains no
basic rabbing par%s in the pumping elements. Another ceﬁ%rifugal pump ad-
vantage is 1ts adaptablllty to sllght changes in performance requlrements.

New requlrements can be imposed w1thout nece531tat1ng\changes in the bhasic
centrlfugal pump design or operating conditions. The mercury pump design was
required to be within the current technology (1963). The following were the

neminal performance requirements on which the mercury pump design was based:

. oo
Characteristic _
Service Fluid . ) ¢, mercury
Flow, gal/min | ) 1.8
Head rise across pump, £t - 87
Suction (inlet) temperature, °F 505
- Minimum Net Positive Suction Head ‘ : ) ‘ Qf
(WPSH) available (during start ‘
transient at 40% rated Fflow), f%t » 0.14 .
Minimum efficiency (Hydraulic output/ |
BElectrical input), % ° JE X
Life, hours = - | . ~ 10,000

Materials in direct contact with‘mercury were selected for fheir
resistance to attack. by-hot liguid mercury as well as for their strength and
‘ereep properties at the pump operating temperatures. ,The}materlals %f con-
struction of the more  important elements of the pump and motor are as shown
in Téble I. A comparlson of mercury pump efflclen01es is shown in Table II.

The mercury pumn ‘loads are as shown in Flgure 3

b péb}
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TABLE I MERCURY PUMP MOTOR ASSEMBLY LIST OF MAJOR MATERTALS

Pump Element

~ Shaft

Dynamic Seals

Bearings

Bearing Housing
Pump Housing
Motor Housing
Pump Jet Nozzle

Pump Suction and Discharge Lines

| Pump Impelier

Motor Stator Laminations
Motor Rotor ILaminations
Rotor Conauctor Bars
Motor Stator Windings
Motor Insulatfen System

59

ATST 4340
AIST 43LO

M50-CEVM (Triple

Alloy Steel
Alloy Steel o
Tool Steel

Vacuum Melt)

9Cr-1Mo
9Cr-lMo
9Cr~-1Mo
9Cr-1Mo
9Cr-1Mo

i 9Cr-~1Mo
M19

M19

Silver

Copper

Polyimide

TABLE II MERCURY PUMP EFFICIENCIES
Efficiency, %

Jet Pump  Cent. Pump Jet-Cent.

Alloy Steel:
Alloy Steel
Ali0y Steel
Alloy Steel
Alloy Steel

" Alloy Steel
Silicon Steel g

Silicon Steel

"ML Ogganic

i3

Required -
Expected 15
Achieved: S 12.5

Q

L1
k9

Pump Pump Motor Assembly

22 110.6
29

12.7
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BEARING 55 LB
AXIAL' SPRING PRELOAD

VAR

(7.5) 4LB

PUMP RADIAL

(78 LB}

- - ' 49 LB
PUMP THRUST

B

o ~ 6LBROTOR  B8LB SHAFT DEAD WEIGHT
DEAD WEIGHT 6.25 LB ROTATING UNBAL ANCE
. X "\?; )

PUMP LOADS ARE COMPUTED FROM TESTED PRESSURE -PROFILES
(VALUES IN PARENTHESIS ARE ANALYTICAL)
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Figure 3. Mercury Pump loads



A,  CENTRIFUGAL PUMP

An analysis of the mercury pump requirements  indicated that the
centrifugal pump should be designed for as high a\gotating speed as possible
| to obtaln maximum efficiency. The maximum speed that could be used, however,
wa.s deppndent upon motor and bearing limitations. The centrifugal pump was,
therefore, optimized with respect to the motor and bearing designs. A 7,800
rpm centrif%gal-pump speed was selected on“the basis of the motor's 400 Hz
input frequency. B G ' |

1, Impeller Desig;

=

Reference 1 describes the standard industry approach in the
design of a centrifugal-pump 1mpel' } for commercial pumps, Utilizing this
approach, the generalized parameter spec;flc speed was used to classify
impeller pumps by their hydraulic characteristics. "Specific speed" (Né) is
defined as follows: - ' ‘

where N = pump speed in revolutions-per-minute
Q
and H

il

pump:flow in gallons-per-minute

]

, pump head rise in feet. | o
For a 7,800 rpm centrifugal-pump design speed, a 1.8 gallon~Per-minute deSign L
flow, and an 87 foot (design) head rise, the centrifugal pump's SPelelc “
‘speed would be 522, o

Hydraulic design and manufacturlng cons1derat10ns were used
to determine the geometry of the 1mpeller s passages. Flow transitions were
selected which minimized friction lbsses’and maintained maximum £luid control.
On the basis of emplrleal data, an impeller design W1th four front vanes was

selected, and the front-vane parameters were as follows.

¢ o

0
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Front ~Vane Parameters

Impeller diameter, inches 2.0 o
Impeller vane height at discharge, inch 0.1 ’
Impeller' inlet diameter, inch 0.75

| Impeller vane height at inlet, inch . 0.22
Front-vane inlet angle, degrees | 15
Ffont-vane discharge angle, degrees 25

1

' To reduce the axial thrust on the bearings and the
pressuréton the dynamic shaft seal, back vanes were also included in the im-
peller design. Using empirical data the optimized back-vane parameters were

as follows:
Back-Vane Parameters

Number of back vanes - 32
Back-vane height, inch : 0.10
‘Back-vanes clearance, inch 0.10
Back-vane length, inches l.22
2.  Housing Design

, » ) The heigﬁt-to-front vane clearance relationship required
that thé impeller vane height be at least 0.1 inch at the impellef‘discharge.
To accommodate this vane height, the volute housing was designed for partial
emission (1/3 Flowing Section).-A full admission design would have required
C403 inch vahe height:and 0.015 inch front‘vane¢élearance.v Performance with

sucﬁ anesign would be less predictable,

Cﬁaracteristic
* Admission, degrees ‘ - 120
Inlet angle, degrees 8.9

Inlet velocity, feet per second 29.1



3. Performance

a. Hydraulic Efficiency

For the specified pump suction conditions, calcula-

tions showed the hydraulic design to be adequate.

b. Suction Performance Estimate

An estimate of the centrifugal-pump's suction perfor-

}? mance was made by examining the local flow patterns at the various iﬁpelle;
inlet areas. The analysis indicated that the centrifugal-pump should be free
of cavitation at suction specific speeds of up to 9,000, Since the design
suction specific speed was oniy 6,000, there was sufficient margin for any
unexpected perturbations. . '

Suction Specific Speed = N@ 1/2
NESH) 3/L
c. Impeller—Loading Deﬁgrmination R ' (

The radial loading on the impeller was determined by
examining the pressure distriﬁﬁtion around the impeller periphery. The

following radial and axial loading on the impéller was calculated.

S Flow (%VDesign) Radial Load (Pounds) Axial Load (Bgunds)
» O 29 © 55 o

- | 50 13 oy 53

& 00 7.5 | 50

130 - . ” 12 " - L5

. The axial loading”on’the impeller was to a large

& oguee e S,
2Rl AT

extent neutralizeduby the use of back vanes. Analysis of the $ressure distri-

V: bution on the pump hou51ng at various flows showed that the.highest axial

o loading to be expeqted under any normal opération condltlon is 55 pounds at
§7 nominal design conditions, with a loading 'of 11C- pounds only at startup.

& \ | <

x B. JET PUMP )

The purpose of the jet pump was to provide adequate suction pres-

v
Wi
- ’

sure to the centrifugal pump to prevent cavitation in the centrifugglApump

dﬁring startup and extended operation. Since cavitation damage was a critical

: v factor in the performance of the pump during starting and for~long duratlon
L 'operatlon, more emphasis was placed upon producing a noncav1tat1ng pump ‘than

- a hlgh performance pump
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The Jjet pump design parameters were selected on the basis of the
centrifugal pump requirements and reliability considerations. To ensure that
the centrifugal pump would not cavitate, the Jet pump was designed to produce
sufficient head so that the centrifugal pump would not be required to operate
at suctlon‘spec1f1c speeds of greater than 6000 under any startup or steady-
state conditions., The optimum design for the jet pump required a réther smail
discharge nozzle afea for the jet. It was expected that such a small nozzle
discharge area W;uld be susceptible to clogging if the mercury fluid should
become contaminated. The nozzle was therefore sized for maximum rellablllty

with a resulting compromise 1P13et pump performance,

A jet pump's maximum efficiency is usually about 30%, but
compromlses for minimum nozzle size and low Reynolds Numbers re duced the

predlcted efficiency to about 15%.

The hydraulic and phys1cal design parameters for the Jet pump '

//

were as follows: ‘ | : \;x,/m“

Hydraulic and Physical Design Parameters “ ﬂ ﬁ }

Ve - | T o
Ratio of drive head to suction head : . -+~ 200 ‘
Ratio of through-flow to jet-flow " o 1.29 y
Ratio of jet-pump head to centrifugal- x “
~ pump head o, 0.1
o Suction fiow velocity, ft/sec . L 4,73
Jet discharge velocity, £t/sec = . 64.7
Jet pump discharge head , £t : | - 6. 6 )
Reynold's Number for drive jet " . 6.5x 105 ”
Jet nozzle diameter, inch ” e w} 0.093
Mxx1ng sectlon dlameter, inch. | j‘ ’ R ) ) O.hoh

Yo«
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“values; - The following were the optimized visco-pump system parameters:

w

c. SHAFT SEALS .

A dynamic sealing systém is used to prevent the intermixing of
the mercury working fluid and the organic bearing lubricant. A vent-to-space
cavity is provided between the two sealing systems so that the small fluid
leakages are ported to space. Additionally, since the dynamic sealing systems

are only effective when the shaft is rotating above 6,000 rpm, two carbon face

. seals are employed, one on the mercury side and one on the oil side. The carbon

face seals provide sealing when the pump is stationary and during start-up and
shut-down operations. During normal operation, these carbon face seals are

lifted away from the rotating mating surface to minimize contact wear.

1. Mércury Shaft-Seal

The mercury shaft-seal consists of a visco-pump, a molecular

. pump, and a carbon face-seal in series. The visco-pump is basically a screw
‘pump, with a rotdting helical channel in a close-fitting housing, Which generates
Sa pfessure differential balancing the back-vane hub pressure of the centrifugal
<+ pump's impeller (see Reference 2). This pressure balance produces & liquid-vapor
J iﬁ$erche. Molecules evaporating from the interface are restricted from flowing

. to space by the adjacent molecular pump. The molecular pump, similar in appear—‘

ance-to the visco-pump, is used %o return the gas particles to the llquld inter-

face by the px:ocesc of absorption and vemittance following collision with the ’

crotatlng he;lx,ana the houslng (see Reference 3).

N

8o MercuryfVisco~pump

cQ‘ ‘ ' For t?é/visco-pump to function as;an effective dynamic
segl, a cold, stable liquid-yapor interface is required.: By cooling tgé inter-
face, the vapo:‘pfeSsure is reduced. A heat exchanger is contained within the
deal housing'which'hsesvthe SNAP-8 organlc fluid (Mix-Lp3E) as a cooling medium. ?f
The purpose is to lower the temperature at. +he quuld/vaﬁor interface of the seal |

in order;to lower the vapor pressure, and hence reduce leakages to acceptable




Visco-pump System Parameters

Coolant inlet temperature, °rp . 210 7 ki
Coolant flow, pounds-per-hour , ' 2600
Mercury liquid/vapor interface temp., CF ’ 300

Visco-pump geometry:

Diameter, inches , 1.25

Length, inches 2,50
Radial clearance, inch =~ , 0.003
Helix angle, degrees ) R 15 ‘
‘Groove width, inch o - 0.083 “ -
Tand width, inch B | 0.085~" .
Groove depth, inch g 0.0125
Number of groove starts 6 "
Power cbnsumption, horsepower , 0.25"
PreSsgfe genéfation,vpsi/inch &5

5o i ﬁ : ,

=7 b, Mércury Molecular Pump -

o The mercury molecular pump was designed to keep the
mercury vapor leakage below f%ve pounds in iO,QOOfﬂburs for\a mercury liquid/
vapor inyerface temperature of 300°F or lower. The optimized molecular pump

L & f
design parameters are as follows:

—~ “ ¢ !
=~ !

Seal Geometry - ‘) ' o ’ \l o

Diameter, inches - : 1.625 |
ﬁ )Lengﬁh, inches “ ) 1l.4p c% | o M
Radial clearance, inch ° o - 0.003 . B ‘&thiz;QZ:_vjﬁﬁ
- Helix angle,~degfeeé . V i 225 | K e -
» & @Groove width, inch - = 0.10 \t%;ﬁ‘
Land width, inch - . . ; : 0.10 - :
Groove depth, inch variable from 0.010 to,0.060
Number of groove staftsb 0 ‘l; ”{” 1 N ;
Expected mercury leakage,1b/10,000-hr = 1.76 o -

ER

T3 "

I3 < : o B o
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c. Bellows=-Type Carbon Face Seal
\/

@‘ The bellows~-type carbon face seal is used to sea; )

the pump when the pump is not rotating. The seal would not last lO,OOOTﬁours

if it was allowed to rub continuously during pump operation, therefore, a
lift-off device was 1ncorporated into the seallng system to 1lift the seal

when the pump speed reached 6,000 rpm. The lift-off device originally consisted

of a bellows which is ported to the discharge of the mercury pump. As the pump

discharge pressure increases beyond 200 psia, the lift-off device lifts, the carben:

face seal from the running ring. The process is reversed when the pump is
- : 0
- shut down. The maximum power consumption expected for the face seal is less

than 0.2 horsepower with the seals engaged.

]
2.  Lubricant Seal ” = //

The lubricant seal consists of a slinger and a‘mokég;iar
pump in serles as a dynamic seal,land a carbon face seal for a statlc sedl.
The slinger is used to develoP a stable 11qu1d/vapov interface, Lnd the
molecular pump is used to restrict the leakage of vapor molecules.a The
function of the carbon face seal is to‘seal when tHe“dynamic seel is not
capable of performing the sealing function as descriﬁed for the mercury
shaft seal. | '

8 Lﬁbricant‘Slinger

I

o : The sllnger 1s & smooth disk w1th a return groove
“in the hou31ng at the. outer periphery for returnlng Lhe lubricant to the
lubrication system. It was assembl ed w1th an axial clearance of 0.019 1nch
and a radlal clearance of '0.010 inch ‘and generated g pressure of 5 psia while
malntalnlng a stable interface. The expected power consumptlon is 0.35 ©
horsepower. - ‘ “ | |
o b. . Iubricant Mblecular Pump

) The molecular pump minimizes the leakage of the a
organlc fluid (vapor) past the ﬁhaft. The expected leakage?rate of the

optlmlzed des_gn is about 0.08 pound per 10,000 hou:;'s°

N
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The geometry of the mqlecular pump is as follows:

Geomebtry of Molecular Pump

Diameter, inches 1.7
Length, inch’ 0.85
Radial clearance, inch 0.00% ' «
Helix angle, degrees 4,25 |
Groove width, inch - 0.18
Land width, inch 0.22
< Groove depth, inch " 0.0575

W]
=T

Number of groocve starts

b

(& Ce Lubricant Carbori Face Seal

The carbon face seal on the oil s1de of” the (Lhaft is
the same as the one on the mercury side. It is alsodactuated by the Lercury
pump dlscharge pressure to 1ift off when a spned of 6,000 rpm is attained.

D. LUBRICATION SYSTEM

2 R

The reQuirement to use, eonwentional technoldgy“dictaned ﬁheouse
of conventional ball"bedrings. Because the bearlngs were requlred to 0perate
olO 000 hours without maintenance, an active, flowing lubrlcatlon system was
- requlrede‘ The lubrication system 1ncorporated an 1naect10n system and =scaven-

ging device. An 1n1ect10n system was requlredc'o aupply only as much lubrlcant

as needed. A scavenging device was requlred to qcavenge the bearlng cav1t1es

‘faster than the inward’ flow of the requlred amount of 1ubrlcant to prevent

" floodlng i i X . o \H.'{ .: " ) . ’ . d =, . . . .z
o . ) L Y - ;
R -

1. Bearlng-lnbrlcatlng Injector ‘ ' "

The lubrlcant 1ngector was designed to prov1de MOO pounds
~pexr hour lubrlcant to the two bearlngs Thls rate of lubrlcant LlOW prov1aes

abundant 1ubr1catlon and also keeps the bearlng temperature below 250°F. To =

ensure reklablllty, each lubricant- 1n3ect10n hole was made 1arge enough to
 minimize possible foullng The selected d631gn cons1sted of an 1n3ect10n rlng
with SlX equally dlstrlbuted O Ok inch dlameter holes whlch dlrect lubricant

toward the 1nner race of the bearlngs,s

.\ Q
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2. Bearing-ILubricant Slingers

Two. lubricant slingers are used, wnich are bpposite to‘the
iubricant‘injection rings in order to scavenge the bearing cavities of poly=
phenyl ether lubricant. To prevent bearing flooding, each slinger is designed
to pump against a 5 psia discharge pressure which.is a requirement for the
lubricant-coolant pump, and at a flow which is much greater than the specified
bearing flow of 200 pounds-per-hour. The.selected slinger design has émooth
faces. Nominsl assembled axiel clearances of 0.019 inch, and radial clear-

[

ances of 0.010 inch are obtained. The calcuiated power consumption for each :

“ -

slinger is 0.14 horsepower. =

/ 3 Mbtor-Cav1tv/scavenge Slinger I

Initially 1t was intended to provide a-carbon seal and
1ift-off device between the motor end’ bearing and the motor winding cavity to
prevent leakage of Mix-~-A4P3E into the cavity when the‘unit is not operating,
or at lower speeds when the dynamic seal system is not effective. The 1lift-
off seal system would be similar to that described previously (1C). Consid-
eratlon was ,given” to the fact that leakage into the cav1ty might occur due to
an 1neffectrve seal and the Mix-4P3E could only be removed from the motor by

either dralnlng the fluid overboard, which would have requlred additional
va1v1ng, or by boiling-off the fluid by motor thermalxc/ndltlons A thermal
analy31s under flooded motor condltlons‘was performed and this 1nd1cated that

the Wlndlng temperature would increase by approximately lOO F due to added power

-\-._._.

< consumptlon of 0.5 horsepower and v1scous dragkfffects This effect is un-

P

‘ de31rable from an insulation life standp01nt aud)the introduction of draln

valves 1n'troduces other compllcatlons. Therefore, a motor cavity scavenge

‘slinger was in@?rporateduin the design. ThlS had the capability of purging the

rotor "air" gap ofﬁfluid and return it to the luarlcant coolant system. - Thef
maximum power for "a flooded rotor and slinger was calculated to be 0.9 horse-

power, but thls falls nff rapldly as scavenglng is accompllshed (see Figure h)

E. BEARING SYSTEM

««««

. The bearlng de31gn 1s ) 51ngle TOW o angular contact ball bearlng,
W1th & low _shoulder 1n the inner rlng, and with an outer ring- plloted ball
separator ‘of ne-pleee censtrﬁctlon.‘ The bearing design goal was to obtain a

minimum life of 10,000 hours with 99. 5% rellablllty

.l
e
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The bearing design was based on the foll wing conditions:

Characteristics for Bearing Design

Speed, rpm 7800 ,ﬁﬁ
Loads: . ‘
Axial, 1b T 55 (110 1b at start)
Radia%, 1b 45 (65 1b at start)

Equivélent,’lb 165 -
Maximum acceleration, rpm/sec 800
. Lubricant: P (polyphenyl ether Mix LP3E)
Pressure, psia ~_ 1.0
Flow, 1b/hr 200
D

Anguler contact bearings were selected for their hiéh Lload
capacity and good radial stiffness. With axial preload tiere is no internal
looseness uvnder oggrgtlng condltlons. Full-rollingvcontact and optiﬁhm

dynamlc balance chn be malntalned at all times. The contact angle was

) establlshed by the radial piay requirements and the race curvature. The

tolerances wereochosenbfor long bearing life and high relisbility. Selective
agsembly techniques were used to prevent sliding fit between the outer races

and the housing. A one-piece iron-silicon broﬁze‘cage design was selected
= i

- for maximum‘strength and light weight'construction. The cage was also

designed for maximum lubricant flows. The detailed description of the bearings

is shown in Table IIT.

Thece&pected Qbearing life may be estimated by assigning life
1ncrements for 1mpr0Vements in this bearing over & uonventlonal bearing.

The more 1mportant ‘bearing life parameters are as follows:

" Bearing Lifé Parameters

)

, ; — - :
Load rating, lb : s 63560 o .
TFatigue 11fe with 98 5% reliability, hours 40,000
Power consumption, horsepower i 0.2 (110 watts)

Shaft loading; see Figure 3

N 18
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. CAGE- OUTERLANDRIDING . =«
a. Material - Iron Silicon Bronze

. Table H!?. Me‘réury Pump-MotorgAssembly Bearing Design

TYPE - ROLLING ELEMENT ANGULAR CONTACT BALL BEARING

. BEARING INTERNAL GEOMETRY
‘a. Contact Angle - 169

b. Race Curvatures Inner - 52% Outer 53%
C. Number of Balls - 12
d Size of Balls - 7/16 in.

b. Diametral Clearance - 0.020 in.
- Bali Pocket Clearan‘ce - 0.031 in.

MAIERIALS

ﬁzaces - CEVM, AIS] M- -50 (Smgle Hea)
// Hardness - Rockwell C63 %0 65

b. Balls - CEVM, AISI M-59 (Single Heat)
| ~ Hardness - Rockwell C64 to 66

. BEARING TOLERANCES
- a. Per ABEC Ciass 7 and:

(1} Bails - Grade5

{2} Inner Race Curvature +0.00l in.

(3) Outer Race Curvature +0 002 in.
b.  Marked for Selective Assembiy

A
A
35wmm 72 mm
Y




F.  MOTOR DESICN

The motor design was selected on the basis of an optimization
between motor efficiency and pump\efficiency. A preliminary study indicated
that a conventionsl induction motor would be best for the application. For
induction motors usingzMOO‘Hertz,kj-phase power, the highest efficiency is
obtained by motors using six or eight poles. Sinceé the mercury pump is also

most efficient at the highest speed‘dbtainable, a 40O Hertz, 5-phase induction
D gsix-pole motor was selected. To meet the performance requirements  listed in
Table ITII, a motor of the squirrel-cage induction type was ;electéd. The gross
- rotor 1ength was 2.75 inches and the -diemeter 3.25 inches. Iiquid codiant,
Mix-#P}E (at 210°F), flows through the outer stator periphery at a rate of 200
to Lo pounds~-per-hour o keep the hot spot temperaturg below 4OOPF. An
organic insulation system‘(polyimide "ML") was selected based on expected

operating temperatures and hermetically-sealedﬁhousings were inclu@gd to

" minimize outgassing in the vacuum environment.

) The electrical losses in Table IV result in an expected motor
eléctxical efficiency of 88% for a lagging power factor of 0.77.

TABLE IV, MOTOR PERFORMANCE AND ELECTRICAL LOSSES

Motor Performance Requirements

Synchronous speed, rpm - - 8ooor .
Power suppl&, | : 3-phase, 208 volts
q B (1ine-to-line), hOQsz
Rated rotor developed power, hp | C343N
Speed at rated output, rpm (minimum) 7800
Minimum efficiency, % | 86
Power factor, minimum o 0.65
| Motor Electrical Iosses ” | 0” -
Stator I%R and core losses, kw = - - 0.196; N
Stator iron, kw - - 0.078
Rotor, kw SR “ 0.09%
Totel Electrical Losses, kw - 0,368

= 5 Ty



ITI. MERCURY PUMP TESTING AND DEVELOPMENT

The indivﬁéual mercury pump components andtthe complete mercury pump
motor assembly were evaluated in a test program. The motor, the jet pump,
the lubrication system, and the sealing system were flrst tested 1ndependently.
After the individual component performance was determined, the performance of
the complete pump motor as:embly was evaluated in two mercury loops which
simulated the SNAP-8 enviy nmental and operational'requirements in space,
Slmulatlon was achieved in the mercury loops by pumping mercury heated to 6OOQF,
and by prov1d1ng a.vacuum system at the mercury punp seal-exhaust port. A

complete cooiant and lubrication system was also provided.

The merdﬁry pump’s short-term and endurance capablilities were evaluated
in the mercury loops. The hydraulic and electrical performance was determined -
including the hea d~capacity characteristics, the temperature &@nd pressure
distributions, and the Jet pump and mercury pump motor assembly efficiencies.
The mercury ﬂump motor assembly was incorporated in the complete power con- °
version system and tested to permiﬁ an eﬁaluation of the compatibility‘and effect
on performance while operating with all the system components under actual
service conditions. Systen %esting 8150 allowed a more thofough analysis of
transient systenm effects on the mercury pump during system startup and shut-

down. .

A.  COMPONENT TESTS

le Motor Insulation Tests

A polylmlde-lnsulated mbtor'was submerged 1n‘poiyphenyl
ether and operated at temperatures of 250° and 300°F for 20,000 hours. This
best was céhducted to determine the compatlbllity of the lubrlcant coolant
on the insulation. No perceptible insulation degradation was observed.

L
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2. Bearing System Tests

The bearing system was tested independently to determine
the minimum lubrication requirements necessary to prevent life-limiting
. bearing overheating. ILubricant flow as low aé 50 pounds-per-hour held the
bearing temperature to approximately 262°F, which was below the acceptable
ETSQF level {see Figure 5). When tested in the hot mercury .loop as a complete
punp-motor assembly, a minimum of 60 pSunds-per-hour of lubricant was required
to maintain béaring temperature below 262°F. ‘

Q The maximum bearing-lubricant flow was found to be
260 pounds-per-hour (see Figure 5). Flows greater than 260 pounds-per-hour
tended to. flood the bearings, increasing bearing power consumptlon by 0.25
horsepower. Consistent with pre-test calculatlons, the bearing- scavenglng
slingers prevented bearing flooding for sllnger discharge pressures below
10 psia. Since the system will probably never encounter pressures above
10 psia, ‘then no flooding is expected to ocecur.

3 Dynamic Seal Tests

The optimum dynamic mercury seal design'wés derived by
individually testing the visco-pump, the slinger, and the molecular pump.
Various screw pump t&pe seals and slinger designs énd running clearances were
evalﬁated. The best performing dynamic elements were then combined for
integrated seal testing with the following results:

Characteristic
Visco-pump pressure generation, ps1/1nch s
*Visco-pump power consumptlon, hp - Q.25
'Sllnger power consumptlon, hp o Q.35
Aversge measured mercury leskege, 1b . <0.2

(2 te 200 hour testing durations)

22



Both the visco-pump and the slinger maintained stable liquid-
vapor interfaces which 1s necessary for good sealimg. The visco—pump/molecular
pump combination performed as expected. No precise leakage measurements were

made, but a careful recording of the mercury found in various test system traps

-indicated that the leakage was low, and probably near the estimated leakage of

1.76 pounds per 10,000 hours.
| L.  Jet Pump Tests

Delre lopment teeting of the jet pump was conducted in water
and later in mercury for the purpose. of determining Jjet pump performance related
to orifice size, and the location of Jjet nozzle to centrifugal impeller. The

water and mercury tests showed satisfactory correlation. With either liquid,

the jet pump efficiency was approximately 12.5%, or slightly lower than expected ﬁ

(see Figure 6 for Jet pump performance). This slightly lower-than-expected test
efficiency was compensated by the jet pump's abilityﬂto supply a net positive
suction head of 7 feet to the centrifugal pump inlet. This net positive suction
head was' sufficient to suppress centrifugal pump cavitation under normal oper-
ation conditions. ’ - “ |

The Jjet nozzle diameter and Jet po centrifugal pump length
were selected based ‘on these tegt results.

B. “MERCURY PUMP PERFORMANCE UNDER SIMUIATED SYSTEM CONDITIONS

1. Mercury Pump Short- Term Performance

The mercury pump's short-term performance was determined in

vSlmulated system tests in the liquid mercury loop test facility. The mercury

pump's efficiency, temperature and pressure dlstrrbutlons, and its performance
for normal and low suction pressures were determined. o |
a. Efficiency ) ‘

/‘ The jet-centrifngal pump}s“efficiency was significantly
higher than expec;eq. While conservative calculations predicted a 22% jet-
centrifugal hydraulic efficiency (ignoring seal, bearinéQVEnd motor losses),u
the test results 1ndleated a 29% hydrdullcfeff1c1ency as shown in Table V.
This higher than expected test periormance is attributed to the “selection of

conservetive head coefficients for the centrifugal pump due;to the lack of

~ background experience with small mercury pumps.




EFFICIENCY, %

1.0 2.0

5
(Design Pt.)

FLOW RATIO-M=Qg/Qj

° Figure 6. Jet

Pump Performance Test

24 BN



TABLE V. - MERCURY PUMP-MOTOR ASSEMBLY PERFORMANCE DATA

Components_and Parameters Test Results

Pump Jet/Centrifugal

Flow, gpm | - 1.8 e

Speed, rpm 7830
Inlet temperature, OF | © 505
Inlet pressure, psia 10.5
Pressure rise (AP), psid ‘ W8T
Head, ft ‘ 87
Hydraulic power, kw © 0.38
Efficiency, % - 29.0
Total Hydraulic Losses, watbs 1150
Motor Scavenge SlingeflLoss,‘wattS' 150%
Motor~-Induction Type ‘f . . . ,%
Total electrical losses, watts ko8
Motor electrical efficiency, %Be. 87.8
s Motor efficiency, % ‘\PL;» . 36.8 =
(electrical & hydraulic) N , |
Input power, kw “ : . g‘ 3;0
Power factor . : o C0.TT
Overall PMA eff1c1ency, % B 12.7

{ or
N :

| Figure 7 shows 12.T% efficiency for the (entire) pump-
motor assembly'which includes Bll bearing, seal, and motor lossegdt

, Hbu' Temperatuféwbistribution
0 ““».-,‘

Analytlcal resulte«of the temperature dlStleutlon in
the pump-motor were obtalned for ‘a pump operatwng in space env1ronment To .
simulate the space conditions, insulaticn was Wrapged around the entire pumpe |
motor for testing.  The results 1ndlcated that all the temperatures were 1ess‘e

than expected with the exceptlon of the motor stator iron temperature and the

Ty 4
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motor housing temperature (Figure 8) The higher stator iron temperature was
believed to have resulted from an unexpectedly high rate of heat transfer from
the winding coil to the stator iron. The slightly higher temperatures of the

stator iron and the motor housing were not considered significant.
c. Pressure Distribution

The pressure distribution around the centrlfugal pump's
impeller was used to determine the probable radial and axial thrusts acting on
the impeller. USlng the measured pressure dlstrlbutlon as & basis, the maxi-
Cmum axial’ thrust towards the motor ‘was 63 pounds, compared to a calculated 60
pounds, and the maximum radlal load was 17 pounds, compared to a calculated

15 pounds

)

d. Hydraulicf?erformance

.
Figure 7 sho%s the head capacity characteristies of

the mercury pump. The head generated at'design flow was close to the predicted
value. The head/flow curve corresponds 1o a typical pump with a specific speed
of 2@2.

"y

It was demonstrated for steady-state oper et) that

)

. the mercury pump was able to operate with the minimum system net positive suc-

tion head required of 1.53 foot at design flow without any performance degra-

. dation.

During start—up the poweroconverslon systém requires
a 0.14 foot net positive suction head for a pump £low of L0% of design
(Figure 9). Therefore, it is demonstrated that NPSH for the mercury pump is
adequate to meet the design flow condition. | ;

]

2. Mercury'Pump Deve lopment

, Three- of the four majox: problems encountered durlng merecury
Cpump development were solved by minor modlflcatlons. The problems of motor
cav1ty floodlng, pump 1mpeller cavitation 1nduced by the original impeller. bolt
and lgcklng dev1ce, _and jet pump nozzle blockaﬂe were solved completely How-
ever, the problem of ‘the actuating bellow ] burstlng has not been totally solved.

. a. Motor-Cav1ty Scavenge Slinger o o <

Tﬁ ~Test1ngrshowed that the~motor cavity scavenging slingerw
was effective in purging the motor cavity of bearing lubrlcant and this req-

—
A

ulred approx1mately 0.5 horsepower at steadyhstate conditions.
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be Streamlined Bolthead and Locking Device

In the original impeller bolt design, the head was of
the conventional Allen screw type. The bolt and its associated locking device
caused minor 1nterrupt10ns in the mercury flow which resulted in ca"¢tatlon
damage .« When the mercury pump was operated at extremely Low suctlon pressures
for cavitation tests, the depressions in the bol+ “head aggravated ‘the cavitation
damége to,the impeller. A change to a more- streamllned bolt head and locking
device eliminated the problem. . ‘

Meshed Pump-Suctlon Screen

Durlng one test, the Jjet pump nozzle was particularly
blocked by what wa.s belleved to be a weld scale. Sustained mercury’ pump
operation with a partly blocked nozzle resulted in some very slight cavitation
damage to the pump 1mpeller. This potential hazard was eliminated in later
tests by the insertion of a fine mesh screen at the pump inlet upstream of the
jet pump. -

do Static Shaft-Seal Lift-Off Device

The first 1ift-off device for the static seals consisted
of bellows which were actuated byfmercury from the mércury pump discharge.
In the first two tests using this device, the weld Seam rupbured.
The "waterhammer” effect was produced when the mercury pump was started
quickly. The combination of”high weld seam stresses and the "waterhammer"
effect produced the rupture. In a modifled system ‘the actuat1ng medium was

changed %0 200 psia nitrogen gas. The substitutlon of. nitrogen did not,
however, solve the problem, and development has been continued.

\\_/;

4

30



e Mercury Pump Eadurance

The mercury pump has verified its capability to operate con-
tinually for 10,000 hours. The purpose of the endurance tests was to
determine what factprs might prevent a degired H0,000 hour operational life.
Testing began in May of 1967 and continued through December 1968. A total of
12,227 hou}s testing time was accumulated including 109 starts,

Mercury pump performance was determined at the beginning
of the endurance test and periodically thereafter. The fesults showed no
significant changes in the mercury pump's head-capaciﬁy chargcteristics or
efficiency. A post-test inspection, however, revéaled damsge to the impeller
and the viscglpump. There were also mipgm cracks in the motor=rotor con&uctog

bars. The other mercury pump cOmponentg} however, were in good condition.
a.  Centrifugal~-Pump Impeller Back-Hub Damage

The pump impeller was found to be severely damaged at
the hub area adjacent to the back vanes (see Flgurelﬁﬂ, an area not generally
damaged by cevitation. Cavitation was, nevertheless, considered the cause of
demage, though the exact mechanism of cavitation was undetermined."‘The damage
was jﬁdged:té 1limit the mercury pump life to less than the desired 40,000
hours. Although the life already exceeded £he 10,000 hour requirement, a
solution to this problem ig being sought to extend the mercury pump life to
40,000 hours. | ‘“ I 3

be Céntrifuégl-?ﬁmp Impeller-Vene Dauage

Cavitation demage w&s observed on the centrifugal punp? s
impeller vene (see Figure 11). The demege Was restiloted. primarily to the

vane 8 hlgh~pressure side near the impeller inlet. The damage consisted of
surface roughening to an approximate 0.001 inch depth, which was atbributed
to the extremely low pressures encountered by the mercury pump during abnormal

( operating conditlons of Low guction'pressure. —

I .
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Figure 10, Appearance of Impelier Back Vane After 12,227 Hours
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Figure 1ll. Mercury Pump Impeller After 12,227 Hours Operation and 109 Start Cycles
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Ce Visco-Pump Cloggirg and Cavitation Damage

The visco-pump was clogged with foreign matter along |
half its total length, Figure 12, This matter was mostly mass transfer
products leached from the mercury system. ﬁass transfer products precipitate
at the visco-seal,because the visco-seal is at the lowest ﬁressure and.
temperature of the entire mercury loop. If the visco-pump becomes enhifgiy .
filled with these transfer products, it loses its dynamic sealing capability
and becomes totally ineffective fg;fmercq;y containment. Moreover, the mass
transfer deposits filled the visgo-pump in a nearly isothermal loop (a loop .
in which the temperasture is approximately constant), and therefore, this prob-
lem may be more severivim system operdfion. | h

- The X}sco—pump grooves also showed evidence of cgvi-

tation damage, Figure 13. The damage was slight, however, and does not appear
to be life-limiting. A test program is currently being conducted at Aérojet-
General Corﬁorationlto determine the relationship of wvisco-pump operation and
cavitation. “ |

]

d. Cracks on the Motor-Rotor Conductor Bars

| Examination of, the motor after the endurance test
completion revealed several mlnor cracks of the motor-rotor conductor bars,
Figure 1h. These cracks did not affect the performance of the motor. Analysis
‘showed that a minor change in the fabrication technique, and inspection control
would probably eliminate any future cracking.

>

e. Sﬁg%t'Discoloration ) -

Except for surface discoloration at the motor end, the
shaft was in good condition. None of its dimensions were significantly changed.
It was considered that heat soak-back along the shaft from the motor ceused the .

discoloration, however, there appeared to.be no adverse effect to the bearings.™

{
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Visco Pump Sleeve Showing Filled Grocves at Disassembly
After 12,227 Hours Operation and 109 Start Cycles
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Figure 15. Visco Pump After 12,227 Hours Operation and 109 Start Cycles




Figure 1L, Motor End Ring Cracks - Inboard End After 12,227 Hours Operation and 109 Start Cycles




f. Bearing-Race Dimensional Change

The bearings were in excellent condition after the
endurance test, Figure 15. There was no evidenbe to indicate possible future
failure. The balls and the outer races showed excellent dimensional stability,
but the inner ring revealed an apparent 0.0005 inch growth. The change in the
inner race dimension and the tracks on the ball bearings indicated that the
bearing¢Clearance was less than optimum. If the dimensional change was caused
by shaft over-heating, it is possible that the bearing life‘mayvbe shortened.
An investigation of this possibility is being conducted.
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C. SYSTEM TESTS

- One of the most important aspects in mercury pump testing was its

incorporation into a complete power conversion system. There have been four

" such systems with a total testing time of 8,755 hours as of December 1968.
During testing the mercury pump was subjected to the unexpected behavior of
test support equipment, and the other SNAP-8 components cbmprising the power
conversion system. The following are several incidents which have occurred
during in-service tests: leakage of sodium-potassium alloy into the mercury
systen, with ‘the consequent formation of an amalgem in the mercury pump;
operation of the mercury pump without mercury and running with a debris~clogged
jet pump noZzlé.' Throughout all these tests the mercury pump has sustained only
minor damage. It has never been the prime factor in causing power conversion

“system shutdowns. As of December 1968, two pumps are being tested and have
accumulated test times in excess of 1,400 hours in actual systems without

problems.
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Figure 15+ Motor End Bearing After 12,227 Hours Operation and 109 Start. Cycles
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Iv. CONCLUSION

The mercury pump has proven to be adequate aa/a\boller feed pump for
the SNAP-8 power ccaversion system. One of _the mercury pumps has operated
fbr 12,227 hours of satisfactory operatlon umder‘system conditions, thereby
surpa3314g 1ts Qe31gn life of 10200 hours. The ovexall mercury pumnp per-
formed as expected and had an cverall efficiency of 12. 7% as determlned by
test.

Although a mercury pump was tested for 12, 2?7 hours without enc1dent,

post-test analy31s Lndlcated that the following factors ‘might be llfe limiting

fbeyond«ppe de51gn life of 10,000 hours:

o - Pump Impeller - The pump 1mpeller had cavitation damage on the
front vaneg and at the hub next -to the back vanes.f The cavitation damage on

the front vanes was as. .expected and is not a caus\ for concern with respect

to pump life. The aamage on the hub next to the back vanes was more severe““

and’; mlght curtall pump life. The problem is currently being studied.

o Visco Evmp - The visco pump was fouled with foreign matter and

also showed cavmtamlon damage. The Q“W?tatlon damage was not considered to

be serious enough to curtail pump llfeﬂ “but the fouling by the debris poses
a prdblem in system operatlon. The fouling was attrlbuted to mass transfer
in the mercury loop. The solution is to minimize the mass transfer in the
mercuLy loop,and to increase the pump 8 capa01ty in accepting the mass

transfer pro&ucts. ;

N . Bearlngs ~ The bearlngs were in excellent-condition following
the tests. The 1nner race had a sllght growth which could shorten the life
of the Bearlng, but improved cooling &F the inner racé should elgmlnate any

prdblem in thlb areag., = ¢ . ' : RN
‘ 7 _,l 7 oo ' A

TQ,JmprOVe the mercury pump s rellabllLty'*ﬂJ’capabJJlty to operate

%ohtinuously Por 40,000 hours, further dev elopment As belng csucfﬁaed as

follows:  _“ | o “ o ;7
) M Mercury pump 1noorporatlon of a neﬂ face seal lifb off dev1ce.
- - // 8
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Analysis and resolution of the

¥
at the impeller hub next to the bgck vanes.

cavifation problem which exists

Q

Study of techniques which might improve the cooling of the

bearing inner race.

C Y
o

Continuation of system and design refinement tests and analysis.
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