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FOREWORD

This report was prepared by Atomics International (Al), a
division of North American Rockwell, The activities discussed
in the report were conducted under NASA Contract NAS3-15342,
with Mr, J, P, Couch, of the Lewis Research Center, as project
manager for NASA, and Mr, T, A, Moss as project manager for
Al, The nrimary loop pump assembly study was conducted as
part of an overall program to develop a 60- to 80-kwe reactor

Brayton space power system,
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ABSTRACT

A preliminary design study of flight-type dc conduction -
permanent magnetic, ac helical induction, and ac linear induction
pumps for circulating §83°K (1130°F) NaK at 9.1 kg/sec (201b/sec)
is described, Various electromagnetic pump geometrics areeval-
uated against hydraulic performance, and the effects of multiple
windings and numbers of pumps per assembly on overall reliability
were determined, The methods used in the electrical-hydrauli-,
stress, and thermal analysis are discussed, and the high-tempera-

ture electrical materials selected for the application are listed,
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SUMMARY

A prelirninary design study of dc conduction - permanent magnetic, ac heli-
cal induction, and zc linear induction types of pumps was performed, where
various geometries were evaluated against performance, The specifi .+ ‘'‘ca-
tion in the ZrH reactor - Brayton contbined system test (CST) requ’. zd that ::
pump assembly produce 48.3 kN/m2 (7 psi) headrise at 9,1 kg/sec (20 lb,/sec)
with 610°C (1130°F) NaK, Each pump as iembly consisted of either two cr three
pumps connected in series hydraulically, where one pump in each case was non-

operating or standby to enhance overall reliability,

With the dc-type of pump, the thr :-pump option proved more efficient,
since there was less braking action resulting from the smaller nonoperating
pump. In the three-pump option, each pump required ~10,500 amp at ~0,2 v
to meet the flow requirements, and operated at 16% efficiency, The total iron

and copper weight of the three-pump PLPA was ~345 kg (760 1b),

The Brayton power conversion system produces 440 Hz electrical power,
which must be converted to the low voltage, high amperage required for the dc
pumps, at an overall conditioning efficiency of~25%. Also associated with the
high amperage is high bus loss; therefore, the power conditioning equipment
musi be in close proximity to the pump in the nuclear shield gallery. This
would require that the associated electronic equipment for povrer conditioning
be radiation hardened, Powering the dc pumy s with thermoelectric modules
was considered, but discarded, since 35 to 40 modules must be tightly packaged
into the gallery for the specified flow conditions, As a result of a lack of overall

system compatibility, the dc pumps were de-emphasized for the PLPA application,

A reliability analysis of the ac types of PLPA options indicated that there was
little difference in the inherent reliabilities between the two-pump option with two
windings per pump and the three-pump option with one winding per pump. How- ;
ever, the two-pump options were 20% more efficient than their three-pump coun- }
terparts, as a result of higher hydraulic losses in the three-pump configuration,
Also, the three-pump option occupied ~80% more volume than the corresponding
two-pump option, For these reasons, the three-pump options were de-emphasized

about midway through the program,
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The dual helical induction pump was selected over the dual linear pump for
the PLPA application, since it was more efficient, smaller, and lighter than the
linear pump, The dual helical PLPA required 6.6 kwe at 43 v and 46 Hz to pro-
j duce rated flow while operating at 9.1% efficiency, The efficiency of the dual
linear was 7,0%. It was also shown that, because of the stator geometric con-
figurations, the winding temperature of the helical pump was ~65°C (117°F)

: less than for the linear, Also, heavy external structural members were re-

quired to maintain the dimensional integrity of the linear pump, because of its

inherent "flat'" design,
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. INTRODUCTION

A, SCOPE

This electromagnetic pump study was performed as part of an overall pro-
gram to develop a PLPA for the ZrH reactor - Braytor cycle combined system
test to be run at NASA-LeRC's Space Power Facility.(1'3) This report covers
the preliminary design, during which both two-pump and three-pump options of

the PLPA were considered for each of three basic types of EM pumps.

The three types of pump which were considered were the permanent mag-
netic - dc conduction, the ac helical induction, and the ac flat linear induction
type. The basic principles of operation of these three types of pumps are shown
schematically in Figure 1, In the Faraday dc¢ conduction pump, an electrical
current (I) passing horizontally through the fluid in the presence of a magnetic
field (B) causes a body force on the fluid in the direction shown, This body force
generates a differential pressure in the fluid, causing the conducting fluid to
flow in the direction of the force, The pressure generated in the fluid is propor-
tional to the product of the current, flux, and distance. Typically, this type
of pump requires a high-amperage (~10,500 amp), low-voltage (0.2 v) power

supply.

Also shown in Figure 1 is a schematic of the ac helir al induction pump,
which is similar to a squirrel cage motor, except that the rotor is replaced
with a conducting fluid, The stator windings in the slots carrying ac curient
generate a rotating magnetic field that induces electrical currents to flow in the
liquid metal, The interaction of this induced :urrent and magnetic field creates
a body force on the fluid, causing it to rotate tangentially, By imposing a helical

vane in the liquid metal channel, a head can be developed ir the axial direction,

The flat ac linear induction pump is similar to the helical, except that the
stator winding has been flattened out, and divided on either side of the liquid
metal duct, Again, the ac winding in the stator slots generates an axially mov-
ing magnetic field, which, in turn, iaduces zn electrizal current in the liquid
metal, The interaction between the induced currents and the magnetic field

causes a body force on the conducting fluid, giving a pressure rise in the fluid,

Al-72-54
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Two other pump concepts were briefly considered, but were rejected as
not being competitive with those previously discussed, Consideration was given
to the dc electromagnetic field pump, which had the advantages that pressure
and flow could be controlled, and eddy current braking on the nonoperating pump
was eliminated. In this pump, the permanent magnetic is replaced with an elec-
tromagnet, The disadvantage of the concept was that it had all the failure modes
associated with both the cdc and ac pumps (i.e., bus bar to pump throat joint sepa-

ration, loss of feedthroughs, coil shorts, and loss of coolant), Since the concept

offered no increase in efficiency, and was inherently less reliable, it was dropped

from further consideration,

The ac arnular linear induction pump was also considered, since it theoret-
ically offered modest improvement in efficiency over the helical and flat linear
induction pumps, However, the lack of extensive design, fabrication, or opera-
tional experience precluded its being selected for the preliminary design study,
The lamination construction for this pump is radial, which is difficult to handie
in the stator, and provides a relatively flexible magnetic core construction. This
core construction tends to deflect during operation, closing off one side of the
gap, due to magnetic pull. The core shift causes an electrical pinch on the fluid,
which redistributes the magnetic flux of the machine and could reduce the pump

performance,

The two- and three-pump options for the three types of pumps selected are
shown schematically in Figure 2, For the dc conduction pump, the options are
simply the choice between two large pumps or three smaller pumps in the PLPA,

since there are no electrical windings associated with this concept.

In the two-pump option of the ac helical induction pump, two separate con-
centric windings are contained in each pump, With the failure of Windingla or
1b, operation is sk .ted to 2a and 2b at rated conditions, Failure of 2a or 2b
would allow the operation of the PLPA at partial flow conditions, using the un-
failed windings ‘n both pumps, In the three-pump option, each pump has one set
of windings, each separately contained; however, the electromagnetic end losses

and hydraulic losses will be higher than for the two-pump option,
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In the two-pump option of the ac linear pump, the two windings of each
pump are on separate sices cf the fluid duct. 2nd may o may not have separate
gas containment., Separite gas containment requires that two thicknesses of
metal be added in the air gap, which would reduce overall pump efficiency and
introduce severe mecharical design protlems. The three-pump option would
have single gas containment for each pump; here, again, the three smaller

pumps would have slightly higker hydraulic and eleccromagnetic end losses.

These six concepts were to be carried through the preliminary design phase
until they were no longer viable contenders, based upon their relative merits of
efficiency, size, controliability, reliability, and system cormpatibility, at which

time they were to be dropped from further consideration,

This report covers the prcliminary design study of the dc conduction, ac
helical induction, and ac linear induction type pumps performed during the pro-
gram, Existing Al computer programs were modified, and used to perform the
parametric analysis, The programs were changed to account for the two and
three pumps in series, encountered in the PLPA application, Using the various
parametric curves generated, a set of reference designs were selected and evalu-

ated against the other pump types and system compatibility,

B, OBJECTIVE

The objective of the PLLPA program is to design an electromagnetic pump
asgsembly for circulating the primary loop NaK in the SPF reactor - combined
system test, Figure 3. The space power system consists of a ZrH reactor heat
source cooled with liquid NaK, an inert gas Brayton power conversion system,
and an organic-cooled waste heat rejection radiator. There are a number of sup-
port systems shown, one of which is the auxiliary NaK loop used to supply coolant
to the PLPA electrical windings,

The PLPA is to be situated between the primary nuclear shields surrounding
the reactor and secondary disk-shaped shield at the top, as shown in Figure 4,
For a given cone angle, the height separating these two shield assemblies has a
lar; e effect on overall shield weight, and therefor2 should be minimized, Through-
out the equipment gallery, space is at a premium, and all components should have
minirmum envelopes. The nuclear environment within the gallery fur the 5.-year
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9 rad gamma, and 8 x 1017 nvt fast neutrons

application is expected to be 8 x 10
above 1 Mev. Since the gallery is surrounded by the 204 *o 260°C (400 to 500°F)
auxiliary NaK heat rejection radiator, there is little possibility of transferring

heat by radiation from the PLPA to its sarroundings. Therefore, during normal
operation, all heat removed froin the PLPA is assumed to be rejected only to the

primary loop and the NaK auxiliary coolant loops,

The PLPA was to be designed to meet a series of nominal rated, continuous
off-design, and emergency short-term conditions shown in Table !, The unit
was to deliver 9,1 kg/sec (20 lbm/sec) of 610°C (1130°F) NaK with a head rise
of 48,3 kN/mZ (7.0 psi), while requiring <7.6 kwe of input power. Tiie PLPA
was to be capable of launch, space startup, shutdown and restart, and of con-
tinuous operation in space for a minimum of 5 years. It was to consist of two
or three electromagnetic pumps connected in series, and to fit inside a rectangu-
lar volume with a height of 40.7 cm (16 in.) or less and a minimized length and
width, Liquid NaK at 232°C (450°F) was supplied for cocling the electrical wind-
ings of each pump.

The primary coolant pressure boundary was to be designed to the "intent" (i.e.,
no code stamp) of SectionIII, ClassI, Code Case 1331-5of the ASME Boiler and Pres-
sure Vessel Code. Since agasleakwouldnotcause failure of the total system, the
gas containment surrounding the stator windings was to be designed to the lower

requirements of Section III, Class II, by reference to Section VII, Division 2,

Materials which were to be used in the PL™A are shown on Table 2, The
selection of the electrical materials is based upon the results of a series of pro-
grams to develop high-temperature electromagnetic devices.(4'7) This class of
elactrical materials is capable of long-term operation at 593°C (1100° F) without
serious degradation, A high-thermal-conductivity helium-xenon gas mixture

was to be evaluated as a stator gas tu reduce winding temperatures.

The following equations were used in determining the properties of sodium -

potassium eutectic alloy (NakK):

Vapor Presgure

log, oP = 5.7764 - 24839 0.1125 log, . T, vee (1)

where P is in psia and T is in °R, (1 psi = 6,89 kN/m2;5/9 Tp = T +273,15)
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TABLE 2
PLPA SPECIFIED MATERIALS

Primary NaK Piping and Ducts Type 316 Stainiess Steel

Magnetic Material Hiperco 27

Conductors Copper or Copper Alloy
Conductor Insulation {end turns) ""S" 994 Glass Tape

Slot Insulation +99.5 A1203 Forms
Interlaminar Insulation Plasma-Sprayed .‘\.1203
Stator Gas™ Argon or Helium-Xenon

<5 ppm O2 and HZO

%
~1 atm at rated conditions

Electrical Resistivity

3 -6.2

R=13,49+ 7,463 x10 "t+ 7,205 x10 "t y ... (2)

where R is in pfi-in, and T is in °F, (1 in, = 2,540 cm),

Densitx

p=54.67-8,349 x 1073t e (3)
where p is in 1bm/ft> and t is in °F. (1 lbm/ft> = 11,602 kg/m>).

Thermal Conductivity

k=12.20 + 6,787 x 1073t - 3.793 x 10°%% | e (4)

where k is in Btu/hr-ft-°F and t is in °F, (] Btu/hr-ft-°¥F=0,01731 w/cm-°C),

Viscosity

log, o4 = 0.6663 +-§§-9T‘—2é-- 0.4158 log, 4T , <o (5)

where pisinlbm/ft-hrand Tisin®R, (1 lbm/ft-hr=4.134x10‘4kg-mass/sec-m).

Specific Heat

-5 "82 ,3

cs = 0,2353 - 6,345 x 1077t + 4,558 x 10™°t“ - 8,573 x 10™*“¢

, T e (6)
where Cs is in Btu/lbm-°F and t is in °F, (1 Btu/lbm-°F =1 kcal/kg-°C),
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Using the preceding guideliner and requirements, conceptual layouts were
prepared for the various pump concepts, and parametric studies were per-
formed, Based on trend curv:s, reference electrical-hydraulic optimum de-
signs were established, Detail layouts were prepared, reflecting the reference
design criteria; and, based on the layouts, stress and thermal analyses were
performed., Comparative estimated reliability studies on the ac PLPA's were
also completed. Finally, recommendations were made regarding the optimum

pump type and PLPA configuration, The following sections discuss the results
of these studies.
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. dc CONDUCTION PUMPS

A, GENERAL THEORY OF OPERATION

. S0y e
e 2 T el -

g The dc conduction, or Faraday, pump operates on the principle that a con-

ductor carrying current, when placed in a dc magnetic field at right angles to

R

the direction of current flow, will have a force exerted on the conductor in a
direction mutually perpendicular to the field and the direction of current, If,
then, a conducting fluid contained in a channel is placed in a dc magnetic field
at right angles to the axial centerline of the channel, and a2 current is caused to
flow through the channel at right angles to the field and the axial centerline of
the channel, a pressure will be exerted on the fluid in the channel, From Ref-

erence 8, the idealized pressure relationship will be of the form:

_ Kol
,v p whl ] a-o(7)
1 where:

; p = pressure rise
" i © = total flux

I
w

1

K = a dimensional constant,

total current

cross-sectional dimensions of the channel
channel length

R N

e

The idealized relationship must be modifiedto account for current shunting,
back emf, and armature reaction, To obtain net pressure rise, hydraulic loss
and eddy current braking effects must be subtracted from the developed pressure,

In considering overall pump and PLPA performance, bus losses must also bhe
-taken into consideration,

Y it 2 R

The dc inagnetic field may be established by a permanent magnet, or may

3 S ¥

. be generated by shunt or series field coils, Studies performed during the initial
phase of the PLPA Program indicated that, because of the large conductor cross
section required, the use of a series field coil extremely limited the flexibility

2 of the design, and resulted in high bus losses, Also, the use of shunt field coils
; added potential failure modes without significant improvement of efficiency or

Al-72-54
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reduction in weight, Therefore, a decision was made, early in the program,

to consider only permanent-magnet field pumps.

The dc conduction pump, shown in Figure 5 and used as a model for the
study, consists of a straight permanent magnet with a U-shaped iron flux re-
turn assembly, and two large copper bus bars brazed to the throat duct, One
of the copper bus bars must be curved, to avoid the return iron of the magnet
and allow both bus bars to be coupled to the power supply on the same side of
the pump. Thermal insulation is required between the 610°C (1130°F) NaK

duct and the Alnico V-7 magnets, to maintain their temperature below 482°C
(900° F),

The equivalent electrical circuit for the dc conduction pump is shown in

Figure 6, along with the basic equation for determining head rise for a given
NaK flow rate,

The factor M1 in Figure 6 is a function of the various wall resistances and
pump geometry, which is unique for each design, Factor MZ is a function of
geometry and NaK density, while M3 also includes NaK resistivity, In this study,
the hydraulic losses for the inactive pump were lumped together with the active
pump in the factor M4, using conventional techniques. The final term, M5 in the

equation, was determined from past experimental data on the dc pumps in flow-
ing NaK loops, and is equal to ~l.5M3.

Figure 7 shows tne throat configuration of compensated and uncompensated
pumps. In the compensated case, the large electrical current is conducted back
across the air gap with a copper bar to negate the magnet field setup with a
single-pass current, Although the magnetic flux can be nearly cancelled, a large

efficiency penalty is incurred by increasing the air gap and bus losses,
B, PARAMETRIC STUDIES

The calculations of the various factors in the pressure equation of Figure 6

were programmed into a computer. In addition to performing arithmetic opera-

tions, the program optimizes flux for maximum pressure, and computes magnet

dimensions to provide operation at the magnet material maximum energy product

point, Printouts are provided of the various pump dimensions, weight, operating

conditions, and performance, Table 3 illustrates typical design inputs and vari-

ables,
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Figure 7. Throat Configuration of Compensated and Uncompensated dc
Conduction Pumps

TABLE 3

dc CONDUCTION PLPA DESIGN INPUT AND VARIABLES

e

Constants

Variables

Flow Rate, 9.1 kg/sec (20 Ib/sec)

Pressure, 48.3 kN/m’ (7 psi)

Throat Wall Thickness, 0,762mm (0,030 in,)
Insulation Thickness, 0,762mm (0,030 in,)

Coolant, NaK-78

Materials

Permanent Magnet, Alnico V-7
Yoke and Pole Piece, Hiperco 27

Bus, Copper-OFHC

Throat, Type 316 Stainless Steel

Magnet
Flux Density, 1,1250 teslas
Fizld Intensity, 645 oersteds
Temperature, 371°C (700° F)

Throat Length

Throat Widih

Throat Height

Number of Splitters

2 or 3 Punips in Series
Compensated or Uncompensated
Voltage

Current

Power

Efficiency

Weight

Throat Magnetic Flux Density
PLPA Configuration
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A number of computer design iteraticns were performed, varying pump
throat length, width, and height for both compensated and uncompensated sys-
teins, These resulis showed that there was little difference between the two-
and three-pump coufigurations for shorter throat lengths, but a significant dif-
ference between the compensated and uncompensated configurations, This is
best shown in Figure 8 for three-pump compensated and uncompensated con-
figurations, both with 13-cm (5-in,) long throats. It was assumed that 80% full
compensation could be achieved, On the basis of this analysis, which shows the
compensated pump to be ~25% highaer in weight and 25% lower in efficiency than
the uncompensated pump, the compensated configuration was dropped from fur-
ther consideration, This results from the fact that the increased air gap of the
compensated configuration degrades the performance more than the current

compensation increases efficiency.

In the compensated configuration, the optimum throat width was determined
to have a width equal to twice the height. For the uncompensated configuration,
the optimum throat dimensions show the width equal tco the height, As will be
shown hers, optimumn is determined on the basis of both efficiency and weight,
In all figures shown in this report for the dc conduction PLPA, the weight shown
includes only the magnet, yoke, pole pieces, and copper bus, The efficiency
shown includes a copper bus with a cross section equal to the throat length times

throat height by 51 cm (20 in,) in length,

Figure 9 shows how effieiency and weight vary as the ratio of throat width to
height is varied, Efficiency continually improves as this ratio decreases, but
weight increases at a much faster rate, particularly belo» a square configuration
when the width exceeds the height. On this basis, a square throat was selected

for the uncompensated pump.

Figures 10 and 11 show the effect of varying throat length and throat cross-
sectional area for a sqaare duct for both two- and three-pump uncompensated
configurations, The design points in both figures were selected on the basis of
obtaining high efficiency-to-weight ratios. Increasing throat length and cross
section above the selected points results in little gain in efficiency, and high in-

creases in weight,
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Table 4 summarizes the design performance and configuration for the two-

and three-pump uncompensated PLPA's,

The three-pump concept appears to be

the best configuration for the specified requirements, based upon its higher ef-

ficiency., The higher overall efficiency is the result of there being a smaller
braking effect associated with the smaller standby pump in the three-pump op-

tion, as compared to the larger standby pump in the two-pump option,

TABLE 4

TWO- vs THREE-dc PUMP PLPA COMPARISON

3-Pump 2-Pump

Flow [kg/sec (1b/sec)] 9,1 (20) 9.1 (20)
Pressure [kN/m? (psi)] 483 (7 48.3 (7)
Power [kw] 3.8 4.4
Voltage [v] 0.179 0.263
*Current [amp] 10,530 16,707
Efficiency [%] 16.1 13,8
Flux Density

teslas 0.324 0.4177

(gauss) (3,242) (4,177)

lines/cm® 3,242 4,178

(lines/in.%) (20,916) (26,953)
*Size

Width {cm (in.)] 34,3 (13.5) 39.6 (15.6)

Length {cm (in,)] 17.8 (7.0) 17.8 (7.0)

Height [cm (in.)] 29.2 (11,5) 34,5 (13.6)
Throat Dimensgions

Length [cm (in,)] 12,7 (5.0) 12,7 (5.0)

Width [em (in,)] - 4,8 (1.9) 4,8 {1.9)

Height [cm (in.)] 4.8 (1.9) 4.8 (1.9)
*Bus Dimensions

Length [cm (in,)] 50.8 (20) 50,8 (20)

Area [end(in.?)] 61.29  (9.5) 61.29 (9.5)
Total PLPA Weight [kg (1b)] 345 (756) 323 (712)

*Per pump
Al-72.-54
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Figure 12 shows the developed head and efficiency vs flow at constant cur-
reat input for the uncompensated design, Peak efficiency for this design is at
less than design flow, but this provides good efficiency at both startup and design
conditions, Figure 13 shows the voltage, current, and power, plotted as a func-
tion of flow at the design pressure head of 48.3 kN/m2 (7 psi). Since the pres-
sure head would be expected to drop as flow is lowered, a more realistic per-
formance curve is shown in Figure 14, where it is assumed that pressure is
related to the square of the flow rate, This figure shows pressure, efficiency,
and input power, plotted as a function of flow rate when this assumption is made,
It is seen that startup power is minimal (~20 w), at flow rates of <15% of design
flow, However, it should be kept in mind that the voltage drop across the diodes
used in the power conditioning equipment for the dc pumps is nearly constant

with power output, and this will penalize the pumps at low flow conditions,

C. POWER CONDITIONING CONSIDERATIONS

After selecting the dc conduction three-pump option, as defined in Table 4,
as the best of the dc pump options, consideration was then given to obtaining the
low-voltage (0,179 v), high-amperage (21,000 amp) power required to operate a
dc PLPA, A power supply to corver. the 440-Hz high-voltage Brayton-produced
power to that required for the dc pumps has a conversion efficiency of ~25%,(9)
and would have to be packaged in close proximity to the PLPA to avoid excessive
IZR losses in the bus bars, Close coupling to the pump would require that the
electrical components in the power supply be radiation hardened, to meet the
8 x 109 rad ¥ and 8 x 1017 nvt neutron (>1 Mev) radiation,

The dc conduction pump could possibly be powered with compact thermo-
electric power conversion modules, operating off the reactor heat, in close
proximity to the pumps, However, using current state-of-the-art pump mod-
ules, which produce 500 amp at 0,22 load voltage when operating at an average
hot junction temperature of 607°C (1125°F) and cold junction of 299°C (570° F),
it would require ~35 to 40 modules, These modules are 5.69 c¢m (2,24 in,) in
diameter, 18 cm (7 in,) long, weigh ~3,58 kg (7.9 1b) each, and are ~3,4% effi-
cient, If half as many modules were desired, and further development allowed,

the active length of the module might be increased to 35,6 cm (14 in,), while the
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thicknesses of the thermoelectric washers were adjusted to give proper load
voltage., Modules to power the PLPA would weight ~127 Kg (280 1b), excluding
interconnecting piping and copper buses, Although the pumps and modules would
be closely coupled, there would still be an appreciable voltage drop in the inter-
connecting buses that must be accepted, Considerable difficulty can be antici-
pated in maintaining hydraulic losses and piping stress low, and in packaging the

modules in the confined gallery area,

In lower flow and lower head-rise applications than those specifiea for the
PLPA, the combination of thermoelectric modules with dc conduction pumps in
parallel hydraulically has been shown to look attractive. With reduced hydraulic
power requirements, the number of thermoelectric modules required can be re-
duced to a manageable number, and NaK manifolding and copper bus problems

are reduced,

The thermoelectric module concept is also not really amenable to powering
only two out of three pumps hydraulically in series, and then switching from a
failed pump to the third standby, To do so would require the diverting of NaK
flows to various standby modules or large electrical switches, Although beyond
the scope of the program, a better approach might be to power all pumps sirmul-
taneously, and allow for performance degradation by increased initial module

and pump capacity,

Also, the control of NaK flow during programmed startup of the Brayton
system would be very poor for thermoelectric pumps, since the power available
at any given time would be strictly dependent upon the temperature difference

across the thermoelectric modules,

D, CONCLUSIONS

A comparison between dc and ac pumps is shown in Table 5, in which most
of the preceding comments are sumimarized, In general, the relatively high-
head, high-flow requirements of the combined system test required the dc pumps
to be larger than those previously studied for other space power systems, In
addition, overall compatibility with the Brayton ac power source was not as great
as for the ac pumps, due to the power conditioning losses that would be incurred,
As a result of this comparison, the design effort on the dc pump was de-empha-
sized, in favor of additional effort on the ac pumps,
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TABLE 5

dc CONDUCTION vs ac INDUCTION PUMP COMPARISON

dc Pumps

ac Pumps

Brayton Power Source

ac to dc Conversion Efficiency ~25%
Pump Efficiency ~16% x 0.25 = 4%
High Bus Losses

Electronics Must be Radiation
Hardened

Rapid Drop of Efficiency with Low
Flow - Low Voltage

Thermoelectric Module Power Source

Requires 35 to 40 Modules in Gallery

Manifolding and Pressure Drop
Problems with NaK Lines

Boot Strap Startup and Shutdown

Brayton Power Source

Power Conditioning
Efficiency ~85%

Pump Efficiency
~8.7% x 0.85 = 7,4%

Flow Variable with
Voltage for Controlled
Brayton Start
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ill. ESTIMATED RELIABILITY OF ac INDUCTION PUMP OPTIONS

Following the de-emphasis of the dc pump options, a reliability analysis
was conducted on the remaining two- and three-pump ac linear and helical
induction options, to determine whether the number of PLPA approaches being
congidered could be further reduced, The reliability comparison discussed here
was performed, using the conceptual layout drawings and estimated winding tem-

peratures of the various ac options as they existed at that time,

The faulttrees for two- andthree-pump helical PLPA's were generated, andare
shownin Figures 15and 16. Those for the linear pump concepts were very similar.
Itis seenthat the overall reliability of the various pump concepts will be dependenton
the individual pump throat, electrical winding, gas containment can, and cooling coil
reliabilities, The equations usedto calculate the overall PLPA reliabilities are con-
tained in Appendix I. Inorder toobtain quantitative reliability numbers, it was nec-
essarytoobtainindividual component reliability factors which can be used inthe proba-
bility formulas, These reliability factors, inturn, d.pendedonthe pump design fea-
tures and operating conditions., As an example, the throat reliability depended
upon wall thickness and length, and the difficulty of welds, braze joints, etc. The
winding reliabilities depended upon temperautre, current density, number of

splices, difficulty of assembly, etc,

The winding reliability factors were arrived at by considering the effect of
hot spot temperatures, current density, number of splices, and fabrication
awkwardness, Numerical values for the current density factor, F, were

obtained, using the following relationship: .

Fo=1-27x1077 [P+ 107718 1080, c (8]
where FC approaches 1,0 at 155 a.mp/cm2 (1000 arnp/in.z) and 0,0 at 1163 amp/
cm” (7500 amp/in.”). The equation is in the form of watts/unit length of con-
ductor. The 155 amp/cm2 (1000 amp/in.z) is the current density that will cause
a 40°C (104° F') temperature ris: in the conductor, above the ambient temperature
of 30°C (86°F), for a horizontally posit’oned wire exposed to a gas, A conductor
is normally capable of operating indefinitely under these conditions, and, for this

reason,155 amp/cm” (1000 amp/in, ) was selected for the lower current density
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limit, Limited empirica® data indicate that a current density of 1163 amp/cm2
(7500 arnp/in.z) produces long-term winding burnout, and was .. erefore selected

as the upper limit,

The peak coil temperature factor, FT, was arrived at using the following

relationship:

2
F.=1- (T - 600) (Capital T is in °F) e 19)

T 1.11 x 10°
A temperature factor value of 1,0 is achieved at a temperature c¢” 316°C {600° )
which coincides with the short-time annealing ranee for pure copper. Below
this temperature, the diffusion and grain growth rates should be sufficiently low
to preclude failures solely attributable to temperature effects, A zero value of
Fp was assumed to occur at a temperature of 899" C (1650°F), which is ~167°C

(300° F) below the melting point of copper,

The winding splice factor, FS’ was arrived at by multiplying the number of
wiring splices times the number of hours times a failure rate of 1 x 10"9 failures

per hour, Fabrication factors, T, of 0,996 and 0,998 were arbitrarily assigned

F’

- to the helical and linear pump windings, respectively., The helical winding was

penalized, because access to the stater slots through the borc is 21estricted, when

compared to the fiat linear stators,

A total estimated winding reliability (RW) was -rrived at by multiplying the

various factors:

R =FCxF xFoxF

W T*FsxFp ree(10)

The results of the initial winding reliability evaluatior is shown in Table 6, It is
apparent that the larger-size pumrs, in a given option, result in higher winding
reliabilities, since the individual windings were being driven less hard, Alsc,
the windings of the three-pump option, with their single windings, were more
reliable than the two-pump option, where there were two windings in each pump,
In this initial comparison, the linear pump windings appeared significantly higher
in reliability, because of their lower current density, lower estimated winding
temperatures, and small number of splices, Later in the study, when the effi-
ciencies and temperature were better defined for the two-pump linear option,

this apparent advantage of the linear pump ceased to exist,
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Throat reliabilities, Table 7, were computed by summing up the weighted
we'ld lengzths and applying a failure rate to the total length, in the form of fail-
ures per hour per inch of weid. The latter factor, 1 x 10710 failures/hr/in, of
weld, was arrived at on the basis of a review of liquid metal system operating
experience, where a reasonable amount of quality assurance was used. Weight-
ing factors were used to multiply the actual weld length, depending on the weld-
ing method, estimated stress loading, weld inspectability, and weld geometry.
Machine-made welds were considered more reliable than manual welds, The
stress-loading factor varied between 1,0 and 1.3, depending upon the stress levels
and intensity. Also, a geometry factor, which varied between 1.0 to 1.3, depend-
ing upon change in thickness, etc., was used to weight the actual weld lengths,

As can be seen in Table 7, both types of pumps had approximately the same

length of welds,

A similar approach was used to calculate a reliability for the stator can,
which contained a heat transfer cover gas over the electrical windings. Table
8 shows that the larger sized linear pump had considerably more weld length

in its stator can than the comparable helical pump.

The results of the initial reliability study, based on eurly helical and linear
ac pump designs, are indicated in Table 9. Probabilities of achieving both 100%
flow and some flow (one or more coils functioning) for 5 yvears are shown for
several helical two- and three-pump PLPA's, several linear two-pump PLPA's,
and one three-pump PLPA, Reliabilities are also shown for the assumptiorns
that,(1) loss of gas containment is a catastrophic failure, and (2) loss of gas

containment has no influence on pump operation,

The significance of the helical two-pump stack OD's is that the larger
28,96 cm (11,4 in,) diameter allows for greater conductor cross-sectional area,
and thus a lower current density and lower IZR losses or copper temperatures,
As discussed previously, this results in higher winding reliability, The several
two-pump linear PLPA's shown differ, in that the first pump listed has a single
containment can enclosing both wound stator halves; while, in the second two-
pump PLPA, each stator half is individually canned, and thus a single gas leak

will cause only one stator half to fail,
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The conclusions to be drawn from Table 9 are as follows:

1)

2)

4)

In terms of achieving some flow for 5 years, the three-pump

PLPA's show a slight advantage over the two-pump options,

With regard to achieving 100% flow, the small- diameter helical
three-pump PLPA shows a significant advantage overthe small-
diameter helical two-pump PLPA, When the larger-diameter
helical two- and three-pump PLPA reliabilities are compared,
the three-pump PLPA advantage is considerably reduced, This
occurs because, for the large-diameter pumps, both the taree-

and two-pump PLPA's have relatively low current densities,

In the case of the linear pumps, largely because the current"
densities are low in all cases, there is no significant difference

in reliability among any of the pumps,

The loss of gas containment failure mode does not significantly
reduce the reliability figures, over the case where loss of gas

containment does not fail the pump.

The linear pumps generally show higher reliability than the
helical pumps., However, when low-current-density pumps
are compared [e.g.,, the 29.0-cm (11,4-in,) diameter triple
helical and the triple linear pump PLPAl, the difference is
rather small, Comparison of the two-pump PLPA's would show

a slightly greater margin in favor of the linear pump.

Subsequent to the reliability studies, it was determined, from coil configu-

ration layouts, that the linear pump conductor area had to be reduced and the

mean length of turn increased, both tending to increase the stator IR losses, A

thermal analysis, based on the revised coil and slot configuration, showed a sub-

stantial increase in coil temperature over these earlier estimates, Since both

the winding hot spot temperature and current density enter into the calculated

winding reliability, as discussed previously, the reference design linear pump

ultimately had 2 lower calculated reliability than that shown previously, anda

revised estimate is shown later in the report,
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The preceding reliability estimates were combined with efficiency, weight,
and size of the various options, as they existed at that time from the parametric
studies, and the interim comparison shown in Table 10 was made, For the reac-
tor Brayton space power system, the ability to produce some power over the 5-
year mission was considered more important than the ability to procuce full
power. Therefore, mere wéight was placed on the reliability of the PLPA pro-
ducing some flow over the expected mission life, Efficiencies of the two-pump
PLPA's were significantly higher than for the three-pump option, because of
their shorter NaK flow passages and lower hydraulic losses. The dual units
were ~30% higher in efficiency than their triple-pump counterpart, Also, the
triple-pump options were >60% larger in volume, and weighed 181 to 318 kg(40C
to 700 1Ib) more than the comparable dual units. Since the difference in esti-
mated reliabilities between the two- and three-pump options were considered
insignificant, when compared to the dual unit's higher efficiency, lower weight,
and smaller envelope, the three-pump options of the PLPA were de-emphasized

midway in the program,

TABLE 10
INTERIM PLPA COMPARISON

ac Helical Induction Option | ac Linear Induction Option

Characteristics 2-Pump 3-Pump 2-Pump 3-Pump
PLPA PLPA PLPA PLPA
Efficiency/PLPA (%] 9.1 7.2 8.6 6.8

PLPA Envelope [(in,) cm]|(41x25x15) |(47x38x16) {(52x40x15) |(58 x60x15)
104x64%38 |119%x97x41)|132x102x38| 147x152 x38

PLPA Weight (kg (1b)] 399 (880) 590 (1300) 630 (1390) 948 (2090)
Some Flow 5-yr
Reliability 0.998 0.996 0.997 0,996
Full Flow 5-yr Reliability 0.987 0.993 0.997 0.996
Al-72.54
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IV. ac LINEAR INDUCTION PUMP

A, PRINCIPLE OF OPERATION

The principle of operation of a linear induction pump is similar to that of
the later-discussed helical induction pump, although the actual configuration is
quite different, In the linear induction pump, the flow channel is a cylinder of
rectangular cross section, The axial component of force and pressure is devel-
oped directly by the interaction of a magnetic field perpendicular to the direction
of flow and a current induced in the fluid mutually perpendicular to the magnetic
field and the direction of flow, The current is induced by the axial motion of a

linearly travelling ac field relative to the motion of the fluid.

B, BASIC DESIGN CONFIGURATION

For purposes of calculation, the linear induction pump may be represented
by the model shown ir Figure 17, The flat rectangular duct, with current return
bars brazed to either side, is centered and supported within the properly spaced
stator halves, The current return bars serve to reduce the resistance of the
current loop. Space within the air gap must be provided between the duct and
the stator halves for thermal insulation, to reduce heat being conducted from
the hot NaK into the electrical windings, The assembly of duct and stators is
enclosed in an outer gas containment can provided with cooling coils, Inert
gas within the can protects the copper from oxidation during ground testing, and
also provides heat transfer betweei the end turns and the cooling coils, The

electrical windings are fed through hermetically sealed terminals, not shown,

The stator laminations are stacked tightly together to form a block, Each
stator consists of a number of slots and teeth, held together by the '"backiron,"
The slots contain coils arranged in a standard diamond distributed winding (see
Figure 18 for a typical connection), In the center of the machine the slots are
filled; while, at the ends of the machine, only one coil side lies in a slot, The
effect of this on machine performance will be discussed later, When energized,
the windings produce a sinusoidal magnetic flux pattern that moves in a transla-
tory manner in the direction of fluid flow, On the two-pump PLPA, isolation of
the two separate windings is accomplished by bringiug out the three 3-phase leads

from each stator half to separate feed throughs (six total, in the gas containment
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can, In the single-winding 3-pump PLPA's, the 2-stator half windings are paral-

leled internally in the gas containment can, and only three leads are brought out.

The windings in the slots are energized by 3-phase power, Each turn of the
stator winding is insulated from the adjacent turn and the slot walls by ceramic
strip insulation. In the end turn section of the winding, "S'" glass, in tape form,
is used in place of strip insulation, due to the curvature of the end turns, All

connections between coils are made by welding.

Fluid transition sections (circular to flat duct) complete the flow path con-

nection between the duct and the attached circular pipe.

C. CALCULATION METHOD

1. Electromagnctic

Except for the treatment of discontinuity losses, the method of calculating
developed head and machine losses is identical to that used for the helical pump,
described in Section V, The discontinuity losses arise in the linear induction
pump because, in the flat stator, unlike the cylindrical stator, a discontinuity
must exist in the instantaneous value of the air gap field at each end of the stator
laminations, A detailed Fourier analysis of the flux and MMF wave will reveal
the existence of standing waves at the discontinuities, and the presence of for-
ward- and backward-moving harmonics, The standing waves will produce losses
without producing a pressure rise, The harmonics waves will produce losses
and, in addition, negative pressures, These effects can be minimized by making
the discontinuity less abrupt., This has been done in the calculational model by
providing only one coil in the last group of slots on each end cof the stators, As
can be expected, a precise calculation of the influence of the discontinuous field
is difficult to perform, and is subject to major inaccnracies, Accordingly, for
purposes of the computer studies, empirically derived factors were applied to
the theoretically computed pressure to account for the discontinuity effects.
These factors were based on a comparison of experimental vs analytical per-
formance data previously obtained in other programs with equipment of similar

physical size,
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LAMINATION STACK

THERMAL BARRIER \FLOW CHANNEL

SECTIONAL VIEW

WEDGE

GROUND WALL
INSULATION ——""]

e

TURN INSULATION

SANIAIAANAN

AU

SLOT DETAIL

CALCULATIONAL VARIABLES

CORE LENGTH
MAGNETIC GAP
FLUID THICKNESS
NUMBER OF SLOTS
SLOT WIDTH

SLOT DEPTH

TYPE OF SLOT
CONDUCTOR AREA
TURNS/COIL

COIL THROW
VOLTAGE

FREQUENCY
?»fs'bcLﬁ?E'BE" FLUID VELOCITY

FLUX DENSITY

ORIGINAL CALCULATIONAL CONSTANTS

TYPE 316 STAINLESS STEEL DUCT — 0.076 ¢m {0.030 in.)
610°C (1130°F) DUCT TEMPERATURE
610°C (1130°F) NeK TEMPERATURE

THERMAL INSULATION - 0.076 cm (0.030 in.)
ELECTRICAL INSULATION GROUND WALL
AND TURN TO TURN - 0.114cm (0.045 in.} -

OTHER ASSUMPTIONS

END EFFECT LOSS

2-POLE ~ 668%

4-POLE -~ 40%

6-POLE ~ 28%
TWO-LAYER LAP WINDING
NEGLIGIBLE END RING RESISTANCE

6530-5418

Figure 19, ac Linear Induction Pump Design Assumptions
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2. Hydraulic Loss.

The hydraulic loss calculation for the linear pump differs from the helical
loss calculation, only by virtue of the duct section being linear. The fcrmulae
described in the helical pump section for entrance loss, exit loss, straight pipe
loss, and 180° bend loss, were applied. Due to the nature of the flat duct and
the requirement for numerous stiffeners across the duct, the flow passages are
relatively small, and the head drop in the channel or duct is quite high, for the

moderate flow rates of the linear pumps.

3. Calculational Logic

As with the helical pump, the electromagnetic and approximate hydraulic
calculations were performed for the two- and three-pump PLPA. The typical

input used in the calculations is shown in Figure 19,

The logic used to calculate electrical and magnetic circuit parameters, and
the equivalent circuit, is shown in the block diagram of Figure 20. A set of
input data is required initially. This consists of trial dimensions of the pump
and the basic operating parameters, such as voltage, frequency, etc, The per-
formance is calculated at the rated point, Output is then checked for agreement
with the desired rating. If the output does not agree, the voltage is changed and
the results again are compared, This is repeated until agreement is reached,
The performance of the design is then calculated at rated conditions and over a

range of operating conditions,

By changing the input data, the effect of such changes on the output can be
determined, Using this method, each element of the linear pump was optimized,
to obtain the optimum design for mechanical evaluation, In turn, the effect of

mechanical changes on the performance was determined,

D, PARAMETRIC STUDY RESULTS

1, Initial Optimization Study

In the optimization of the linear pump, an initial pump size matrix calcula-
tion was performed for both two- and three-pump PLPA machines, to determine
"ball-park' values of optimum machine parameters, This initial matrix for the
dual *LPA, based on a 4-pole design, is shown as Figure 21, Typical perform-

ance curves for a 4-pole, 56-cm (22-in,) long, 2-pump machine are shown in
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R INPUT DATA SIZE, REQUIREMENTS,
o \ PHYSICAL, MAGNETIC,
o AND ELECTRICAL CIRCUIT
CALCULATE PERFORMANCE CONFIGURATION :
EQUIVALENT CIRCUIT PARAMETERS :
5 CALCULATE HYDRAULICS PERFORMANCE, N
& OUTPUT, AND LOSSES AT RATED FLOW :
3 I :
¥ CHECK WHETHER OUTPUT MODIFY b
" HEAD OBTAINED VOLTAGE N
5, I -
i ) CALCULATE EQUIVALENT CIRCUIT
4 PRESSURES AT VARIOUS
VALUES OF FLOW ~
T PERFORMANCE
% ELUID VILOCITY H
> FLUID FLOW -
i FLUID PRESSURE ¢
. sup .
o POWER INPUT ;
1 POWER FACTOR :
% { EFFICIENCY . ;
i ' CURRENT 6530-5419 :
5 3 :
Lo Figure 20, Calculational Logic for ac Linear Induction Pump
& :
Lo LENGTH '
£ 56 84 12 om
L 122) (33) {44)  in. ,
ot em in [ GAP ¥ ;
Yo B oE| @
: 107 (0.42) g
M 117 (0.46) 4 :
I 127 10.50) ; ;
o 137 (0.54) '
147 (0.58) :
; 119 (0.47
= GAP
T em in.
. 15 B 107 (042
| 117 {0.48) s
: 127 (0.50) POLES = 4 ;
x 137 (0.54) SLIP=04 :
& 147 {0.58)
. S 132 (0.52) ,
GAP :
: em in. :
: 18 (n] osa (03n ;
:;. 107 (0.42) :
i 117 (0.46) \
4 127 (0.50)
; 137 (0.54) ‘ .
R 147 (0.58) v 3
SLIP ¥ .
0.4 ! i
POLES » 4 ;
R 0% SLIP 047 .
06
N 0.7 .
¥ 65306420 .
Figure 21, Initial Design Matrix for ac §
Linear Induction Two-Pump PLPA T
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Figures 22a, b, and c. Expanding this matrix to include (- and 8-pol= machines,
as shown in Figure 23, pr...uced the conso'idation curve of Figure 24, where the
two best 2-pump machines in each iength were plotted, As can be seen, the
machine favors a longer length, but concurreat layout design of the linear pump
indiciated that machines with a stack length >61 to 64 cm (24 tc 25 in,) could not
be accommniodated in the available space, Calculations had previously shown that
inci easing the number of poles by reducing the nuinber of slots/phase/pole from

two to one very seriously degraded performance, Therefore, a 4-pole mnachir-

was selected,

A detailed winding layout of this pump design revealed several problems,
It was found that it was extremely difficult to make the phase connections, due
to lack of available space, As a result, it was necessary to change the pump
configuration to accommodate the winding connections. This was done by in-
creasing the pump length to 62,81 c¢m (24,73 in,), However, the only internal
change made was tc increase the tooth width, This made it possible to accom-

modate the winding with the least number of internal changes,

Due to the increased stack length, the winding length also changed., This
necessitated recalculation, and the plotting of a series of trend curves, for opti-
mization, The revised matrix is shown in Figure 25, Calculations and curves,
based on the design matrix demonstrated, as seen in Figure 26a, shows that
maximum efficiency could be obtained with a machine having a duct width of
17.8 ¢cm (7 in,) and a magnetic gap of 1,19 cm (0,47 in,), when operated at a slip
of 0.5. However, a pump with a duct width of 15 cm (6 in.), as seen in Figure26b,
would require only a small additionai amount of power, as shown in Figure 26¢,
and duct stresses and tabrication would not be as severe, Further reduction of

duct width increases input power substantially, ,

For the reasons discussed previously, a 4-pole pump with a duct width of
15 cm (6 in,), a duct height of 1,0 cm (0.4 in,), and a magnetic gap of ~1,32 cm

(0.52 in,) was selected as the reference linear dual yumr design,

2, Detailed Hydraulic Calculations for Dual Linear PLPA

a, Main NaK Flow

As previously mentioned, the initial pump design used approximated

P R S e P I BT

hydraulic losses, with allowance to accommodate the PLPA inner connecting
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9 T T T Y 7
POLES = 4
LENGTH = 56 cm (22n.)
SLIP=04
38 7
E «—a, Width = 13 cm (5 in,)
s .
|3
-
2 1 —
E e
6 1 } 1 1 1
10.30 0.4 10.461 10.50) 10.54) 1058; in.
094 1.0 117 1.27 137 147 &m
MAGNETIC GAP
6530 5421
9 T T T T T
POLES = 4
_ LENGTH = 56 cm (22 in.)
3 al- SLIP=0.4 )
=
g
&
-t
13
-
2
a
z 9 o ————0
b, Width = 15 cm (6 in,) —
6 1 I 1 i 1
037 10.42) 10.46) 10.50) 10.54) 10.58) in_
094 107 117 127 1.37 47 om
MAGNETIC GAP
6530.5422
9 T T T T T 1
POLES = 4
LENGTH = 58 cm (22 1)
SLIP=0.4
3 ar— -
x
«
n
d
£ c, Width = 18 em (7 in,
6 1 ] 1 ] |
10.37) r42) 10.46) 10.500 10.54) 0580 v,
0.94 1.07 EY) 1.27 1.37 147 @

: MAGNETIC GAP

6530 5423

* Figure 22, Power Input vs Gap Height for ac Linear Induction Two~-Pump PLPA
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Figure 23, =——» '
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Expansion of Initial § car
Design Matrix for 2 o ::;ss;:
ac Linear Induc- 119 (047} '
tion Two-Pump
PLP
A GAP
150 em n POLES = 6
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Figur: 25,

Design Matrix for ac Linear Induction Two-Pump PLPA,

suIP
WIDTH
04 05 06
GAP GAP
GAP cm in. em in.
13 em cm . 094  {037) 094  (037)
15 in) 107 {0.42) 107 (0.42) 107 (042
> .19 (047 119 (0.47) 119  (0.47)
132 {052) 132 (052 132 (032
1.4 {0.57) 145  (0S57) 145  (057)
155  (0.61) 155  t0.61)
GAP
cm . GAP ) GAP
15 cm 1.07 10.42) cm n em in.
(6 ind 1.19 (0.47) 1.07 (0.42) 1.07 (0.42)
M o 11 047 124 (0.49)
1.45 {0.57) 1.45 |°:57) > 1.45 057
DESIGN NO. 56
. GAP GAP
Sr: g in, o i, = 2.
oo oy 084  (0.37) 094 1037
1Bem ?g; :gzg 1.07 (0.42) 1.07 (0.42)
7m) 1.1 (0.47) 119 {047} 119 10.47)
. ! .39 o 1.45 {0.57) 1.45 (0.57)
32 - 145 (057 145 {057)
1.45 {(0.57} 157 {0.62) 1.57 (0.62)
6630-5426

Modified for Slot Geometry [Length = 63 cm (24,7 in,), poles = 4]
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Figure 26, Input Power vs Gap Height, as a Function of Slip, for ac Linear
Inductior Two-Pump PLPA [Length = 62,7 cm (24.7 in.), poles = 4]
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piping. Using the hydraulic formulas discussed under the helical pump section,
more detailed calculations were performed to determine the adequacy o: the
original allowance, For pressure drops, it was anticipated that the original
allowance would be low, since the effect of splitter plates was not considered.
Later in the program, it was determired that seven splitter plates would be
required in the flow channel to supply the necessary mechanical strength, The
total head drop aliowed in the early calculations,shown in the previous electrical
performance curves, was 5.8 m (19 ft), or 41,02 kN/m2 (5.95 psi).

Refined pressure drop calculations with various ID's of connecting pipe

were performed, and the results are as follows:

) Connecting Pipe Hydraulic Loss in
Diameter 2-Pump PLPA
cm in, kN/m® psi
2.5 (1) 184.1 (26.7)
3.8 (1-1/2) 80.0 (11.6)
5.1 (2) 61.4 (8.9)
6.4 (2-1/2) 61.4 (8.9)
7.6 (3) 61.4 (8.9)

Based upon the preceding calculations, there was no advantage in using a
connecting pipe with an ID >5,1 cm (2 in,), The loss for larger pipe rema.ns
constant, due to the fact that the decrease in pipe loss is balanced by an increase
in diffuser loss, The loss distribution for the selected 6.4 cm (2-1/2 in.) ID con-
nection was 20,34 kN/m2 (2.95 psi) higher than originally allocated, With this
discrepancy ir loss, the required power was increased for the rated operation
point, A breakdown of the various pressure losses for the dual linear pump is
shown in Figure 27, Better than 80% of the pressure loss occurs in the flat
pump ducts, where the fluid velocity is highest, The majority of t' : remaining

pressure loss is associated with the transition sections of the PLFA,

b. Electrical - Hydraulic Performance Summary

As can be seen in the Performance Summary (Table 11), the input power
required to produce rated conditions has increased from ~7 to 8,6 kwe, as a
result of the higher hydraulic losses., Therefore, the efficiency of the dual ac
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TABLE 11

DESIGN AND PERFORMANCE SUMMARY OF ac
LINT AR INDUCTION TWO-PUMP PLPA~-
DESIGN NO, 66

NzK Flow Rate [kg/sec (1b/sec)] 9.1 (20)
NaK Head Rise [kN/m? (psi)] 48.3 (7)
Stack Length [cm (in.)] 62.7 (24.,7)
Stack Width [cm (in,)] 15.2 (6.0)
Stack Height [cm (in,)] 11.4 (4.5)
Magnetic Gap [cm (in.)] 1.32 (0.52)
Channel Height [cm (in.)] 1.02 (0,40)
Channel Width [cm (in,)] 15.2 (6.0)
Number of Poles 4
Number of Stator Slots 29
Power Input (kw/PLPA) 8.6
Current (amp/phase/winding) 80.5
Line to Line Voltage (v) 66
Power Factor 0.47
Frequency (Hz) 65
PLPA Efficiency (%) 7.0

Slip 0.5

linear PLPA dropped from the earlier 8.6% used in the reliability comparisons
to 7.0%, significantly reducing the attractiveness of the linear option, A line to

line voltage of 66 v at 65 Hz was required to produce rated conditions,

Electrical requirements needed to produce 10% flow, as would be required
during startup of the nuclear Brayton system, are shown in Table 12. Approxi-
mately 1% of rated input power would be reyuired to produce the 10% NaK flow,
since the pressure drop of the system varies as the square of the flow rate, For
this application, the frequency would be held constant at 65 Hz, and flow control
would be achieved by varying the input voltage, The effect of varying voltage on
the NaK head rise and flow rate is shown in Figure 28, The NaK flow displays
a good degree of sensitivity to the voltage; therefore, adequate flow control is
achieved by this means,
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TABLE 12

STARTUP CONDITIONS (10% Flow) FOR
ac LINEAR INDUCTION TWO-PUMP
PLPA — DESIGN No, 66

Current (amp/phase/winding) 7.2
Line to Line Voltage (v) 5.4
Power Input (w) 76
Power Factor 0,57
Frequency (Hz) 65

Head rise, efficiency, and input power for low flow rates are shown in Fig-
ure 29, The efficiency of the unit drops to below 1% when the flow is reduced to
10%. Aga’n, the loop pressure drop was assumed to vary as the square of the

mass flow,

¢, Thermal Analysis

A cross section of the reference linear pump winding slot is shown in Fig-
ure 30, The slot is 7.6 cm (3 in.) deep by 1.34 cm (0.53 in,) wide, and contains
16 copper straps when full, Each of the 1,161-cm (0,457-in,) by 0.356-cm (0,140-
in,) copper straps is separated from each other and from the Hiperco-27 stator
laminations with high-purity ceramic alumina, The winding is held and com-
pressed within the slot with an alumina wedge. End turn insulation consists of
"S" glasstape, wound around each of the straps as they are laid into the slots,
Thermal insulation separates the stator stack from the hot NaK duct, and coeling

coils are brazed to the outer gas containment can,

Detailed thermal analysis was performed on dual PLPA Design No, 66, which

was the selected design, based upon the results of the parametric study,

The basic approach, constants, matrix, and computer code, as referred to
in the helical pump section, were used in this study, The results of the analysis,
in which argon containment gas and mica throat insulation wereused, is shown in
Figures 31, 32, and 33, Comparing this data with similar helical pump data, it
can be seen that these temperatures are ~38°C (100° F) hotter than the tempera-
tures shown for the helical pump, The reason for the higher temperatures, in
spite of the fact that the linear pump operates with a lower current density, is
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Figure 32, ———*

End Turn Temperatures —Design No, 66
With Argon Containment Gas and
Mica Thermal Insulation
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<+——— Figure 33,
Heat Flow Map — Design No, 66 With
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the creduced tooth area through which the IZR and conducted heat must flow to be

rejected, and the increased area in contact with the hot NaK channel, The tem-
peratures shown are, however, acceptable.

As shown in the heat flow map, the heat generated in the slot and end turn
copper must be conducted primarily up through the stator iron to the cooling
coils, Heat transfer through the copper to the cooling coils is limited, because
of the numerous interfaces across which it must be radiated, The depth of the
slot and the small thickness of the tooth offer considerable resistance to the
primary heat rejection path, To achieve the temperatures shown, it is impera-
tive that good mechanical contact be maintained between the stator iron and the
outer gas jacket, This would be difficult to achieve, for the flat geometry of this
pump, considering temperature differential across the back iron, For this rea-
son, numerous holding lugs were used, and it is probable that copper shims
would be required between the laminated stack and gas can {> maintain a low
thermal resistance, The highest winding temperature, 394°C (742°F), was
found in the stator slot, close to the hot NaK duct,

3, Stress Analysis

Asg with the helical pump, the basic stress criteria was conformance to the
intent of Section III, Case 1331-5, of the ASME Boiler and Pressure Code for all

main NaK coolant containment parts, and conformance to Section VIII of the Boiler

Code for all other parts. Because of the configuration of the linear pump, the
main areas of concern were the flattened duct and transition pieces and the gas
containment can, The loading conditions are the same as those which were used
for the helical pump. The throat loading arises either from the internal pres-
surization of the channel by the NaK [345 kN/m2 (50 psid) maximum, 621°C

(1150°F)] or by the evacuation of the channel during system filling [-103 kN/m2
(<15 psid) maximum, 260°C (500°F)]

Since allowing the stator assembly to resist internal throat loading would
stress the thermal insulation, complicate the stator structure design, and make
analysis per the Code extremely difficult, a decision was made that the throat
had to be designed to self-limit deflection to prevent contact with the stators, and

be designed to accommodate all resultant stresses. An analyss of the throat

stresses clearly indicated that the internal pressure case was the most severe,
and that, with the wall thickness of interest, 0,076 ¢m (0,030 in,), internal
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stiffeners would be required. From Figure 34, it can be seen that, for the

required allowables, the maximum stiffener spacing is ~1.8 cm (0.7 in,), dic-
tating seven spacers for a 15-cm (6-in,) wide duct, Since the throat tranition
pieces are not within the magnetic field, the thickness of those units can be in-

creased to meet stress requirementg, and internal stringers are not required,

A second major concern in the linear pump is maintaining a constant mag-
netic gap between the stator halves. 1f the g¢ increases, the magnetic flux will
be decreased, If the gap decreases, interference with the throat insulation is
possible. Since the backs of the lamination stacks are cooled, while the fron*
surfaces ofthe teeth are exposed to the effect 1e hot throat, a temrerature
gradient will exist through the lamination back iron, This gradient will cause
the laminations, if unrestrained, to bow outward at the ends, as shown in Fig-
uvre 35. An analysis of the magnitude of the unrestrained bowing [~0,15 cm
(0.060 in.) total deflection for each 38°C (100°TF) AT ] indicated the desirability
of providing external restraints (''belly bands') to the lamination stacks. The
force values shown (Figure 35) are thcse forces at four equalyy spaced locations
required to maintain the lamination stacks flat, Calculations were also made
of the cross-sectional dimensions of tiie belly bands required to iimit deflection
to 0,013 ¢cm (0.005 in,). Those dimensions were used in the final layout of De-
sign No, 66,

A third area of concern was the ability cf the rectangular containment can
to resist the forces resulting from internal pressurization, An analysis was
performed which demonstratea that, with a maximum - -nel width of ~15 cm
(6 in.), as establizhed by the belly band spacing, a panel thickness of 0,4763 cm
(0,1875 ir,) would result in a stress of <551.,6 kN/mz (8000 psi), well below al-
lowables, Variation of stress with panzl width and thickness is shown in Fig-
ure >6.

4, Design Details

a, Pump Configuration

The configuration of the reference design linear induction pump is shown in
Figures 37 and 38, It is seen that the basic configuration of the analysis model

has been retained; however, the overzll size has increased substantially, The
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assembly consists of a flattened throat, internally supported with seven stiffener
plates. Rectanguiar to circular transition pieces are welded to each end of the
throat, The configuration incorporates a single gas containment enclosure hous-
ing both stator halves, and through which the flow channel must penetrate. To
accommodate differential expansion between the flow channel and the containment
enclosure, the transition piece at one end of the pump is attached to the contain-
ment enclosure, using a guided bellows assembly. The pump inlet end of the
flow section is welded tn an extension of the containment enclosure for throat

support.

The stator halves are made up of an assembly of insulated lamination punch-
ings sandwiched between finger plates which are first compressed, and then held
in place by rectangular building bars, welded at the edges, and with through bolts
further inboard. The stator halves are spaced and strapped together at the ends.
Thermal insulation is provided between the throat and the stator halves. Attach-
ment of the stator halves to the containment enclosure, which is made up in two
halves, is by the use of studs threaded into holes tapped into the building bars.
To provide containment, the studs are back welded to bushings in the gas can,

To prevent bowing of the stator halves, four equally spaced belly bands are

welded to the outeide of the outer gas containmeit enclosure,

Manifolds are provided on either side of the pump to feed two independent
NaK cooling circuits, the tubes of which are brazed to the containment enclosure,

Four supports are provided for attachment to the vehicle mounting structure,

The windings are made up of coils of rectangular copper bars, loosely
wound, and formed into a diamond shape to fit the pole pitch, Ceramic strip is
used for slot and turn insulation in the slot, Glass tape is used to insulate the
windings in the end turn area. The coils are individually formed, and then the
joints are welded to make up the winding and phase connections, The windings
are held in place by ceramic slot wedges, The phase leads are brought out of

the containment enclosure, using glass-to-metal seals,

The more difficult pump fabrication problems will be asscciated with; (1)
the forming of the linear throat and the brazing of the current return bars, (2) the
attachment of the stator halves to the containment enclosure to minimize thermal

contact resistance, and (3) the forming, stiffening, and final closure of the
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containment enclosure to avoid distortion, Forming of the coils and making the
inter-coil terminations will require process develop.nent, From preliminary
fabrication studies, based on Al past experience and industry state of the art, it
was concluded that several practical methods exist for fabricating the throat,
including electrochemical machining of the complete unit, a technique which
minimizes thermal distortion., The copper current return buses would be fur-
nace brazed to either sid= of the throat, using previously developed processes,
T’ is expected that the other design and fabrication problems could be worked out

in the detail design phase,
b. Materials
The tentative selection of materials is as follows:

Throat and transition pieces Type 316 stainless steel

Thermai insulation Mica - 316 stainless steel sardwich
Laminations Alumina-insulated Hiperco

Finger plates- and building bars Type 316 stainless steel

Ccoling coils Type 316 stainless steel

Containment enclosure Type 316 stainless steel

Support legs Type 316 stainless steel
Current return bars OFHC copper
_ Coil conductor OFHC copper
Turn and slot insulation Alumina
End turn insulation "S'" glass tape
Slot wedges Alumina

c. PLPA Configuration

The arrangement of the reference design pun. to form a two-pump PLPA
is shown in Figure 39, Because the pumps had beco:ne so wide, in order to
accommodate the end turn knuckle joints and splices, it was necessary to orient
the pumps with the smaller sides adjacent, so that the PLPA would fit within the

41-cm (16-in,) available height, In this configuration, assuming that the pumps

could be strapped together and mounted directly to the vehicle structure,and based

upon a 6,4-cm (2-1/2-in,) interconnecting pipe, the overall dimensions of the
PLPA would be 107 by 143,0 by 38,89 cm (42 by 56,31 by 15.31 in,). Total weight
was estimated at 630,% kg (1390 1b),
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5. Conclusions

It was concluded, in the study, that an ac linear induction pump PLPA could
be designed and fabricated to meet the program requirements, Because of the
influence of field discontinuity at the throat extremes, and the relatively high
hydraulic losses resulting from the requirement of internal throat stiffeners,
the efficiency of the PLPA will be somewhat less than that of the helical induc-
tion PLPA, The requirements of internal pressurization of the outer housing,
the tendency of the stator halves to bow due to differential thermal expansion,
and the space required for the end turns, dictate a large, bulky, and heavyouter
containment housing. This, added to the fact that, whatever straight sections of
pipe connecting the pumps must be outboard of the pumps, makes for a very
large PLPA envelope and high total weight, The general rectangular shape of
the linear induction pump complicates fabrication problems, and generally

aggravates problems of obtaining low thermal contact resistances,

A low winding current density can be obtained, which improves reliability;
however, ideal tooth widths, from electromagnetic and overall size considera-
tions, dictate relatively thin teeth (of constant cross section, as opposed to
increasing cross section of the helical pump), which results in poor heat trans-

fer in the laminations and relatively high winding temperatures,

Perhaps the most important advantage of the linear induction pump is the
ease of installing the windings and providing separate windings for the two-

pump PLPA concept,
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CIRCUIT A

Vp © VOLTAGE APPLIED TO A PHASC

Ry = WINDING RESISTANCE IN THE STATOR

Xy = WINOING REACTANCE IN THE STATOR

Xz = REACTANCE IN THE FLUID, AEFLECTED IN STATOR UNITS
{TURNS RATIO CORRECTION)

Ry * SPLITTER RESISTANCE (TURNS RATIO CORRECTION)

Ry = RESISTANCE IN THE FLUID, REFLELTED IN STATOR UNITS
{YURNS RATIO CORRECTION)

Xy = MAGNET:ZING REACTANCE (TO SUPPLY NECESSARY CURRENT
MAGNETIZE THE PUMP)
= RESISTANCE VALUE TO ACCOUNT FOR THE MAGNETIZING LOSSES
ASSOCIATED WITH THE ESTABLISMING OF THE FLUX (CORE. CAN,
ANO DUCT LCSSES!
t = SLIP FACTOR, TO ACCOUNT FOR DIFFERENCE BETWEEN SPEED OF
THE FLUID AND STATOR [{FIELD SPEED - FLUID SPEED)/IFIELD SPEED))
I = CURRENT IN FLUID
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V. ac HELICAL INDUCTION PLPA

A, GENERAL DESIGN DESCRIPTION

In all electromagnetic pumps, a conducting fluid carrving current is located
within a magnetic field. In an ac electromagnetic pump, the current is established
by a voltage induced in the fluid, resulting from the reiative motion of the fluid
and the magnetic field, The resultant current and magnetic field produces a body
force within the fluid, As the fluid passes from the pump inlet to the outlet, the

body force results in a pressure rise within the field.

B. PRINCIPLE OF OPERATION

The principle of operation of a helical induction pump is similar to that of
an induction motor in many respects, The pump is built with a wound stator, the
function of which is identical to the induction motor stator (i.e., to convert alter-
nating current into a rotating magnetic field), In an induction motor, this rotat-
ing field interacts with conducting bars in a rotor, generating torque from which
rotational energy may be removed, In a helical induction pump, the rotor is
replaced with an annular duct and a magnetic flux return washer assembly, When
a liquid metal is present in the duct, the rotating magnetic field will interact with
the liquid metal, causing it to rotate, Rotating the fluid itself in the annulus is
of little value for pumping; therefore, helical guide vanes are installed in the
annulus to direct the fluid in the desired path. As energy is transferred to the
fluid by the rotating magnetic field, a pressure rise occurs in the fluid, which
causes the fluid to travel through the pump., This pressure increase is analogous

to the developed torque in the induction motor rotor,

The basic method of calculating the performance of inductance machines is
to establish numerical values of circuit elements to be inserted into the machine
equivalent electrical circuit, and by calculating the voltages and currents to ob-
tain a description of the machine's performance. The end product of a calcula-
tion of the equivalent circuit is a determination of the energy delivered to the
moving member, and that portion available as mechanical energy (viz,, the de-
termination of the energy delivered to the fluid and that portion available to
pump the fluid), The basic equivalent circuit for an induction machine is as
shown in Figure 40,
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C. BASIC DESIGN CONFIGURATION

In order to calculate the numerical values of the equivelent circuit ele-
ments, it is necessary to establish a basic pump configuration and select initial
dimensions. The dimensions can then be varied to obtain optimum machine

performance,.

The helical pump shown in Figure 41 was used as a model for the optimiza-
tion studies. It consists of a pumping section, compcsed of the center body and
pump annulus, and a stator section with mounting provisions, The center body
consists of the flux return washers, heid together by a through bolt., Centered
over the washers, and welded to the end sections or cones, 1s the inner fluid
containment duct, with integrally machined helical guide vanes as a part of its
construction, The cone sections also contain guide vanes, to direct the fluid
into and out of the helical duct, and to impart or rernove the tangential compo-
nent of motion of the fluid when it enters or leaves the helical duct, The outer
containrment duct and conical reducers complete the containment of the fluid,
and the latter elements serve to match the flow section with the connecting pip-
ing., The pump annulus is separated from the stator secticn by thermal

insulation,

The stator section consists of the laminations and windings that produce
the rotating field when excited by a three-phase electrical power supply. The
stator laminations are held together by building bars, welded into slots around
the outside of the stator, while the windings are held ir_place in the stator slots
by ceramic slot wedges, Each turn of the stator winding is insulated from the
adjacent turns, and from the slot walls, by ceramic strip insulation, In the end
turn section of the winding, the use of ceramic strips is not practicai, due to
the compound curved shape, In this location, turn insulation is composed of "'S"
glass in tape form, The turns are connected to each other, and interconnections

are made, by welding,

The wound stator is mounted to an outer containment shell using an interfer-
ence fit, with dowel pins welded in place to assure absence of movement. The
outside of the shell contains the coolant circuit, End bells are located and
welded to each end of the stator shell. When a stator inner cortaininent can is
installed and welded to each end bell, the windings are completely enclosed in a

volume which may be pressurized with an inert gas,
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In the design, as shown, the thermal insulation, as previously described,

is exposed to the operating environment (i,e., either a ground test environment

or a space vacuum),

Sealed, insulated power terminations are placed radially on t.e pump con-
tainment shell, These ceramic-insulated feed-through terrinals are connected
via flexible cable tc auxiliary hard-mounted terminals, to which the incoming

power cables would be attached,

D, CALCULATION METHOD AND LOGIC

The method of pump electromagnetic calculation used was to establish the
values of the various circuit elements in an equivalent circuit, and to solve the
equivalent circuit for various values of slip, determining the power flow among
the various elements, The useful output power is delivered to the fluid in the
form of a body force; and this force, applied to the fluid, pro<duces the pressure
rise, Hydraulic calculations must be performed to determine the hydraulic
pressure loss which must be subtracted from the developed pressure to produce
the net head rise of the PLPA, Since a PLPA will consist of either two or three
pumps, hydraulically in series, all the throat and interconnected piping section
hydraulic losses must be subtracted from the gross total pump head to determine
the output pressure of the PLPA,

For each pump configuration, the value Rz/s was calculated for various val-

ues of slip. The energy delivered to the fluid can be calculated from the expres-

sion:
E = 12 R,/ 11
- m 2 2 s ’ ¢« o0 ( )
where:
E = energy to the fluid
m = number of phases
I, = current flowing through the value, RZ/s
R, = fluid resistance
s = slip, in decimal units,
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The loss in the fluid ir numerically equal to:

E1=m12R2 , ... (12)
and the output energy to the fluid is:
_ 2 1 -8
E2~mI2 RZ(-—"—S ) . eeo(13)

Equating the preceding expression to the hydraulic energy delivered to the fluid

results in the following expression for the gross pressure rise:

2.3122P,(1 - s)
p- 2

, ee.(14)

s
where:
P = pressure (psi) (psi x 6,8947572 = kN/mz)
F = flow (gpm) (gpm x 0,06309 = £/sec)

The pressure developed is the gross pressure, from which the hydraulic losses

must be subiracted, which is discussed later in the report,

The preceding calculations were used in determining the performance of
bo.n 2-pump and 3-pump PLPA's, Data used in the calculations included the
pump detailed dimensions, material characteristics, the selected PLPA fluid
head output (in psi), NaK flow (in lb/sec), and the desired slip at rated point,
An example of the size and material characteristics used in the initial designs

is shown in Figure 42,

The resistance and reactances of the equivalent circuit, and the electro-
magnetic performance of the purap!{s), based upon the equivalent circuit, were
then calculated, From this, the calculated hydraulic loss, including an allow-
ance for the interconnecting piping, was subtracted, and the net pump output

was calculated,

To allow an approximate calculation of PLPA head loss over a wide varia-

tion of throat geometries and PLPA configurations, a simplified method of cal-

culating hydraulic loss was used, The helix loss was calculated as a rectangular

cross-section length of pipe with a friction factor (f) value of 0,015, Other losses
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were calculated as one velocity head 1 er ump. As discussed later, a more
rigorous analysis wa. nade on the reference design pumps after completion of

the parametric studies,

The voltage and frequency were adjusted to obtain the rated head and rated
flow at the rated slip., By systematically changing the input data, the trend of
such changes on the PLPA performance could be determined. Using this method,
each element of the machine was optirnized fro . performance staundpoint, Final
design point selection, however, required an iterative process, .actoring in
other data result.ng from stress, thermal, and reliability studies, as discussed

subsequently,

Figures 43 and 44 iilustrate the design logic used to determine the perform-
ance of a given . mp. Figure 43 describes the logic used for evaluation of
trends, and Figure 44 relates to the logic used for providing data for detailed

ergineering evaluation of the operating conditions of the pumps,

E., PARAMETRIC STUDY RESULTS

By the preceding system, with the correction of voltage and frequency,
trend curves are obtained readily by successive calculations with the change of
a single variable, Using the detail of the slot geometry shown in Figure 5, an
initial pump size calculation matrix was performed to determine '"ball park"
values of optimum mach.ne parameters, The design matrix is shown in Fig-
ure 46, Calculations at each value of diameter, core length, and magnetic gap,

shown in Figure 46, provided the information for plotting trend curves.

Figure 47 is such a curve, showing the variation of input power to the PLPA
{cr various core lengths, Based on performance alone the most desirable core
length for the two-pump PLPA is 27.9 to 30.5 cm (11 vo 12 in.), Due to expected
fabrication difficulties, the stack length was limited to 25,4 ¢cm (10 in,) for the
12.7 to 15,2 cm (5 to 6 in,) bore diameter,

Figire 48 shows that the effect of various bore diameters within the rarge
of 12,7 to 14 cm (5 to 5,5 in,) is negligible, but the magretic g is critical, This
is replotted in Figure 49. As can be observed, a gap of 2.03 ¢m (0,8 in,) is opti-
mum for the 2-pump PLPA, All calculation runs allowed for 0,076 ¢m (0.03 in,)

of thermal insulation between the outer duct and the y2s containment can,
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Figire 45, Schematic of Slot Geometry for ac
Helical Induction Pump
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Based on these trend curves, interim PLPA reference designs were estab-
lished. The interim dual pump design, r_ferred to as Design No, 65, had a stack
iength of 25.4 cm (10 in,) with a 13,6 cm. (5.3 in,) stator bore and a 2,03 ¢cm (0.8
in,), magnetic gap. The calculated performance is shown in Table 13, and the re-

duced flow performance is shown in Figure 50.

Additional optimization studies were subsequentiy made, in which slot con-
figuration and conductor size were varied, Figure 51 is the matrix for this opti-
mization study, and shows the values of strap thickness and width used. This
optimization was performed in conjunction with the preparation of a detailed
winding layout, The winding layout indicated the desirability of limiting the
strap width at 1,27 ¢m (0.50 in,), to allow clearance between the coils in the

end turn knuckle,

Figure 52 is the trend curve showing the variation of diameters, current
density, and power input with copper depth. It appeared desirable to go to a
0.457-cm (0,180-in,) thick copper strap, but the height would take up the full
allowed 40,6< cm (16 in,) of space. The copper depth selected was 0.279 cm
(0.110 in.), to allow room for unexpected growth, mounting feet, and cooling
coil variations., This selection also gave a good balance between stator OD
(PLPA weight) and input power (efficiency), The design is known as No.74, The
performance of Design 74 is shown, along with its startup requirements, in
Table 14, This unit is calculated for a slip of 0,65, Figure 53 shows the power
variation with slip and indicates the optimum slip to pe hetween 0,60 and 0.65,

The reduced-flow, constant-frequency performance is shown in Figure 54,

Figure 55 shows the hcad-flow and input power - flow performance at con-
stant voltage and frequencv with three temperatures of pumped NaK, The varia-
tions in fluid resistivity, viscosity, and density 2ccount for the variation between
the curves, The rated conditions are 610°C (1130°F) NaK at 9,07 kg/sec (20
1b/sec) and 48.3 kN/m2 (7.0 psi) developed by the PLPA, Figure 56 is a per-
formance curve of head and power input vs flow for various voltages, The stabil-
ity, as represented by the intersection of the system curve and head-flow curve,
is excellent for all voltages, This unit is quite adaptable to flow control by volt-

age control,
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TABLE 13

ac DUAL HELICAL PLPA ERFORMANCE

(Y-Connected)

Stack Length {cm (in.)] 25.4 (10)
Stator Bore Diameter [cm (in.)] 13.6 (5.3)
Magnetic Gap [cm (in,)] 2.03 (0.8)
Number of Poles 2
Number of Slots 18
Input Power (kw/PLPA] 6.9
Amperes, Phase/Pump 230
Voltage, Phase/Pump 39
Power Factor 0.46
Frequency { Hz) 40
Efficiency [%o/PLPA] 8.7
T 1 T T v T=iee M’.
10F 4110 639
ot J 56
z L 4 a3
I
5 . Jm ns
2 4 @138
0 i =
wow @ W @ me
FLOW

Figure 50, Head, Efficieacy, and Input vs Flow
for Dual Helical PLPA ~ Design No, 65
(Constant slip = 0,60)
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Figure 52, Variation of Pump Parameters With Copper Depth
for Dual Helical PLPA
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Figure 53,

Variation of Input Power With Slip _ | )
' for Dual Helical PLPA H
. 3
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) g sl DESIGN 74 _
S g
P €

COPPER STRAP = 0.279 x 1 270 em (0 110 x 0.500 m.)
5t~ BORE DIAMETER = 1350 ¢m (5.3 in.) -
: . MAGNETIC GAP = 2.03cm (0 800 in.}
' . STACK CD = 284 cm {11.2in)

“ I ! 1
05 06 07
SLtP
6530-5456

T T L pu  W/m?
100 —(100) 689
: £ input POwER ]
8 EFFICIENCY B
- w
3 ]
i X 1.0} —(1.0) 6.89 «®
£ F - 3
-2 F 3 W
i §§ INPYUT 7 ; 54
S5 | e i Figure 54,
w2
; . Performance vs Flow
] Rate for Dual
; Helical PLPA
: o.toE- o oes [610°C (1130° F) '
; - B NaK, 46 Hz) i
| - : |
{ E L A 1 1 1 1
¢ 0] 18] "2 16) 120) (24) b/see
! 18 Y 54 73 X 109 ig/oec
j FLOW RATE
; 8530.5457

Al-72-54

91




HEAD RISE

pu  kN/m?
2 T T Y T T T2 1379
HEAD RISE
18} ¢ Jue 103
3
=
< o2 a7,
& 7]
« [ 4
S o
§ <
5389 H
5 g VOOOOFINGK | (o) 652
2 —— ” i
eyt POWER -
‘h_ 704°C {1300°F)
-4 (4) 218
810°C
RATED {1130°F)
st |
ATE
1 1 L | |
@ 8] 2 1161 120 24 78 Ibisec
18 36 54 73 9.1 109 127 ke
NaK FLOW RATE
65305458
Figure 55, Input Power and Head vs Flow Rate and NaK

Temperature at Constant Voltage for Dual Helical PLPA

(Design No, 74, rated at 43,4 v and 46 Hz)
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Figure 56, Head Rise vs Flow Rate for Dual Helical PLPA

(Design No, 74,610°C(1130°F) NaK rated at 43,4 v and 46 Hz)

Al-72-54
92

A S st s A



gy

1. Hydraulic Losses

The hydraulic loss of a flow circuit will depend upon the fluid characteristics,
fluid velocity, and channel geometry, Calculation of total loss, therefore, re-
giires separating the hydraulic circuit into elements having different geometries,
aad summating the loss of each element, Standard approaches, found in Refer-

ences 10 and 11, were used to calculate the losses.

The initial loss in the PLPA occurs in the guide vane and transition section,
wherc the incoming axial velocity is changed in magnitude and direction to accom-
modate the flow of the fluid in the helix, This loss, as measured in meters of

pumped head, was calculated from the expression:

2

_ \
hl = 0.042‘&' ’ ...(15)

where:

h head loss (m)

1

0.04 = empirically derived calculation constant
V = velocity of the exit fluid (m/sec)
2g = gravitational constant (m/secz)

This formula is of the form used for a trumpet inlet configuration, which
approximates the guide vane and reducer loss, The loss in the helix, due to the
small helix angle, can be approximated either by considering the helix as a length
ol pipe or as a coiled tube, Both approaches were applied, The '"length of pipe"
approach was used ir the initial trend calculations (to be covered later), and the

coiled tube calculations were used for the final detail evaluations of the PLPA,

The formula for the 'length of pipe' loss is:

2
hy =—f-DL7§— , ... (16)
where:

h‘2 = head loss (m of fluid)

f = friction factor

L = length of tibe or pipe (m)

V = velocity in tube (m/sec)
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D = equivalent diameter (m)

2g = gravitational constant (m/secz)

The value D is the equivalent diameter, based upon the geometric configura-

tion of the fluid flow cross section, and is obtained from the hydraulic radius.
The value f is obtained from a Moody diagram, which utilizes the Reynolds num-

ber and relative roughness to determine the friction factor,

The method developed for calculating hydraulic drop in coils, used to

check the overall system after electrical sizing, is as follows:

%:Rt+(n-l)[R£+-Rz—b] , . (17)
where: !
L/D = equivalent length in diameter units
R, = total resistances of one 90° bend in L/D units
n = equivalent number of 90° bends
Rz = resistance due to length of a 90° bend
Ry = bend resistance of a 90° bend

Exit loss in the pump occurs as the guide vanes convert the fluid direction
and velocity of the helix flow to the axial fluid direction as the fluid leaves the

pump, This loss, as measur. d in meters of pumped fluid, was calculated as:

O.ZO(VI - VZ)Z
h, = 5 , .. (18)
where:
h3 = loss (m)
0.20 = an empirically derived constant

incoming fluid velocity (m/sec)

V2 exit fluid velocity (m/sec)

29 = gravitational : unstant (m/secz)

The preceding formula is of the form applicable to a conical enlargement configu-

ration which approximates the guide vane loss,

Various other straight runs and bend losses werc determined by calculation

methods based upon one or more of the preceding relationships.
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Various sized tubing was considered for interconnecting the two pumnps of

the dual PLPA, and the results are shown in the following table:

Based on the preceding results, a connecting tube with a diameter of 6,35 cm

: Connectiny Hydraulic Loss
oo Diametsr in 2-Pump PLPA

i 2.54 cm (1 in.) 268.3 kKN/m° (38.91 psi)
‘ . 3.81 cm (1-1/2 in.) 54,4 XN/m? (7.89 psi)
: 5,08 cm (2 in,) 31.5 kKN/m? (4.57 psi)
é 6.35 cin (2-1/2 in.) 27.5 kN/m? (3.99 psi)
? 7.62 cm (3 in.) 26.3 kN/m? (3.81 psi)
z

(2-1/2 in,) was selected for the reference design. The distribution of primary

NaK hydraulic pressure losses are shown in Figure 57,

The losses shown for the helical sections were calculated, assuming that
the passage was a continuous 720° bend of pipe. As with the linear pump, the

highest losses occurred in the pump throats, where the NaK velocity was highest,

Relative high losses also occurred in the 180° return pipe; but, as shown earlier,

increasing its diameter to reduce the bend loss was offset by increased transi*‘on

losges in the cone sections,

E Based upon an auxiliary coolant circuit where both pumps are in series, two
passages in parallel, and a 0,503 kg/sec (1.:1 1b/sec) flow rate, coolant flow
losses were calculated for various coolant tube diameters.
: The resulting flow parameters were calculated for the auxiliary cooling coils:
J Tube ID [cm (in,)] 1,75 (0.69)
; Tube radiis [em (in,)] 15,24 (6)
3 Flow velocity [m/sc (ft/sec)] 1.189 (3.9)
‘ Total equivalent length [m (ft)] 1,61 (5,3)
Z Total tube loss [m (ft)] 1,00 (3,27)
' Total manifold entry and
; exit loss [m (ft)f’ 0,11 (0,333)

Total luss [kN/m? (psi)] 9.500 (1.38)
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2. Thermal Analysis

Thermal analysis was performed on earlier concepts and Design 74, to
deermine the expected temperatures of the windings and the major r*ructural
elements, Essentially, all of the heat gererated in the pump ele:trical sections,
and that leaking in from the 610°C (1130° F) NaK, must be rejectec to the NaK
coolant coils, The heat generated in the coils to be rejected must flow from the
ccpper conductor, through the electrical insulation, to and through the lamina-

tion stack to the cooling coils,

In the slots, gans will exist between the conductor and tne insulati~» and
between the insulation and the slot wall, ) small, effective gap will exist be-
tween the lamina.ion stack «ad the stator housing. Conversely, the heat flow
from the 1ot NaK is inhibited by the thermal incutaticn and the gaps which will
exist between the thermal insulation, the flow channel, the riator gas contair.-
ment can, and the stator laminaticn stack, Heat tran-fer across eac. «f the
various geps is a function cf the actual coniict area, the p-esence of a gas, or
vacuum in the zap between the surfaces, and the emissivity and iemneratures

(12-14) Tne actual contact area ic a function o. inc

of the urcontacted area,
physical properties of the contact materia’, the surface conditions and finish,

the flatness of the material, and the contact pressure, In calculating the hzat
transfer across the gaps, a contact thermal corductance, shown schematicaliy

in Figure 58, was established for each of the various layers. In *he schematic,
heat flow would bu evenly distributed at Stations a and f; while, in the ar>a of

the contacting surfaces, the conduction paths would be focused or concentrated,
Typical temperature distribution along coniacted and unattached wreas are reprc-
sented b Lines { and m, respectively, If there wore a total metallurgical bond
between tac two parts, and thLe respuctive thermal conductivities, the line T - Tx
would be essertially a straight line, However, when the surfaces are in contact
only at the higher asperities, there is 2 temperature drop, ATC, across the joint,
The contact thermal conductance, hc, across the joint is then equivalent to the
heat transfer per unit area diviued by the temperature drop. The total heat flow

across an interface can be rep..sented by the following:
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Total heat flow across interface:

/

AS 1':gasAgas =3
* T X,
1 2
where:
As = contact area
Avoid = Agas =-area taken up by gap
G1 = average gap height of Material 1
GZ = average gap height of Material 2
kl = thermal conductivity of Material 1
kz = thermal conductivity of Material 2 .
kgas = thermal conductivity of gas in gap
o = Stefan-Boltzmann Constant
Fl-?. =1/ (1/61 + 1/62 - 1)
where:
€ = emissivity of Material i
€, = emissivity of Material 2
T = mean temperature of two materials
also: =
Q_, =h Ag(T, - T,) . ... (20)
where: AT= A +A
s gas
Therefore:
h __‘f‘_g_ 1 + Agas kgas + Avoid (4UF —.i.-3) (21)
c AT__1+_C_;£ Ay G1+G2 AT 1-2
kp kK

To increase thermal conductance across the gap, the area of contact must
be increased by material deformation, or the gas gap reduced by higher mechan-
ical loading, A plot of contact thermal condnctance, as a function of gap height

for various gas mixtures and contact area ratios, is shown in Figure 59. The

Al-72-54
99



- <Figure 60, Helical Pump Stator Slot Node
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bottom two curves are for evacuated gaps, and the thermal resistance is rela-
tively high, The middle three curves are for argon-filled gaps, and it can be
seen that increasing the ratio of contact area to total area from 0 to 0,001 more
than doubles the thermal conductance, When the gaps are filled with a helium-
xenon gas mixture, which he - a thermal conductivity three times that of argon,
the thermal conductance was raised by the same factor. Considering the manu-
facturing tolerances that would be used in the assembly of the electrical windings,
a gap of 0.00635 cm (0,0025 in,) was assumed as being representative of the slot
region, Contact thermal conductance of 5674 w/mz-"K (1000 Btu/hr—ft2-°F) was
assumed for the interference fit between the stator start and outer gas contain-

ment wall,

Using appropriate values of gap parameters for the various gaps, and the
material properties as listed in Appcndix II, the pump thermal matrix was ana-
lyzed by the use of the thermal analyzer computer program (TAP code). A sec-
tion of the matrix, as applied to the stator slot, is shown in Figure 60, Each
path between each node is represented by an admittance term, Y, which is the
reciprocal of the thermal resistance. Each node was assign_ed a heat generation

rate and/or temperature, The logic of the TAP code follows.

The computer code applies the following finite-difference approximation

equation to each of the nodes of the network for each time step or iteration:

To0ta8 “ To8 * %‘E[Q +Z:‘ YTy '(Zyi)To] ’ ..o (22)

where:
C = capacitance of node
Q = heat generation rate of node
T = temperature of node
Y = adrmnittance of a heat flow path
8 = time
Subscripts
0 = a node being iterated
@ = a value at time, 8

8 + A8 = a value at end oi time step, A6

o = designates the node which is being iterated at a given moment

—
I

= designates a node connected to node o
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Design No, 74
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The finite-difference equation for iteration of zero-capacitance node is:

Q+2 (Y. T,)
T E — (23)
°,6+A6 . e e
Y,

The first case for the helical pump was run using argon cover gas and mica
thermal insulation, and the results are shown in the steady-state temperature
map, Figure 61. Using the thermal contact conductances and conductivities
shown, the maximum copper temperature 316°C (600°F) occurred in the bar
closest to the hot NaK duct, Temperatures in the stator iron ran ~17°C (30°F)

lower than in the adjacent copper.

The hot-spot temperature of the winding occurred at the end turn of the bot-

tom copper bar, Figure 62, and was ~14°C (25°F) higher than in the slot copper.

This is because the primary heat transfer path is through the laminated Hiperco
stack to the cooling coils. The end turns, being covered by layers of glass insu-
lation tape and each other, nave little chance of rejecting their heat by radiation
or conduction directly to the cooling coils. No credit was taken fcr gas convec-

tion cooling which would contribute a heat transfer path during ground testing.

A heat flow map of the stator slot, Figure 63, shows that most of the heat
is conducted laterally from the copper into the laminations, and then radially
to the cooling coils. Nearly as much heat is conducted from the end turns into
the slot ar is generated ia the slot, Approximately half the total heat being

rejected to the cooling coils is coming from the hot NaK duct,

All of these temperatures are sufficiently low that no degradation of the
materials was anticipated; however, a series of runs were made to determine
the sensitivities of the temperatures to gap conductivities and thermal insulation

effectiveness,

Substitution of a helium-xenon gas mixture, molecular weight of 40, for
argon in the stator can had no appreciable change on the temperatures (Figure
64). Although the gas mixture had a thermal conductivity of nearly three times
that of the argon, and increased the heat transfer across the gaps, it also al-
lowed more heat to flow into the winding from the NaK duct, The net effect was
a slight reduction in temperatures near cooling coils, This result might have

been different, if a more effective thermal insulation were used between the
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Figure 65, Effect of Vacuum on Helical Pump Slot
Temperatures — Design No, 74
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Figure 66, Effect of Multi-Layer Thermal Insulation on
Helical Pump Slot Temperatures —
Design No, 74 With Argon Gas
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NaK duct and stator gas can. No problem was anticipated with corona dis-

charge with the helium gas, based upon Reference 15,

The effect of cover gas loss on slot temperatures is shown in Figure 65,
Temperatures are between 39 and 50°C (70 and 90° F) higher than with argon in

the gaps, but are still well within the capabilities of the materials,

When a more :ffective three-layer composite insulation system is used in
place of the solid mica, the hot-spot temperatures are dropped nearly 33°C
(66°F) (Figure 66). During detail design, an even more effective insulation sys-

tem was planned, which would reduce temperatures even further,

A summary of the thermal analysis is shown in Table 15, The hot-spot
temperatures were consistently in the end turns, which were 6 to 11°C (10 to
20°F) higher than the slot copper. All of the temperatures shown were well
within materials capabilities, but temperatures would be further reduced with
super thermal insulation and higher conductivity gases, The stator can tem-

perature shown was used in the stress analysis,

3, Stress Analysis

It was decided, early in the preliminary design phase, to design the pump
duct to meet the intent of Section III, Class I, of the ASME Boiler and Pressure
Code, applying the high-temperature case criteria, Section VIII of the Code was
applied to the gas containment elements and structural members, Because of
the conservatism built into the Code, a design margin of 0 represents a high-
integrity design, The applied loads on the various pump members and the allow-
able stresses will vary, depending on the particular mode of PLPA operation
[i.e., vacuum operation with 610°C (1130°F) NaK, ground test NaK fill and drain,
short-term operation at 649°C (1200°F) NaK], The loadings on the various parts
for these conditions are shown in Figures 67a, b, and ¢, and the stresses result-
ing from these loads at steady-state temperature conditions were analyzed,
Standard formulas, found in the preceding codes and in References 16 and 17,

were used to calculate stress levels and design margins,

Positive design margins were achieved in the elastic range for the primary
NaK pressure boundary, Figure 68, The stress levels shown for the return pipe,
Figure 69, indicated that additional flexibility would have to be achieved in the
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o = 15,320 kN m? (2,222 p)
IDESIGN MARGIN = +296 (+4 3)}

o = 75,845 kN/m2 (11,000 psi}

o « 34,302 kN'm? (5,700 psi)
|DESIGN MARGIN = +7 10 (+1 03)}

TEMPERATURE = 621°C {1150°F)

o = 29.924 kN/m? (4,340 psi)
o (DESIGN MARGIN » +7 93 {+1 15)]

o = 17,408 kN/m? (2,538 pu)
[DESIGN MARGIN = +24 8(+36)]

TEMPERATURE « 621°C (1150°F)

DUE TO AT
o =64 1x 103 kN/m? () 2 ki) (BENDING)
{DESIGN MARGIN = +1,72 x 107 (+0 25} AT 621°C (1150°F};

o = 135 x 10* kN/m? (196 ks BENDING)
|DESIGN MARGIN = +12 x 10 [+1 74) AT 260°C {500°F ]

TEMPERATURE = 260°C (500°F)

65305473

: Figure 69, Helical Pump Duct
‘ Loop Design Stress
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loop, and/or a plastic analysis would have to be conducted. Figure 70 shows
that the sliding duct support is rigid enough to prevent movement of the NaK
duct in the stator bore; <0,0025 ¢m (0,001 in,) deflection would occur for the

calculated loads,

The most difficult stress problein occurred in the thin inner gas can and its
deflection diaphragm, Figure 71, The inner gas can must be kept as thin as
possible, since it occupies the magnetic gap and can contribute to the electrical
losses, Since the inner gas can operates 139°C (250°F) hotter than the outer
can, some means of accommodating the differential thermal expansion must be
provided, In the particular design, this was achieved by the use of a flexing
diaphragm. The stress shown indicates that a plastic analysis would have to be
conducted, to ascertain whether the design meets code, Another possibility was

the use of alternate rnaterials for certain structural members.
The effect of launch loads on the support structure is shown in Figure 72,
All of the stresses shown are well below the yield strength of the Type 316 stain-

less steel frame or A-286 super alloy bolts, and no problem is anticipated in

this area,

4, Dual Helical PLPA Design Features

The general design details of the final configuration, at the end of the pre-

liminary design phase, are shown as Figures 73, 74, and 75,

A tie bolt is shown holding the center section laminations under compression,
The washer at the bolt head is a close fit to the bolt, and welded to the conical
flow guide section, The other end of the bolt is in a sliding guide, which allows
for differential thermal growth between the washer and the NaK duct, A similar
approach is used on the whole center body, in that the transition swirl vanes
were welded only at one end to the outer transition cone., A sweat fit between
the helix and outer NaK duct was not used, since it complicated designing to the
codes, The entrance and exit pipes to the PLP.\ were welded to the end bells,
whii the other U-shaped loop was allowed to float, The inner duct and outer
duct are supported without any reliance on the thermal insulation to carry the
load, The end bells are welded to the stator shell which locates the stator and

its bore, maintaining excellent control of the magnetic gap, which contains the
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0 < 4556 x 10% kN/m?
(6.6 k1), DUE TO THERMAL
RESTRICTI:N AND PRESSURE
¢ LOOP o
621°C
P
AND PUM \ {i120°F)
R
—_—
(e}
260 o 8 < 0.0026 cm (0.001 in.s
(500°F) MAXIMUM DEFLECTION
EXPECTED, DUE TO AT
OF LOOP
6530 5475
Z'igure 70, Helical Pump Duct Sliding Support
0 = 17.9x 10% kN/m2 (26 ksi)
G PUMP (REF)
EXTERNAL BUCKLING
WITH p = 103.4 kN/m
(15 psi) VACUUM
. HIPERCO 27
{  f s0°R)
{0.030 in.} TYPE 31655 1 1
0.064 ¢cm
{0,025 in.) o * 1034 kN/m?
{15 psi) TYPE 316 5§
260°C
500°F)
TYPE 316 5§ !
a = 37.8x 10* kN/m?
(86 ksi)
6530.5478

Figure 71, Helical Pump Gas Containment Can Design Stress

Al-.T72-54
110



o o JUITE Sl o R

3ooeag jroddng dwing [est[ay uo speor] ydsuner] ainjexddway -wooy jo 102y 7. 2indig

LLYS0ESY
{19% §°L.2) E\Zx got 8yt =0

(1108 98Z-v)
(157 ¥'6E) ,WINY 01 X 20T = YVIHS,

(1708 982-v) 5, ISN3L,

(1S% #) NE\Zx ¢o— xXgT =

111

Al-T72-54

[H

3 SUANS £31C3 SENAR

T O T T U P R . SE e e o, e a7 e HER S s L e B R M b P e



7

19N3ISSY
43IN1

.<oz:»4 3,
\ ..

[RRLL)
(W QSH 0! WA £2L O
Q0 'V OS'Ei

woegsl ONIenL -y |T

(#0001£0ESN "8mg) dwung [eO1[9H ;0 M31A ueld ‘g2 aindrg

8LYS 0099

ONISNOH
¥oLVLS

WIVLIS HOLVIS

30INO MO14

YNINY
Nid 1IMO0~ o WIINOD
NIVLS NBNLIY Taeon3
NOILYINSNI X113 OILYNINYY ¥O01338i0
IYMEIHL {4911 MOTdy
\ e 1 080°0)
WOYNHIVIO | UIONIIq wa 294°0]
Z

NOISNVX3 .

> Aala Dxa..\L £ 8
F|

Al-72-54

112



Ly

N T VYR

g POOR e

1 ASSEMBLY

A ta

-1

n
-
<
o
|

GUIDE TUBE
19.550 cm 13.760 w } OD
0.000 cm (0035 1 ) WALL]

HELICAL FLOW r N
1 a

|
|
SLOT WEDGE ~__ |

I~

1
I
SUILDING BAR~ '

LAMINATED
STATOR CORE
128 456 cm

111 203n.) OD]

I
ouTER FLOW TUBE—""
113157 cm (6.18 1.1 0D
0.028 cm (0030 in § WALL) , 1537 ¢m (0.605 )

L. -

INNER GAS ———/‘

CONTAINMENT r~ i 38.10cm (15001 } -—mmmmemme e m = = = = o
CAN

’ L . - 3TURN COIL

| $LOT DEPTH .
___5.8450m (2301 i) ®/

86305479

Figure 74. End View of Helical Pump (Dwg. N530310004)
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Figure 75. Cutaway Isometric of Dual Helical PLPA
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gas can and thermal insulation, The thermal insulation in the helical section
is manufactured as a cylinder, and mounted on the duct by attachment at the
conical sections, Additional thermal insulation covers the remaining pipe and

conical section,
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P

VI. ac PUMP SUMMARY COMPARISON

Upon completion of the preliminary design phase, a new comparison of the
dual ac linear and helical PLPA's was made (see Table 16)., The helical pump
approach was shown to be supericr in every regard to the linear PLPA, The
efficiency of the helical pump had increased to 9.1% as the study progressed,
due to lower hydraulic losses and lower winding temperatures than originally
anticipated. On the other hand, the linear pump, for the reverse of these rea-
sons, exhibited a lower efficiency (7,0%) at the end of the study. Volume of the
helical PLPA was ~50% of that of the linear PLPA, and weighed 227 kg (500 1b)
less, Estimated reliabilities of the two approaches were approximately equal;
however, the hot spot temperature of the helical pump was calculated to be 65°C
(117°F) lower., This lower temperature would increase the PLPA's chance of
surviving any reduction of coolant flow, etc,, and is definitely a desirable feature,
Design predictability of the helical pump was considered good, since it was based
primarily on standard electrical machine design techniques, The linear pump
design, on the other hand, required the extrapolation of performance data from
larger, non-flight-type EM pump tests, The assumptions required in the extrapo-
lations tended to increase the development risk of the linear purnp., Fabrication
process development was considered approximately equal for the two approaches,
Based upon the preceding comparisons, it was concluded that the best EM pump

option to satisfy the PLPA requirements was the ac helical induction approach,
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APPENDIX |
RELIABILITY EQUATIONS

The reliability evaluation of the various pumping concepts required setting
up equations which represcented the failure of the different components, These

equations are shown in the foliowing sections,

A, HELICAL PUMP — DUAL PLPA — DOUBLE WINDING = 100% DEVELOPED
PRESSURE RISE REQUIRED IN EACH PUMP

Probability of flow = [probability of 100% capacity + probability of 1 good
winding in each pump and gas containment (can) good in both + probability of 1
good winding only in either pump and the proper can good] (probability 1 of 2

cooling coils being good) (probability throats are good)

>
P(flow) = |ERZR -R*R?)+ (sr? -8R+ 4R })RZ
w g woog w w w/ g

2 2 2 2
+ 4Rg(RW - RW)(z -2R_+RE.- Rg)] [Rs(2R_ - rZ)|, ...
P (100%) = (ZR\: R - R“‘,*R:)R,f.(mc -RZ) .. (A-2)

where:

P (flow) = probability of some flow

P (100%) = probability of 100% flow

RW = winding reliability = exp(-)\wt)
Rg = gas containment reliability = exp(-)\gt)
RT = throat reliability = exp(-}\Tt)
Rc = cooling coil reliability = exp(-)\ct)
= failuve rate
t = time period

If gas containment is not critical (i.e., loss of gas does not cause pump

failure), then Equations A-1 and A-2 become:
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\ >
P(flow)=[<2R2-R4)+(4R2-8R3+4R4)+4(R -R7)
w w w w w w w

’

(1-2r 4 RP)|iRE(er, - RY)| oo (A-3)

P (100%) = (ZR“‘:‘ - va) [Rf (ZRC . RCZ)] ) ... (A-4)

B, HELICAL PUMP — TRIPLE PLPA - SINGLE WINDINGS — 50% DEVELOPED
PRESSURE RISE REQUIRED IN EACH PUMP

Probability of flow = (probability of 1 of 3 units operating) {probability of
good throats) (probability of 1 of 2 cooling coiis being good)
where:
R_ = pum liability = R_R
p pump reli ity wig

Q =1-K =1-R R
P P w g

P (flow) (R;’ + 3Rp2 Q, + 3R, Q:),R%(ZRC - )|
3

: 213 2
(Rp + 3R, - 3Rp>RT(2RC - RC)

H

:(R3R3+3R R -3R2R2)R3(2R -RZ) . ...(A-5)
w g w g w g/ T c c
P (100%) = probability of 2 of 3 units operating
- (R3 +3R%Q )R3(2R - RZ) - (3R2 - 2R3)R3(2R - RZ)
P p p/ T c c D p/ T c c
- (3R2R2-2R3R3)R3(2R -RZ) . ... (A=)
wg w gl T c ¢

Assuming gas containment loss does not fail pump, Equations A-5 and A-6 are:

A 2) 3 2
P (flow) = (Rw +3R_ - 3R 5)R2(2R_ - RC) , e (AST)
g 2 3\ p 3 2
P (100%) = (3RW - 2R })R. (2r, - ) . ... (A=8)
AI-72-54
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C. LINEAR PUMP - DUAL PLPA — SINGLE CAN — 100% DEVELOPED
PRESSURE RISE IN EACH PUMP
Probability of flow = (probability of 100% + probability of 1 winding in each
pump good and cans good) (probability of 2 good throats) (probability of 1 of 2

cooling coils good)

where:
R = RZR
P wog
Q =1-RZR
P Wy
P (flow) = [(ZR?‘R -R4R2) + (4R2 -8R3+4R4)R2+4R (R .-RZ)
w g w g w w w) g g\"w w
2 2 z]
(z -2R_+R’ -Rg)”RT(ZRC - RC) ... (A9)
_ 2 4.2\, 2 2
P (100%) = (ZRWRg - R Rg)RT (ZRC - RC) , . (A-10)

If loss of gas containment does not fail pump,

P (flow) = [(2va - R_\:) + (4va i} 8va + 4R_\:) + 4(Rw . R‘:)
2\1. 2 2
(1 -2RW+RW)]RT(2RC-RC) . .. (A-11)
P (100%) = (2R ? - R )RZ(2r_-RE) . . (A-12)

D, LINEAR PUMP — TRIPLE PLPA - SINGLE CAN - 50% DEVELOPED PRES-
SURE RISE REQUIREDIN EACH PUMP
Probability of flow = (probability of 100% + probability of 1 winding in each
of 3 units and the cans good + probability of 1 winding in 2 of 3 units and proper
cans good + probability of 1 winding and its can good in 1 of 3 units) (probability
of 3 good throats) (probability of 1 of 2 cooling coils good)

where:

2
= R
P ng

R
Q =1-R 'R
P w g
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P (flow) = l(3RW RS - 2R 3 4 3 6)

6R3)+8R3(R -3r%*43RP.R
w g g\w w w w

¥ 6Rg(RW - va)”(l R+ (1 - Rg)ZHR%(ZRC 53 PRV EY

Probability of 100% = (probability of 2 of 3 units) (probability of 3 good throats®
(probability 1 of 2 coils good)

P (100%) = (R3 +3R% . 3R3)R3(2R - RZ) - (3R2 - 2R3)R3(2R - RZ)
P P p/ T c c P p/ T c c
) 4.2 6.3\_3 2)
- (3Rw RS - 2R Rg)RT (zRC - R’ : ... (A-14)
1f gas loss does not fail pump,
P (flow) = [(3R4- 2R6)+8(R3- 3R4+3R5-R6)
w w w w W w
¥ 6(R _R 2)(1 -R )Z] [R3(2R - RZ)]. ... (A-15)
W w w T c c
) 4 6\ 3 2
P (100%) = (3RW ; ZRW)RT(ZRC ] RC) . ... (A-16)

E. LINEAR PUMP - DJAL PLPA — DOUBLE CAN — 100% PRESSURE RISE
REQUIRED IN EACH PUMP

where:
R =RZ?R?
P Tw g
Q =1-R =1-RZR?
b P w g
Piflow) = [2RZR® - R*R*+ 4R R (1-3R R +3RZRZ_RZR’)
wog T Twog W g wog tw g T Tw g
2127 2)
+ [(Rng)(l - RWRg)Z] |RZ(2r_ - R
) 2 410 2 2)
- l4(Rng) B 6(Rng) ! 4(Rng ) (Rng) HRT(?‘Rc - R, ] :
.. (ASLT)
) 2.2 4. 4\.2 2
P (100%) = (ZRW R - R, Rg)RT(ZRC . Rc) . ... (A-18)
Al-72.54
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’f loss of gas does not fail pump,

P (flow) = (4R - 6va 4 4R\3 - va) [R%(ch i Rf)]

w

P (100%) = (ZR Z R4)R?‘(ZR - Rz) .
w w T c c

Al.T72-54
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... (A-19)

...(A-20)
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APPENDIX 11

THERMAL ANALYSIS ASSUMPTIONS

Thermal Conductivities [w/cm-°C  Btu/hr-ft-°F)]
S Glass
Mica
Thermal Insulation

0.0127 cm (5 mils) SS foil
0.0508 cm (20 mils) mica
0.0127 cm (5 mils) S8S £l

Copper

Laminated Hiperco-27
Alumina

Stainless Steel

Argon

Helium-Xenon Mixture (M, W, = <u)
Emissivities
S Glass
Copper
Alumina
Internal Heat Generation Rates (IZR.)
Helical Pump ~— Design No, 74
Windings

Laminations

Inner Stator Can [25.4 cm (10 in,) length,
equally distributed]

Linear Pump — Design No, 66 °
Windings

Per Tooth
Core (slot pitch basis)

FILM D
g NOT B aL72.54

B
PRECEDING PAGE 125

PSS i NH A G RCE R v e Ak m ) e =

0.01 (0.60)
1.18 . 10™3 (0.0683)

1.93 x 10”4 (0.9112)

3,63 at 371°C
(210 at 700° F)

U.502 at 316°C
(29,0 at 60C*F)

0.14 at 371°C
(8.0 at 700° F)

0.225 at 538°C
(13,0 at 1000° F)

3.17 x 10" % at 371°C
(0.0183 at 700° F)

1.10 x 10™2 at 399°C
{0,0635 at 750° F)

0.80
0.40
0.40

0.207 w/cm
(0,526 w/in.)

1,10 w/kg
(0.50 w/1b)

130 w

0.055 w/cm
(0.14 w/in,)

2,3 w
1.5 w




