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ABSTRACT

A ThermoElectroMagnetic Pump {TEMP)} 1is the integration of a thermcelectric generator
(TEG) and an electromagnetic pump (EMP) into a single component. TEMPs are ideally suited
for space nuclear power systems {(SNPSs) currently being developed to provide sustained
power sources for the Stategic Defense Initiative (SDI}. They are unique safety devices
used in the removal of decay heat after reactor shutdown because the decay heat itself is
used as the source cof energy for pumping power to circulate the coolant. TEMPs may also be
- uged as pumps in the main coeclant loops, This paper is a status reporft on an on-going
systematic study of TEMPs for the sustained SDI NSP3s and technolgies being developed,
namely thermoelectric, thermionic, and Stirling c¢ycle conversion. TEMPs for power systems
ranging from 100ekW to 10eMW are being considered with temperatures ranging up to 1500 K.
Permanent magnet, electromagnet, and coreless magnet TEMPs are included, Current and
advanced thermoelectric, permanent magnhet, electromagnet, and high temperature electrical
conductors materials are being evaluated and selected for TEMP desighs. The characteristic
of TEMP specific mass, 1i.e., their mass as a function of their hydraulic power output, is
the prime criterion of performance. Configuration changes required as a function of pump
pawer and the identity of critical development issues to be resolved in Phase II will be
presented in a future report.

1. INTRODUCTION

A ThermoElectroMagnetic Pump (TEMP) 1is the integration of a thermoelectric generator
{TEG) and an electromagnetic pump {(EMP) into a single component. TEMPs are ideally suited
for space nuclear power systems (SNPSs)} currently being develeoped to provide sustained
power sources for the Stategic Defense Initiative {SDI). They are unigue safety devices
used in the removal of decay heat after reactor shutdown because the decay heat itself is
used as the source of energy for pumping power to circulate the coclant, TEMPs may also be
used as pumps in the main coolant loops. They are static devices: 1i.e., they have no
moving, sliding or rotating parts, no bearings, and no seals. In addition, the TEG and the
EMP can be ideally matched since both are inherently high-current, low-voltage devices.
TEMPs are expected to be extremely reliable and maintenance free based on their development
and use in the SNAP-10A SNPS, SNAPSHOT, that was fiown in 1965 and as demonstrated in the
separate performances of the two major components in other applications,

The objectivess of this development study are to:

{1} determine the feasibility of TEMPs as cecay-heat removal system and main lcop pumps
in SNPSs for the SDI

{2} determine TEMP specific mass as a function of pump work

{3} determine under what conditions permanent magnet, electromagnet, or coreless magnet
are best

(4) determine if and at what pump and system power levels TEMP configurations change

{5) select preferred TE, magnet, and electrical conductor materials

(6) estimate survivablility

(7) identify critical issues

The approach wused in the study is to first review the published descriptions of the
three SP-100 SNPSs to characterize the systems and to establish a base of pertinent
information such as the arrangement of the major heat transport compeonents, the coolant and
containment materials, the operating temperatures, velumetric flowrate, and cooclant loop
pressure losses. This information was then used to project over the power range of
interest to establish a set of pump specifications sufficient in number to allow
characteration of the TEMP specific mass as a function of TEMP or SNPS power level, The
second step was to develop TEMP configurations for <the variods pump types. Then, the
methodology and the computer codes were developed and debugged, and trial calculations
performed. That is where the study stands now. In the remaining work, it is expected that
about 24 different TEMPs will be designed. After a basic set of TEMPs have been designed
to establish specific mass curve, then single TEMPs will be designed incerporating advanced
materials, variations in designs and configuration, and other features suggested by trends,
the results, etc. Differential performance can be evaluated, preferred materials selected,

SPIE Vol 871 Space Structures, Power, and Power Conditioning (1988) /81

i o




and critical development issues identified.

In the remainder of this report, the following topics will be presented in order: SNPS
pumping requirements, basic EMP anid TEG concepts, TEMP configurations, methcdology and
computer codes, the design of TEMP2, discussion of some results to date, and some

speculation about the work ahead,

2. SNP5 PUMPING REQUIREMENTS

Pumping requirements for the range of SNPSs of interest have been estimated to use as a
basis for developing TEMP specific mass as a function of the hydraulic power level.
Estimates were made for both main and decay-heat pumps.

2.1. Main loop pump requirements,

Main loop pumping requirements are considered first because the piping is sized for full
power operation, Decay-heat pumps use the same piping to circulate coolant when the SNPS
is shut down. Pumping requirements at the 100kW SNPS level were used as the basis for
extrapolation over the range of interest from O,1 MW(100kW) to 10 MW. The objective here
was to obtain a reasonable range of parameters for the study although no great accuracy was

required .

The hydraulic power teo the pumps must increase as the power of the SNPS increases. The
pumping power 1is P{h)=deltaP*) using a consistent =set of units, where P(h) - hydraulic
power; deltaP - delivered pressure; and Q@ - volumetric flowrate,

A review of the thermal management systems of the SP-100 candidates was conducted to
establish a base from which to extrapolate pumping requirements to the higher power levels
associated with the SNPS levels of interest. In zgpite of the significant differsnces in
conversion technologies employed, coolants, and in operating regimes, it was found that the
pumping requirements were surprisingly similar. This makes it possible to derive and use a
single set of pumps that will be adegquate for all of these SNPS over the power range of
interest. The delivered pressure was extrapolated as the 1/3 power of the ratio of the
higher output GSNPSs to the 100 ekW level. Volumetric <flowrate was taken to be directly
propeortional to the SNPS power level. Thus the hydraulic pumping power required, the
product of the delivered pressure, and the volumeiric flowrate, increases as the 4/3 power
of the SNPS capacity. The results are given in Table 1, This set of pumps will be used in
the remainder of the study feor develcping the mass per unit of hydraulic power curve of the
various kinds of TEMPs.

However, all of the pumping power need not be delivered by a single pump. In faect, for
system vreliability and =safety reasons, it will net be delivered by less than 3 pumps
connected in parallel flow. Thus each pump must deliver the full required deltaP but only
one-third of the required flowrate, The required pumping power may be delivered by more
than three pumps if there is some advantage. Where more than three pumps are to be used, a
combination of series and parallel connections can be used with three parallel streams as a
minimum. From a scoping standpoint for this study, only all-parallel-connected
arrangements were considered because they increase the range of pump power at the low end.
Series-parallel pump connection introduces the need for a higher level, more <complex
valving to prevent backflow when some pumps are off. The added components and complexity
can significantly reduce system reliability and is best avoided.

2.2 TEMP regquirements for Decay-Heat-Removal Systems (DHS).

DHSs must employ TEMPs, if the main 1lcops do not, in order to continue coolant
circulation even though the remainder of the system is shut down. The decay-heat-removal
pumping requirements are very modest even at the 10 MW(e) system power level. The reason
is that the heat generated in the reactor after shutdown falls to “5% of that at full power
in only a fraction of a second and then continues to fall less rapidly after that. Thus
the maximum mass and volumetric flowrates to be provided by the DHS TEMP is only 5 % or
1/20th of the full power flowrate requirement. However, the system piping, sized for
full-power flow, offers little resistance at such low flowrates. Thus, the pressure at
which the flow is to be delivered by the TEMP is then very low.

Conservatively assuming the flow 1in the SNPS to be laminar over the range from full to
5% power, the reduction factor would be 20 each for both the flowrate and the delivery
pressure or a factor of 400 in the hydraulic power required. The DHS TEMP requirement for
10 MW(e) SNPSs, included in Table 1 below, is about the same as that for one of the three
redundant main loop TEMPS for the 100kW(e) SNPSs. Thus, it appears that DHS TEMPs for SNPSs
of 10MW(e} and higher are feasible and practical with near "state-of-art" technolegy.
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Table 1 TEMP Design Specifications

*
TEMP No. Delivered Pressure Volumetric Flowrate Hydraulic Power SNPS Power

{psi) (gpm) (W(h)) (kW(e)}
DH1 <1.0 780 365 10000
M2 4.0 100 174 64
M3 7.9 78G 2680 500
M4 10.9 1563 6798 1000
M5 15.9 625G 43228 4000
M6 19.1 10938 90878 7000
M7 21.5 15625 146813 10000

% pAssumes three, one-third capacity pumps connected in paraliel
3. BASIC CONCEPTS

There are two major components of TEMPs, the EMP and the TEG. The %basic concept of
these components will be briefly reviewed prict to arranging them to comprise TEMPs.

The basic process in the EMP is the interaction of the normal vectors of a magnetic
field and an electric current which results in a force vector which is normal to the plane
of the first two. This is shown diazgramatically in the upper 1eft of Fig. 1. The force
vector is directed according to Fleming's left-hand or motor rule. Applicaticn of the
vector arrangement is apparent in the pumping cell depicted in Fig. 1 by the arrangement
of the magnet poles and current electrodes. The force applied to the liquid metal in the
pump ¢ell raises the pressure and causes flow through the pump and the externally connected
hydraulic circuit. It should be noted that EMPs are static devices, i.e., except for the
liguid being pumped there are no moving parts, no rotating or sliding parts, and no
bearings, stuffing boxes, or seals. Electricity must be supplied to power the pump. The
pumps of interest <to TEMP are d.c., conductien pumps, also kirown as Faragay pumps.
Typically, these pumps are high-current (kA), low-voitage (100 oV} devices. Power supplies
for Faraday pumps frequently limit their utility. TEGs, however, are well suited for that

purpose.

HEAT SOURCE

FLUID FLOW
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FIELD +AV THERMO THERMO — A
IELEMENT ELEMEN'%I
Q\E\} . \5\"\\ COLD
N NSNS S JUNCTION
ELECTRODE g L
TO HEAT SINK
Fig. 1. EMP Concept Fig. 2. Thermocouple Concept

The magnetic field of the EMP may be produced by permnanent magnets (PM), electromagnets
(EM), or other magnetic field producers, e.g., sets of Helmholfz coils (HM). The PM and EM
are well understood and need no further comment., However, a brief description of the HM
seems warranted here. The HM is considered here as a coreless magnet which is not subject
ta loss of ferromagnetism such as may occur 1In PMs and EMs if the Curie temperature 1is
approached or exceeded. Once the loss occurs in a PM, its residual magnetism can only be
restored by subjecting it again to a magnetizing field. In an EM, 1its ferromagnetism
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returns when the temperature falls beleow the Curie peint. HMs, because they do not suffer
such loss, may have some potential advantages which are to be considered in this study.

The HMs have the property that at a certain separation of the coils, the axial magnet field
is nearly constant over a large fraction of the diameter and rfalls precipitously to
essentially zerc outside the coils. HMs can be designed so that their pump ducts can be
lccated in the uniferm flux regicn,

The TEG 1is the assembly of one or more semiconductor thermocouples (See Fig. 2) and
thus ultilizes the Seebeck, Peltier, and Thompson Effects. The semiconductors are selected
for their superior thermoelectric properties, namely high Seebeck coefficient, low thermal
conductivity, and 1low electrical resistivity. When the thermocouples junctions are
subjected to a temperature difference, a Seebeck voltage is generated, and when connected
to an external «circuit, current will flow. By this process, a fraction of the heat that
flows through +the thermocouples +toc maintain the temperature difference between the
Junctions will be converted to electricity. Like the EMP, the TEG is alsoc a static device.
Inherently, the size of the Seebeck coefficients, even in semiconducters, and the available
temperature differences makes the TEG, like the EMP a high-current, low-voltage device.
This makes the TEG an ideal power source for the EMP.

The source of heat for the TEG is the ligquid metal coolant flowing through the pump
duct. The heat sink for the TEG could be the colder liquid metal stream returning to the
reactor. Otherwise, the waste heat from the TED can be "dumped overboard", i.,e., radiated
into space. The latter heat sink was selected for this study so the TEMPs are independent
of the radiator temperature determined and dictated by the main converter and system
constraints and optimization. In addition, this choice also assures an adequate
temperature difference to drive the TEMP in leng-term removal of decay heat.

4. CONFIGURATIONS

Three preliminary configurations selected for PM, EM, and HM TEMPs are shown in Figs.
3, 4, and 5 respectively. Based on early analysis, double, self-compensating pumping cells
were assumed as more mass and energy efficlent than single- or other seif-compensating
multiple cells., The armature current {or the current passing through the liquid) distorts
the magnetic field created by the magnet if an equal and oppositely direct current does not
pass nearby so0 as to essentially cancel the magnet distortions of the first pass. The
lower resistivity and density of the liquid metals and the added pumping action of the
second cell make this arrangement superior to solid busbar compensators. The cells pump in
opposite directions and must be connected serially in the external piping. This can be
accomplished by a simple U turn or by «coannection to pipes «ning to and from the reactor,
heat exchanger, or converter where they pass close to each oiher,

HEAT MAGNET
BUSBAR SPREADER POLE
s ™ MULTIFOIL
f’ PM BUS HP-FIN THERMAL
. - RADIATOR NSULATION
<l BAR[N\] AND !
-TEM|[ COOLANT BUSBAR
HP-FIN - FE - BUSBAR
PUME N MAGHET
DUCTS  pu e =N
DA * Fites
N AR THERMOELECTRIC
MULTIFOIL BLEMENTS
THERMAL LIQUID
INSULATION METAL
Fig. 5. PM Configuration Fig. 4. BEM Configuration

The integral heat sinks are heat-pipe, finned radiators. These must be single-sided
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radiators so as not to interfere with other SNPS components. They must be located with the
thermoelectric elements so as to reject their waste heat. The evaporators of the radiator
heat pipes are located in the busbar that interconnects the cold-side of the thermoelectric

elements.

The permanent magnet and electromagnet are located above and below the pumping section
sandwich. The permanent magnet core return path passes on the opposite side of the pumping
section from the thermoelectric elements and radiator., The electromagnet core follows a
complex path between the poles and the central induction leg. From the poles the paths
pass parallel to the pumping section in opposite directions wuntil they are clear of the
busbars before they can turn around the pump ducts to connect with the central induction
leg. The HM has no core, For series-connection, the HM rings are connected together and
become the busbar for interconnecting the thermoelectric elements. For parallel-connected
rings, as shown and most 1likely to be wused, they must be conhected to the duct-side or
ouput side of the thermoelectric elements. In this location, their connection enters into
the thermal circuit upstream of the TEG.

There are obviously other arrangements of the components ar configurations. As pump
sizes increase, it may become more difficult to integrate the components as completely as
indicated in these configurations. At some point it may be found that better results will
pe attained by less highly integrated configurations. To learn if and when that occurs is
one of the objectives of the study which has not yet been reached.
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il .
SN — @\
BUS- [ ) //———BUSBAR
BAR [T} A= < )
- = = THERMAL
SN ~ N
A AN
RING LIQUID METAL
BUSBARS TEMPTEG
| (amRusL)
Fig. 5. HM Configuraticn Fig. 6. Methodology Scheme

5. METHCDOLOGY

The overall methodology 1is ‘described first. Detailed analytical models are not
presented but their sources are referenced.

5.17. Overall methodology

The methodology developed accommodates the four ¢ircuits invelved in the TEMP design and
analysis; namely thermal, electrie, magnetic and hydraulic as implied by the device name.
The models for representing these circuits and their inter-relationships have ©been
incorporated into twa major computer programs, EMP and TEMPTEG. These programs are
supplemented by a number of speclalized computer programs; namely THEAT, HTPIPE, PM, EM,
and HM1. THEAT is an ETC proprietary, multivariate-optimization, thermoelectric design
Fortran code. HTPIPE is the Los Alamos National Labecratory heat pipe design and
performance Fortran code’', All of +the other programs were written for this study using
non-formatted, iterative selving software. The methodelogy arrangement of c¢ircuits and
computers program modeling is shown in Fig. 6. Matching of the electrical circuits of the
two major TEMP components, EMP and TEG, is required but easily accomplished. The terminal
voltage of the TEG is the input voltage to the EMP, and the electric current is common to
both EMP AND TEG. There is also an implied matching of the thermal circuit required.
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However, this is accomplished by transferring the inter-related thermal and hydraulic
parameters from EMP into TEMPTEG as depicted by the dotted line in the figure. Thus, the
thermal matching 1is automatically and entirely done within the heat exchanger section of
the TEMPTEG cecde. In Fig. 6, two thermal circuit indicators are shown to reflect the heat
exchanger part of the thermal circuit uptemperature of the TEG and the heat-pipe radiator
part dewntemperature, Material properties are incorporated into the codes using polynomial

fitting of the data where necessary.

51 and cgs practical units of measure were used throughout. English engineering units
were used only in pump specifications and were converted at the beginning and/or end of all

programs as appropriate.

5.2. EMP methods

The methods of Barne52 and Johnson3 were wused to model the electromagnetic effects
including the total pressure develeped by the pump, pressure losses from electromagnetic
braking, entrance and exit edge effects of current and flux fringing and mismatching,
friction in the pump throat, and contraction and expansicon in the nozzles and diffusers.
An coptimization of the flux with respect toc the current is included. The terminal voltage
of the pump, which invcoclves the counter EMF generated by the flowing liquid metal in the
magnetic field, is also covered here.

Modeling of the PM circuit used the methods of a commercial magnet manufacturer4. The
model wutilizes +the maximum energy product point of the demagnetization curves. No
specialized methods have been applied to the EM yet although some may need to be developed
for any unusuazl gecmetry involved, Modeling for the HM are based on the methods for
representing coil condgctors of significant c¢ross-sectional area by equivalent point
cross-section conductors-®, The magnetic field distributions involve eliptical integrals of
the first and second kinds,

5.3. TEMPTEGC methods

Standard heat exchange equations are used for theat transfer from the 1liquid stream to
the wall of the duct whare the thermoelements are éocatEd. The heat transfer coefficient
correlation used is that developed by Lyons, et al.

The TEG uses the average parameter methods of IoffeT, including optimization of the
generator efficiency at a current gradient that is a constant for given deltaT between the
hot and <c¢old Jjunctions and the thermoelectric properties of the materials, Using these
methods, the TEGs are matched to the EMPs at the maximum efficiency rather than the maximum

power point.

The electric circuit for PM TEMPs is

shown in Fig. 7 where:

E - EMF

R - resistance

Subs¢ripts refer to:

P - thermoelectric elements

- thermoelectric elements

- ¢old-side connector

- gounter

& DW - walls of pump duct in parallel
and in series respectively to
current flow

- liguid

EMP busbar

- effective fringe.

2O m=

@
1

TEG

Rr

Fig. 7. TEMPZ Electric Circuit

86 / SPIE Vol. 871 Space Structures, Fower, and Power Conditioning (1988)




5. DESIGN OF TEMP2, AN EXAMPLE

TEMP? was defined in Section 2 as a 4psi - 100 gpm requirement. It has been selected as
an example to help develop and test the methodology described above. In this section, the
results of the design of TEMP2 will be presented and scme of the things learned 1in its

design will be discussed.

The materials selected for TEMP2 are shown in Table 2. Table 3 shows the power
requirements and conversion efficiencies of TEMP2, Neither EMP nor TEG efficiencies were
maximized since the primary criterion of performance is the TEMP2 mass. However, the EMP
conversion efficiency 1is near its maximum to reduce the TEG mass. The TEG conversion
efficiency has been somewhat reduced and would be further reduced if it were not
constrained to match EMP voltage. With a fixed hot Jjunction temperature, raising the cold
junction temperature reduces the thermocouple deltaT and the output voltage.

Table 2. Materials Table 3. Energy Requirements and Efficlencies
Thermoelectric SiGe+GaPbP Power{W)} Efficiency(%)
Coclant Li
Duct and fittings Nb-1%Zr EMP Hydraulic 174
Magnet Alnico V Electric/hydraulic 32.1
Busbars Proprietary TEMP Electrical 542
Heat pipe fluid Na Thermal/electric 4.4
Heat pipe container & wick Nb-1%Zr TEG thermal 12461
Fins CC composite Overall thermal/hydraulic 1.4

The mass of TEMP2Z and its distribution among its compenents is listed in Table 4. This
mass is considered to be near optimum for this configuration and the materials selected.
The 24 kg of the EMP comprises ~58% of the TEMP2 total with the PM, the most massive single
item, comprising 45% alone, It was found that the EMP without the constraints imposed by
the TEG could meet the pumping specifications with a mass of less than 5 kg but with an
efficiency of less than 10%. The resulting electric power requirement made the mass of the
TEG 3 to 4 times the value shown in Table 4 and the TEMPZ2 wass far from optimum. As a
result, it was necessary to increase the length of the EMP to increase efficiency to nearly
its maximum attainable value, about 30% (see Table 3).

The second most massive component 1is the set of 10 heat pipes in the TEG waste-heat
radiator which comprises abaut 25% of the TEMP2 total of 42 kg. Fewer heat pipes of longer
length could have been used with reduced mass but with reduced redunancy and therefore
reliablility of the radiater. Furthermore, the heat-pipe design was not optimized and is
prebably more massive than necessary.

"The third component in order of mass are the busbars, cne in the EMP, which connects the
two pumping cells, and ‘the other is the cold-side connector in the TEG which counects the
two thermoelectric elements. Together the busbars comprise about 16 £ of the TEMP2 mass.
This is a significant fraction of the teotal mass, But even more importance should be
assigned to the busbars since their mass iz based on the use of a proprietary material
having a low value of the product of its electrical resistivity and density, which 1s a
measure of its value as a space system conductor. Replacing the proprietary material with
Mo would add about 2.2 kg to the total mass and increase the busbar mass to about 27%.

Table 4. TEMP2 Mass Distribution Table 5, Some Key Parameters

Component/Part TEMP Mass TE figure-of merit, 10-3/K 0.916

kg % Open circuit voltage,mV 161
Permanent Magnet 18.30 45.3 Terminal voltage, aV Q3.7
Cell and Converter Busbars 7.20 17.5 Total current,kA 5.787
Radiator Heat Pipes (30) 10.21 24.5 Magnetic flux density, mT 169.8

Radiator #ins (0.85 m%) 3.27 7.8 Magnetic air gap, mm 65

Remainder 2.05 4.9 Flange-flange leggth, mm 611
TEMP2 Total 41.72 100C.0 Radiator area, m 0.85

i

The cold junction temperature of the TEG, and thus the radiator temperature, was raised
as far as possible within other constraints to accommodate reduction in the size and mass
of the radiator. The radiator comprises about 32% o¢f the total mass and is sensitive to
the fourth power of the radiation temperature. However, as the radiator temperature is
raised, the deltaT acreoss the thermocouple decreases and with it the terminal voltage of
the TEG, which must match that needed by the EMP, But the voltage of the EMP goes down
only as its length and mass go up. The use of gseries-connected multiple thermocouples to
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provide more flexibility 1in voltage has not yet been investigated but would require
significant changes in all of the basic configurations developed to date.

The heat source to power TEMP2 and the heat exchange to tranfer the heat from the liguid
stream to +the TEG were not found to be a constraint en TEMP2's specific mass at TEMPZ

capacity.

Some key parameters in the design are shown in Table 5. The overall dimensions of the
pump and the waste heat radiator are included.

Tables & and 7 show the temperatures along the heat path from source to sink and the
distribution of the developed pressure rise among the loss mechanisms, respectively,

Table 6. TEMP2 Temperature Distribution Table 7. TEMPZ [eltaP Distribution
pt.-Pt.
Heat Path Pts. T(K) DeltaT Components . DeltaP({kPa)
Fluid entering EMP 11211 Delivery Pressure -27.6
11
Hot Jjunction 1200 Magnetic Braking -2¢.8
300
Cold Jjunction Q00 Fringe Effects -10.2
30
HPCondenser QD 870 Friction, contraction-expansion -3.5
233 e
Fin tips 636 Developed Head +62.1
380
Space near Farth 256
954

7. SUMMARY AND CONCLUSIONS

A midpoint review and status report of the subject study has been presented,
Specifications were developed for a set of TEMPs adequate for decay-heat removal and main
pumps for SNPSs ranging in electrical power ocutput frem 0.1 to 10 MW. The methodology for
the design of TEMPs in the specified set was developed and was briefly described. It will
be used to derive the characteristic mass per unit hydraulic power relationship. Three
types of magnetic field producers will be evaluated: PM, EM, and HM. Also the effects of
current and advanced materials technolegy will be evaluated. Critical 1issues in the
development will be identified and potential solutions recommended.

The design of TEMP2, a PM pump, was used to demonstrate the methodology, and the results
were presented and discussed. The methodology was successfully demeonstrated by this
exercise. The software and the organization of the codes provides great flexibility and
speed in design optimization and performance estimation. With these tools, the remainder
of the study can be rapidly completed.
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