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Reliability and Vulnerability Studies of the SP-100
Dual-Loop Thermoelectric-Electromagnetic Pump

Mohamed S. El-Genk* and William J. Riderf
University of New Mexico, Albuquerque, New Mexico 87131

This research has developed a transient model of the dual-loop thermoelectric-electromagnetic pump of the
SP-100 space nuclear power system and performed a parametric analysis assessing the reliability and vulnerabil-
ity of the pump to overheating of the secondary coolant. Results show that the pump ceases to operate when the
secondary coolant temperature either equals that of the primary coolant or exceeds 1255 K, regardless of the
value of the primary coolant temperature. In any case, increasing the secondary coolant temperature degrades
the SP-100 pump performance through both reducing the electric current prodiced by the thermoelectric
generators and the magnetic flux of the pump. Because the SP-100 pump employs a self-induced magnet at
secondary coolant temperatures lower than 1255 X but higher than the primary coolant temperature, the pump
maintains forward operation because both the electric current and the magnetic field reverse direction. However,
had the SP-100 pump been designed with a permanent magnet, raising the secondary coolant temperature
beyond that of the primary coolant temperature would only reverse the electric current, causing the pump to
operate in reverse. Results also show that although insulating the pump’s magnetic structure from the secondary
coolant ducts insignificantly affects the steady-state nominal operation of the pump, it improves pump perfor-
mance and reduces the pump’s vulnerability to external heating of the secondary coolant to temperatures in
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excess of 1000 K.

Nomenclature
= surface or cross-sectional area, m?
= pump duct height or insulation foil thickness, m
= magnetic field, G
= pump duct width, m
specific heat, J/kg K
= equivalent hydraulic diameter, m
= electric potential across the pump duct, V
= counter EMF induced in the liquid metal flowing
through the pump duct and intersecting the
magnetic field lines, V
radiator view factor
heat-transfer coefficient, W/m?
electric current, A
thermal conductivity, W/m K
= length of the pump, m
mass, kg
= number of insulation foils or number of coolant
ducts
power, W
= Peclet number
coolant volumetric flow rate, m3/s
electrical resistance, Q
temperature, K
time, $
wall thickness, m
pressure head, Pa
surface emissivity
efficiency
density, kg/m3
= Stefan-Boltzmann constant, 5.669 x 10~8 W/m2K*
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Subscripts

Al = alumina insulation

a = ambient

av = average

B = upper electric bus

c = coolant

EM = electromagnetic

e = effective or electric

f = fringe or fluid

foil = insulation foil region

& = gap between the alumina insulation and the
magnetic structure

22 = gap between the alumina structure and the upper

electric bus
= magnetic structure or electric bus
loss = thermal losses to the magnet
M = mechanical
m = magnetic structure or between the magnetic
structure and auxiliary radiator

0 = initial

Y4 = primary coolant or primary duct

r = auxiliary radiator

s = secondary coolant or duct

S = secondary duct to magnet

S = secondary duct to upper electric bus

TE = thermoelectric

TE-EM = thermoelectric-electromagnetic

t = thermal

w = duct walls normal to the flow of electric current
w = duct walls parallel to the flow of electric current
wm = duct wall material

Introduction
HE SP-100 space nuclear power program was established
in February 1983 to develop and demonstrate the technol-
ogy of a space nuclear power system in the range from 10 kW
to 1 MW.! In the fall of 1985 the thermoelectric (TE) SP-100
concept of the General Electric Company was selected as the
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baseline design for subsequent engineering development and
testing.? A ground engineering test of the nuclear system is
planned for early 1992, while a flight demonstration of the
entire system is projected for 1995.

The SP-100 baseline design incorporates a 2.5-MW fast-flux
lithium-cooled nuclear reactor with SiGe/GaP TE generators
for partially converting the reactor thermal energy to electric-
ity for a nominal system electric power of 100 kW. The re-
maining reactor thermal energy is transported by a pumped
loop system referred to here as the secondary loops, to a potas-
sium heat pipe radiator where the waste heat is rejected into
space (see Figs. 1 and 2). However, since 1985 the SP-100
concept has undergone several design changes to enhance the
reliability and safety of the system and reduce its mass. For
example, to improve the redundancy of the reactor’s cooling
system, the latest design increased the number of parallel
loops, referred to as the primary loops, from three in the early
design to 12. Also, to reduce the overall mass of the system, the
4-6.5 m-long potassium heat pipes that transport waste heat
for the power conversion assemblies (PCAs) to the radiator
have been replaced with 12 liquid lithium secondary loops.
Finally, for high relability and redundancy of the waste heat
transport system, each secondary loop has been coupled to a
separate but identical heat pipe radiator panel. Hence, a loss of
coolant or flow in one of the secondary loops would not en-
danger the operation of the entire waste heat removal system.

As delineated in Fig. 2, each pair of the primary and second-
ary loops is thermally coupled in the PCA and thermal-
hydraulically coupled in the thermoelectric-electromagnetic
(TE-EM) pump. The coupling of the secondary and primary
coolants in the pump alleviates the need for using a large
radiator for rejecting the waste heat from the pump TE gener-
ators, which was the case in the early SP-100 design employing
single-loop TE-EM pumps.** However, each dual-loop pump
is equipped with an auxiliary radiator to establish a tempera-
ture differential between the secondary and primary coolants
during startup and also to remove excess heat from the mag-
netic structure during normal operation (see Figs. 3 and 4).

The configuration of the TE-EM pump assembly chosen for
the SP-100 system is shown in Fig. 3. As this figure and Fig.
4 show, the pump circulates the lithium coolant in a pair of
secondary and primary loops, and the pump’s TE generators,
which supply the electric current needed for pump operation,
are sandwiched between the primary and secondary coolant
ducts. Because the electric voltage produced by the TE genera-
tors changes proportionally to the temperature difference
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across the TE elements, the pump will operate autonomously
as long as a temperature difference exists between the primary
and secondary coolant loops. Also, by virtue of the tempera-
ture dependence of the voltage produced by the TE elements,
the pump is self-regulating.

The pump is configured such that the electric current circu-
lating through the ducts induces a magnetic field in the mag-
netic structure (Hiperco-27) and coolant ducts. Figure 4 illus-
trates the direction of the current and the magnetic flux
through the lithium coolant ducts and the direction of the flow
that is produced. The magnetic structure directs the magnetic
flux through the lithium coolant ducts perpendicular to the
electric current.

Although not insulating the magnetic structure from the
secondary coolant ducts reduces the pump mass, it also makes
the pump vulnerable to overheating of the secondary coolant.
This overheating, occurring as a result of an exposure of the
system’s radiator to external heating, could degrade the pump
operation and result in a loss of flow in the secondary loop. A
single or multiple failure of the TE-EM pumps could reduce
the flow through the reactor core, causing both the reactor
thermal power and the system’s electric power to decrease.’
Therefore, it is important not only to investigate the perfor-
mance of the dual-loop TE-EM pump during nominal opera-
tion but also to assess its reliability under adverse operating
conditions.

This research focused on developing a coupled model to
simulate the operation of the SP-100 dual-loop TE-EM pump
and evaluate its vulnerability to overheating of the secondary
coolant. The dual-loop pump model has been incorporated in
the latest version of the Space Nuclear Power System Analysis
Model (SNPSAM Mode-3), which is being used for perform-
ing reliability and survivability analyses of the integrated SP-
100 system.’ This paper presents the results of a parametric
analysis investigating the effects of changing the primary and
secondary coolant temperatures, insulating the magnetic struc-
ture from the secondary coolant ducts, and/or overheating of
the secondary coolant on the pump performance during both
steady-state and transient operation. The following two sec-
tions describe the dual-loop TE-EM pump and the pump
model, respectively.

Description of the Dual-Loop TE-EM Pump

Figure 4 presents a cross-sectional view of the dual-loop
TE-EM pump, and Fig. 5 presents a line diagram illustrating
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Fig. 1 SP-100 space nuclear power system.
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Fig. 2 Schematic of the SP-100 primary and secondary coolant loops in the SP-100 system.
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Fig. 3 Configuration of the TE-EM pump assembly for the SP-100
system.

the pump’s operation. As indicated earlier, the pump is
equipped with a self-induced Hiperco-27 magnetic structure
for providing the magnetic flux and TE generators for supply-
ing the direct current needed for the operation of the pump.

The electromagnetic (EM) pump operates on the Faraday
principle, which specifies that a driving force is generated per-
pendicularly to both the magnetic field and the electric current,
which flow at a right angle to each other. As shown in Fig. 3,
the primary coolant enters the pump through the middle duct
on the right-hand side and exits through the duct on the left-
hand side, while the secondary coolant flows through two
ducts, one on each side of the primary ducts. The direct cur-
rent I generated by the TE generators passes through the
coolant ducts at a right angle to the magnetic flux B, causing

Pump Heat Pipe Radiator

Insulation

Fig. 4 Cross-sectional view of the dual-loop TE-EM pump.

the liquid metal coolant to flow in the perpendicular plane.
Details on the theory of the EM pump can be found else-
where.%?

As illustrated in Fig. 4, the N and P elements of the TE
generators are conductively coupled to both the primary and
secondary coolant ducts. The temperature differential between
the primary and secondary coolants induces electric current in
the TE generators by the Seebeck phenomena.!%!! The nomi-
nal values of the primary and secondary coolant temperatures
in the SP-100 system are 1350 and 800 K, respectively. The
conversion efficiency of the TE generators, which is strongly
dependent on the physical properties of the TE materials, gen-
erally increases with the temperature differential across the TE
converters and the value of the primary coolant temperature.
To reduce the electrical losses in the pump, buses with negligi-
ble electrical resistance are used for internal electric connec-
tions in the pump (see Fig. 4). In addition, the upper bus
thermally couples the upper two secondary coolant ducts to the
auxiliary radiator of the pump but is electrically insulated from
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the magnetic structure by alumina insulation (see Fig. 4). Be-
cause the alumina insulation (1.27 cm thick) is separated from
both the magnetic structure and the upper bus by small gaps
(0.00254 cm each), in the space environment the alumina insu-
lation will be radiatively coupled to the magnetic structure and
the bus. The lower bus, however, is thermally insulated from
both the coolant ducts and the pump magnetic structure.

Dual-Loop TE-EM Pump Model

The pump model is a dynamically and functionally coupled
model that incorporates three submodels: an EM pump model,
a quasi-steady-state thermal model of the magnetic structure,
and a transient TE generator model.!! This pump model is
similar to that developed for the single loop TE-EM pump, 12
except for the thermal management of the magnetic structure,
the thermal coupling of the TE generators to the primary and
secondary coolant ducts, and the thermal coupling of the sec-
ondary ducts and the magnetic structure to the auxiliary radi-
ator of the pump.

The TE model is described in detail elsewhere!! and there-
fore will not be presented here. The TE model is a one-dimen-
sional, transient model that can handle any combination of
boundary conditions at the hot and cold ends of the TE ele-
ments (see Table 1). The model also incorporates the effects of
temperature on the physical properties of the TE materials.
These properties include the Seebeck coefficient, thermal and
electric conductivities, density, and the specific heat. The gov-
erning equation for the TE generators is solved using the finite-
element method coupled to a time integration algorithm. The
results of the TE model have been verified by comparing the
model predictions with the exact solutions for two cases of
isothermal and isoflux boundary conditions. The model pre-
dictions of the spatial temperature distributions in the N and
P elements as well as of the conversion efficiency, the electric
current and power output, were in excellent agreement with the
exact solutions, within +1%. !

The model of the magnetic structure thermally couples the
magnetic structure to both the primary and secondary coolant
ducts and to the auxiliary radiator of the pump. The model
calculates the average temperature of the magnetic structure as
a function of the primary and secondary coolant temperatures
and the number of insulating foils between either the primary
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Fig. 5 Flowchart of the operation of the dual-loop TE-EM pump.

J. PROPULSION

or the secondary coolant ducts and the magnetic structure.
Given the nominal value of the magnetic flux strength, the
model of the magnetic structure then follows the saturation
induction curve of the Hiperco-27 material to determine the
magnetic flux density in the coolant ducts as a function of the
calculated average temperature of the magnetic structure. For
simplicity, the magnetic fluxes in the primary and secondary
coolant ducts are assumed to be uniform but differing in value.
The effect of the duct shape on the effective magnetic flux
value, however, was not modeled because it was beyond the
scope of this study. The following sections describe the models
of the EM pump and of the magnetic structure.

EM Pump Model
The operation of the TE-EM pump is described by the clas-
sic model of Barnes’ and Blake® where the pressure head AP
developed in the liquid metal coolant as it travels through the
pump duct is calculated in terms of the effective current 7, and
the magnetic flux B as follows (see Fig. 6):

_( BL\(RuR/\ B2Q><RW+R,>
AP‘(1041;>< R > <108b2 R M

To give the coolant volumetric flow rate through the pump
duct in terms of the pressure head developed across the duct,
Eq. (1) can also be rearranged as follows:

10,6\ RyR; \ [10b2AP\[ R
0= (e @
B Rw-f-Rf B Ry +Rf

In these equations the resistance R is expressed in terms of
those of the wall and the coolant and the fringe losses as

E=ReRW+ReRf+RfRW 3)

where the effective resistance of the coolant R, is determined
in terms of the coolant resistance at the operating temperature
r.(T") and the duct geometrical parameters as

_r(Da

R
Y

@

It should be noted that in the SP-100 dual-loop TE-EM
pump the width b and the height a of the primary and second-

Table 1 Boundary condition choices in the transient
thermoelectric model

Choice Hot side Cold side

I Constant or time-dependent Constant or time-dependent
Temperature Temperature

11 Heat flux Same as I

111 Temperature Radiative cooling

18Y Heat flux Radiative cooling

Sideview

Elevation

Fig. 6 Schematic of the coolant duct.
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ary coolant ducts are different, but that the length L is the
same for both ducts. Figure 6, which presents a cross-sectional
view of a coolant duct, illustrates the operation of the EM
pump, and Fig. 7 shows the equivalent electric circuit of the
duct. In Egs. (1-3) Ry can be determined in terms of the
electric resistance of the wall material at the coolant tempera-
ture, r,,,(T), and the area of the wall at a right angle to the
flow of the electric current as

rem(T)a
Ry =2t 2
Y7 aLx, ©)

In Eq. (5) the electrical resistances due to brazed or welded
joints are neglected.

An accurate estimate of the fringe resistance of the coolant,
Ry, entails solving a complicated expression incorporating the
pump geometry, the magnetic field distribution, and the
coolant velocity profile in the pump ducts. However, for sim-
plicity, the fringe resistance is assumed to be equal to 10 times
the effective wall resistances Ry .>!* From the equivalent elec-
tric circuit of the pump duct shown in Fig. 6, the electric
potential across the duct can be given as®-?

BQ  10%R.AP

E=—% 4
10%b B

Ir, (6)

where the resistance 7, can be given as

 2nm(D)x,

ry= 7
b +2x,)L ™
The total electric power input to the dual-loop TE-EM pump

P\ is equal to the sum of those supplied to the secondary and

the primary coolant ducts P, and P;, thus

PgEMIPp +Pe (8)

where
Py =N,IE, ©)
P, =N,IE, (10)

In Egs. (9) and (10) E, and E; are given by Eq. (6) after
substituting the geometrical parameter and the coolant flow
rates in the primary and secondary ducts, respectively. The EM
pump efficiency ngv, defined as the ratio of the mechanical
power developed in the pump P), to the electric power supplied
by the TE generators, is

_ Py (N,Q,AP, + NQ.AP,)
NEM = === an
Py 2Pm

Iy

I

—_ v .

Fig. 7 An equivalent circuit of the pump duct.
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Subsequently, the overall efficiency of the dual-loop TE-EM
pump nre.gm can be given as the product of four quantities:

NTE-EM = NEMUTEN: Me (12)

While the TE conversion efficiency yyg, defined as the ratio of
the electric power produced by the TE generators P.rg to the
thermal power supplied by the primary coolant P,, is calcu-
lated directly by the TE model, the other two efficiencies are
calculated as follows:

1

= 13
T T [P + Prose P.] (13)
PeEM
e = —224 (14)
¢ PeTE

In Eq. (13), P, and P, are the thermal losses to the magnetic
structure by conduction from the primary and secondary
coolant ducts, as well as the loss to the auxiliary radiator by
conduction from the top two secondary ducts, respectively,
(see Fig. 5). While the latter can be neglected during the
pump’s normal operation, it could be important at higher
secondary coolant temperatures. These losses are calculated by
the thermal model of the magnet, which is described in the
following section.

Magnet Thermal Model

During nominal operation the temperature of the magnetic
structure material (Hiperco-27) is kept well below its Curie
point temperature of approximately 1240 K; above this tem-
perature the magnetic material becomes paramagnetic and the
pump ceases to operate. At temperatures below the Curie point
of Hiperco-27, the magnetic flux density is a strong function of
temperature, decreasing as the magnet temperature in-
creases.!2 Therefore, it is important to determine the magnetic
field strength as a function of the average magnet temperature,
to model accurately the operation of the TE-EM pump, and
hence of the operation of the integrated SP-100 system.>

For example, a reduction in the reactor’s thermal power
decreases the primary coolant temperature, lowering the mag-
net’s temperature and increasing the magnetic field strength.
Conversely, decreasing the primary coolant temperature re-
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duces the electric current supplied by the TE generators, hence
reducing the magnetic field strength. Although both effects are
important in determining the effective magnetic field strength
in the coolant ducts, the latter is more pronounced. Also, a rise
in the secondary coolant temperature due to an external ther-
mal exposure of the SP-100 radiators reduces the temperature
difference across the TE generators, and hence the electric
current and magnetic field. At the same time higher secondary
temperatures could cause the temperature of the magnetic
structure to increase, reducing the magnetic field strength and
degrading the pump’s performance.

Because the Curie point of Hiperco-27 is significantly higher
than the nominal temperature of the secondary coolant (800 K)
but lower than that of the primary coolant (1350 K), the mag-
netic structure is thermally insulated only from the primary
coolant ducts. This insulation consists of very low effective
thermal conductivity multifoils (see Fig. 4). However, the
magnet thermal model allows for insulating the magnet struc-
ture from the secondary ducts to investigate the effects on
pump performance during both normal and adverse condi-
tions (see Fig. 8).

The magnet thermal model calculates the average magnet
temperature as a function of the temperatures of the primary
and secondary coolants and the number of the insulation foils
between the magnet structure and either the primary or the
secondary coolant ducts. The calculated average magnet tem-
perature is then used to determine the magnetic field
strength.'? Also, the coupling of the TE generator model to the
EM pump model allowed for the inclusion of the effect of
varying the electric current on the magnetic flux strength, as-
suming a linear relationship.!

Figure 8 presents a schematic diagram of the magnet thermal
model with the appropriate notation and the boundary condi-
tions. As Fig. 8 shows, the lower boundary between both the
magnetic structure and the secondary coolant ducts and the
connecting bus is adiabatic. However, at the upper boundary
the magnetic structure is radiatively coupled and the secondary
ducts are conductively coupled to the auxiliary radiator. Be-
cause of the high thermal conductivity and the small thickness
of the coolant duct walls, the wall temperature is assumed
uniform and equal to the average magnet temperature. Simi-
larly, the interface temperature between the upper electric bus
and the secondary ducts is assumed uniform and equal to the
average magnet temperature but different from the radiator
temperature 7,. The axial conduction in the multifoil region
isneglected, confining the flow of heat in the foils to the per-
pendicular direction. This assumption is justified because the
thickness of the insulation foil (0.005 cm) is much smaller than
its length (3.7 cm for the primary duct). Finally, for simplicity,
the temperature distribution in the bus is assumed to be linear
during the transient operation of the pump because of the
small thickness and relatively small mass of the upper electric
bus compared to that of the pump magnetic structure.

The overall transient heat balance of the magnetic structure
can be written as

a7,
P +Pp_Pm:Mmem ot (15)
where
Ps :2NshslAsl(Ts - Tm) (16)
P, =2N,h,A (T, —Ty) an
Py = hmAm(Tm - Tr) (18)

In Eqgs. (15-18) the heat-transfer coefficients are given as

-1
1 X  Xpoil
hg=|—+—+—

! [hs 3 kfou] (19)

J. PROPULSION

—1
I Xy Xoil

=|—+—+— 20
hpl l:hp kw kfoil] ( )

1 11

Xg XAl

hp=|—+—+—+— 21

I:kB kAl hgl h32:|

In Eq. (21) the conductance of the gap is given by'’

—— A 22)

The convective heat-transfer coefficients 4, and 4, are calcu-
lated using the following relation's:

he=k./[D.(5.8+0.02Pe%®)] (23)
where the Peclet number is given as
Pe =chc/(ACCpckc) (24)

The physical properties in Eqgs. (23) and (24) are evaluated at
the bulk temperature of the lithium coolant, and the effective
conductivity of the multifoil insulation is calculated as a func-
tion of the average temperature of the magnetic structure, the
number of foils, foil thickness, coolant temperature, and ef-
fective thermal conductivity of the foil material as follows!?:

ky = axp0i6,0( Ty + TUTE + T2/ (Nioit + 1) (25)

The heat balance for the auxiliary radiator of the pump can be
approximated as

hrAr(Tr - Ta) = I/ZNShSZASZ(TS - Tr) + hmAm(Tm - Tr) (26)

In this equation, the first and second terms on the left-hand
side represent, respectively, the heat flow from the upper two
secondary ducts to the auxiliary radiator and the heat flow
from the magnetic structure to the radiator. In Eq. (26), the
overall heat-transfer coefficients for the secondary duct and
the auxiliary radiator are given as

-1
1 x,
h522h3+ I:h_s +"k_w:| (27)
h, =€, 0F, (T? + Tf)(T, +T7,) (28)

Equations (15) and (26) are solved analytically to yield the
following expression of the transient mass-averaged tempera-
ture of the magnetic structure:

__Hi
Tu(t)= <IHiT> + [ Tolle) — <g—?>] e MnCon (29)

where T,,(¢,) is the average magnet temperature at the begin-
ning of the transient. The coefficients H, and H, are given as

H,=(@2Nhg A +2N,h,Ap + hgAg) (30)

and
H,=(2NhgAgT; + 2NohpApT, + hpAgT,) (31)
In these equations, while the initial temperatures of the pri-

mary and secondary coolants 7 and T, are known for a given
transient, the radiator temperature is calculated by the relation

(32)

7 _ | (aNAAST, + hpAsT, + h,A,Ta}
T I/ZNShSZASZ + hBAB + hrAr
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During the transient operation of the pump, Egs. (29) and
(32) are solved simultaneously to determine the average mag-
net temperature and the temperature of the auxiliary radiator
as function of time. However, for steady-state operation Eq.
(32) remains the same, while Eq. (29) is reduced to

o () .
=\ (33)

As indicated earlier, the physical properties of the duct wall
materials, the Hiperco-27, and those of the primary and sec-
ondary coolants are allowed to change with temperature.

The magnet thermal model is coupled to both the EM pump
model described in the previous section and the transient
model of the TE generator.!! The integrated TE-EM pump
model is used to investigate the performance of the pump
during both steady-state and transient operation. The results
of this investigation and those of the parametric analysis as-
sessing the effect of changing the secondary and primary
coolant temperatures and the number of insulating foils be-
tween the coolant ducts and the magnet structure are presented
and discussed in the next section.

Results and Discussion

This section presents the results of the parametric and reli-
ability analyses of the SP-100 dual-loop TE-EM pump. Table
2 lists the design parameters for the pump and the values of the
nominal base-case operating conditions. Two sets of analyses
were performed: 1) a parametric, steady-state analysis of the
effect of changing the primary coolant temperature and/or
overheating the secondary coolant on the steady-state opera-
tion of the pump, also investigating the effect of insulating the

Table 2 Dual-loop TE-EM pump design and base-case
operating parameters

Overall pump dimensions:

Duct width 1.784 cm
Primary duct height 2.676 cm
Secondary duct height 1.157 cm
Duct wall thickness

Primary 0.076 cm

Secondary 0.040 cm
Duct wall materials

Primary PWC-11

Secondary Ti
Active pump length 25.5 cm
Primary coolant temperature 1350 K

Secondary coolant temperature 800 K

Primary mass flow rate 1.0 kg/s
Secondary mass flow rate 1.0 kg/s
Thickness of the electric bus 0.764 cm
Electric bus material Cu
Pump magnet dimensions:
Magnet height 7.41 cm
Magnet width 3.148 cm
Magnet material Hiperco-27
Area of the radiator 0.138 m?
Magnet mass 10.5 kg
Nominal magnetic flux
Primary 572 G
Secondary 650 G
Magnet Curie point 1240 K
Thermoelectric parameters:
TE material SiGe/GaP
TE length 0.3 cm
Number of foil insulations
Primary duct 30
Secondary duct None
Thickness of foil insulation region 0.3 cm
Foil thickness 0.005 cm
Auxiliary radiator area 0.1413 m?
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magnetic structure from the secondary coolant ducts on pump
performance, and 2) a transient analysis investigating the re-
sponse and vulnerability of the pump to a stepwise increase of
the secondary coolant temperature. The results for the steady-
state and transient analyses are presented and discussed se-
quentially in the next two sections.

Steady-State Operation and Reliability Analysis

Figures 9-14 present the results of the parametric analysis
focusing on the steady-state operation and the reliability of the
SP-100 dual-loop TE-EM pump. Because the top two second-
ary coolant ducts in the pump are conductively coupled to both
the magnetic structure and the auxiliary radiator, the average
magnet temperature, and hence the magnetic flux strength, are
sensitive to changing the temperature of the secondary coolant
(see Fig. 9). This sensitivity results because increasing the sec-
ondary coolant temperature not only increases the heat flow
from the secondary duct to the magnetic structure but also
increases the radiator temperature, resulting in a higher mag-
net temperature. In addition, changing the secondary coolant
temperature changes the electric current provided by the TE
generators and hence the magnetic field strength in the coolant
ducts. As shown in Fig. 9, a 50% increase in the secondary
coolant temperature, above that of the base case (from 800 to
1200 K), causes the average magnet temperature to increase by
almost the same percentage (from 798 to 1191 K). Also, Fig. 9
demonstrates that using only five foils to insulate the magnet
structure from the secondary ducts effectively reduces the av-
erage magnet temperature, and hence increases the pump head
(see Fig. 10). As delineated in Figs. 9 and 10, this reduction in
the magnet temperature not only improves the pump perfor-
mance but also allows the pump to operate at secondary
coolant temperatures 90 K higher than that of the base case
(1255 K) before a loss of flow occurs. Beyond secondary
coolant temperatures of 1255 and 1345 K for the uninsulated
and insulated secondary ducts, respectively, the pump ceases
to operate because the average magnet temperature exceeds the
Curie point of the magnet material (1240 K) (see Fig. 12).

As shown in Fig. 10, using more than five foils to insulate
the magnet from the secondary ducts insignificantly affects the
pump performance. However, the loss in the pump pressure
head increases as the secondary coolant temperature increases.
For example, in the insulated secondary ducts case increasing
the secondary coolant temperature from 1200 to 1300 K, while
keeping the primary coolant temperature at 1350 K, reduces
the primary pump head from 5.8% to as low as 0.4% of the
nominal value for the base case. In Fig. 10 the induced pump
head in the secondary coolant is slightly higher than that in the
primary coolant because the effective magnetic flux density in
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Fig. 9 Effect on pump performance of changing the secondary
coolant temperature.
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Fig. 10 Effect of varying the secondary coolant temperature and
insulating the secondary ducts on the steady-state operation of the
pump.

the secondary ducts is higher than that in the primary ducts
(see Table 2).

Figure 11 shows that increasing the temperature differential
between the primary and secondary coolants AT increases the
electric current produced by the TE generators and hence the
magnetic field strength, thus enhancing pump performance.
As demonstrated in Fig. 11, while the electric current increases
linearly with AT, the primary pump head increases propor-
tionally to AT2. This figure also shows that increasing the
temperature differential across the TE generators by increas-
ing the primary coolant temperature induces a pump head
slightly higher than that obtained by raising the secondary
coolant temperature by the sanie amount. For example, a 200
K increase in AT by raising the primary coolant temperature
from 1100 to 1300 K or lowering the secondary coolant tem-
perature from 800 to 600 K increases the primary pump head
by 284 and 299%, respectively.

The results delineated in Fig. 12 show that for a primary
coolant temperature lower than that of the base case (1000 K)
a loss of flow condition in the secondary coolant ducts of the
SP-100 TE-EM pump could be caused by two mechanisms.
The first mechanism is the loss of the TE electric current, and
the second is the loss of magnetic flux. As Fig. 12 indicates,
when the secondary coolant temperature becomes equal to the
primary coolant temperature, the pump ceases to operate due
to loss of electric current. A further increase of the secondary
coolant temperature beyond that of the primary coolant estab-
lishes a temperature gradient in the TE generators but in re-
verse, causing both the electric current and magnetic field to
reverse direction. In this case the pump resumes its operation,
where the pump head increases as the secondary coolant tem
perature increases. However, increasing the secondary coolant
temperature increases the electric current produced by the TE
generators and hence the magnetic flux density, but also in-
creases the average magnet temperature, causing the magnetic-
field strength in the pump ducts to decrease. As shown in Fig.
12, when the increase in the pump head due to higher electric
current equals the decrease caused by the lower magnetic flux,
the pump head reaches a peak. Beyond this point, increasing
the secondary coolant temperature causes the magnetic field
strength to decrease faster than the increasing electric current,
resulting in a lower pump head. Eventually, a second loss of
flow will occur as the average magnet temperature becomes
equal to the Curie point of the magnet material (1240 K).

It is worth noting that the results shown in Fig. 12 demon-
strate that in the base case at secondary coolant temperatures
beyond 1000 K, the primary pump head for the insulated sec-
ondary duct case is only slightly higher than that for the unin-
sulated case. However, the difference in pump head between
the insulated and uninsulated cases becomes significant as the
primary coolant temperature decreases below the nominal
value for the base case (1350 K).

Had the pump been designed with a permanent magnet
rather than with a self-induced one, not only would the magnet
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Fig. 12  Effect of varying the primary coolant temperature and over-
heating the secondary coolant on the SP-100 pump steady-state oper-
ation.

mass have been larger, but also raising the secondary coolant
temperature beyond that of the primary coolant would have
caused the pump to operate in reverse (see Fig. 13). The reverse
operation is because reversing the temperature differential
across the TE generators would only reverse the direction of
the electric current in the coolant ducts. In Fig. 13, because the
mass flow rate is kept constant (see Table 2), the calculated
pump head is not zero. However, in the actual system where
the pump is coupled to other system components, a loss of
electric current will cause not only the flow rate but also the
pump head to be zero.

The various operating regimes of the SP-100 dual-loop TE-
EM pump under steady-state conditions are shown in Fig. 14.
As this figure indicates, for a secondary coolant temperature
higher than 1255 K, the pump produces no pressure head.
However, insulating the magnet structure from the secondary
ducts using only five insulating foils raises this temperature to
1345 K. Results in Fig. 14 demonstrate that insulating the
pump magnet from the secondary coolant ducts also increases
the primary coolant temperature at which a loss of flow oc-
curs. Figure 14 also shows that the pump always operate in
forward when either the primary coolant temperature is higher
than the secondary coolant temperature or when the latter is
higher than the former.

The next section presents and discusses the results of the
analysis investigating the transient response and operating
parameters of the SP-100 dual-loop TE-EM pump following a
stepwise increase in the secondary coolant temperature. The
results of the analysis could be useful in assessing the vulnera-
bility of the TE-EM pump to a directed energy threat to the
SP-100 radiator.
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Transient Operation and Reliability Analysis

Figures 15-17 present the results of the transient response of
the SP-100 dual-loop TE-EM pump to a stepwise increase in
secondary coolant temperature. As Figs. 15 and 16 demon-
strate, while a stepwise rise in the secondary coolant tempera-
ture results in a stepwise decrease in the electric current, it
causes slower changes in the other parameters affecting pump
performance. In general, a rise in the secondary coolant tem-
perature causes the pump head and efficiency to decrease, due
to the induced reduction in both the magnetic flux and the
electric current. As shown in these figures, as soon as the
external heating is removed, causing the secondary coolant
temperature to return to its initial value, the pump recovers its
normal operation, but with a delay time. Figures 15 and 16
indicate that insulating the secondary coolant ducts signifi-
cantly reduces the peak temperature of the magnet and hence
the pump’s vulnerability. For example, Fig. 15 shows that
insulating the secondary ducts decreases the peak magnet tem-
perature from 999 to 862 K and limits the maximum decline in
the pump head to 38 rather than 42% for the uninsulated case.

When the peak secondary coolant temperature was 1300
instead of 1000 K, insulating the secondary coolant ducts pre-
vented the occurrence of a loss of flow, which otherwise occurs
if the secondary coolant ducts are not insulated (see Fig. 16).
The results plotted in Fig. 16 indicate that a stepwise increase
in the secondary coolant temperature from 800 to 1300 K
triggers a loss of flow due to the lack of magnetic flux caused
by overheating the magnetic structure above its Curie point of
1240 K. However, insulating the secondary ducts from the
magnet structure with only five foils precludes the occurrence
of the loss of flow; instead, the primary pump head declines to
0.9% of its initial value. Figure 16 also shows that for uninsu-
lated secondary ducts (base case) a loss of flow occurs after
15 s following the increase in secondary coolant temperature.
A comparison of the results in Figs. 15 and 16 shows that the
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peak magnet temperature increases with the peak value of the
secondary coolant temperature. For example, when the sec-
ondary ducts are insulated, the peak magnet temperature in-
creases from 862 to 960 K for peak secondary coolant temper-
atures of 1000 and 1300 K, respectively.
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Results show that the vulnerability of the dual-loop TE-EM
pump depends not only on the peak value of the secondary
coolant temperature but also on the time of the transient. As
delineated in Fig. 17, the pump head decreases rapidly with the
time of the transient, up to approximately 5 s. Beyond this
time the minimum pump head becomes almost independent of
the time of the transient but decreases as the peak secondary
coolant temperature increases. Figure 17 also delineates the
effects of insulating the magnet structure from the secondary
coolant duct on the transient operation of the pump. In every
case, insulating the pump magnet from the secondary coolant
ducts positively impacts the transient performance of the

pump.

Summary and Conclusions

This research developed a transient model of the dual-loop
TE-EM pump of the SP-100 system and investigated the ef-
fects of overheating the secondary coolant on the reliability
and vulnerability of the pump. Results show that overheating
the secondary coolant could cause a loss of flow in the second-
ary coolant loops in two cases: when the temperature differen-
tial across the TE generators in the pump becomes zero, and
when the pump magnet is overheated beyond the Curie point
of the magnet material. Results also show that although insu-
lating the pump magnet from the secondary coolant ducts
insignificantly affects the nominal steady-state operation of
the pump, using only five foils to insulate the magnet not only
improves pump performance but also reduces its vulnerability
and enhances its reliability at higher secondary coolant tem-
peratures. Analysis shows that insulating the magnet structure
from the secondary ducts also minimizes the impact on pump
operation of stepwise increases in the secondary coolant tem-
perature. However, the recovery time of the pump increases as
the peak value of the secondary coolant temperature increases
and/or the magnet structure is insulated from the secondary
coolant ducts.

These results suggest that the magnet structure in the dual-
loop TE-EM pump should be insulated from the secondary
ducts in order to improve the reliability and survivability of the
pump to directed energy threats that overheat the secondary
coolant. Results also indicate that operating the SP-100 system
at high power, although it increases the primary coolant tem-
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perature, would reduce the impact of an external threat on the
operation of the TE-EM pump.

Results show that the SP-100 pump, which employs a self-
induced magnet, will always operate in forward when either
the primary coolant temperature is higher than the secondary
coolant temperature or when the latter is higher than the for-
mer. However, had the pump been designed with a permanent
magnet, raising the secondary coolant temperature beyond
that of the primary coolant temperature could have caused the
pump to operate in reverse.
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