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SPECIFIC POWER OF LIQUID-METAL-COOLED REACTORS

Dean Dobranich
Advanced Nuclear Power Systems Safety Division
Sandia National Laboratories
Albuquerque, New Mexico 87185

ABSTRACT

Calculations of the core specific power for conceptual
space-based 1liquid-metal-cooled reactors, based on heat transfer
considerations, are presented for three different fuel types:
(1) pin-type fuel, (2) cermet fuel, and (3) thermionic fuel. The
calculations are based on simple models and are intended to
provide preliminary comparative results. The specific power is
of interest because it is a measure of the core mass required to
produce a given amount of power. Potential problems concerning
zero-g critical heat flux and loss-of-coolant accidents are also
discussed because these concerns may 1limit the core specific
power. Insufficient experimental data exists to accurately
determine the critical heat flux of liquid-metal-cooled reactors
in space; however, preliminary calculations indicate that it may
be a concern. Results also indicate that the specific power of
the pin-type fuels can be increased significantly if the gap
between the fuel and the clad is eliminated. Cermet reactors
offer the highest specific power because of the excellent
thermal conductivity of the core matrix material. However, it
may not be possible to take full advantage of this
characteristic when loss-of-coolant accidents are considered in
the final core design. The specific power of the thermionic
fuels is dependent mainly on the emitter temperature. The small
diameter thermionic fuels have specific powers comparable to
those of pin-type fuels.
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1.0 INTRODUCTION

Ligquid-metal-cooled nuclear reactors have been proposed for
use in outer space to supply tens of megawatts of thermal power
for the production of electricity to power various
defense-related space platforms. An item of concern for any
space-based component is 1its weight because of the associated
high launch costs. Thus, the determination of the weight
required by a reactor core to produce a given amount of power is
a parameter of interest. A measure of this parameter is the
specific power defined as the maximum amount of power a unit
mass of fuel can produce for a particular set of operating
conditions. The RSMASS code [1] is used to provide estimates of
the reactor and shield masses for space-based nuclear reactors.
One of the required input variables for RSMASS is the specific
power (MW/Kg-~U) of the reactor. Recently completed <thermal
hydraulic analyses [2,3] provided estimates of specific power
for several gas-cooled reactors. A similar analysis has been
carried out for liquid-metal-cooled reactors and the results of
this analysis are reported in this report. The analysis was
performed for three types of fuels: (1) pin-type fuel, (2)
cermet fuel, and (3) thermionic fuel. The effect of critical
heat flux constraints 1is also addressed along with a simple
analysis of a 1loss-of-coolant accident and its possible impact
on the specific power.




2.0 SPECIFIC POWER FORMULAE

With respect to heat transfer, the specific power for the
liquid-metal-cooled reactors is a function of the thermal
resistances associated with core components such as the fuel,
the gap, the fuel cladding or coating, and the coolant. With the
coolant and the maximum-allowed fuel temperatures specified, the
specific power, Pg, can be expressed as:

n
Pg = (Tg - Tc)/(przPr.ZlRi) (1)
i=

maximum-allowed fuel temperature,

where: Tg =
= coolant bulk temperature (or fuel surface

T
¢ temperature) at fuel hot spot,
pg = fuel density,
P, = axial peak-to-average power factor,
P, = radial peak-to-average power factor,
n = the nugger of core thermal resistances, and
R; = the i thermal resistance.

The thermal resistances were derived for this work on a unit
volume basis as opposed to a unit area basis as is commonly
found in the heat transfer literature. This was done because the
quantity of interest (the specific power) is determined as the
fuel volumetric heat generation rate divided by the fuel
density. Therefore, expressing the resistances on a volume basis
is consistent with the objective of this work and makes the
evaluation of equation (1) straightforward.

If a cosine axial power profile is assumed, the coolant bulk
temperature at the fuel hot spot can be estimated as the
algebraic average of the core 1inlet and outlet coolant
temperatures. For a flat axial profile, the core outlet coolant
temperature should be used. If a boiling coolant is used, then
the saturation temperature provides a good estimate of the
coolant bulk temperature.

Several multimegawatt space reactor concepts have been
proposed that use a 1liquid metal to provide core cooling. In
some concepts, the metal remains a liquid as it passes through
the core while other concepts make use of boiling liquid-metal
coolant. Three basic fuel types have been proposed for the
liquid-metal-cooled reactors: (1) pin-type fuel in which the
fuel 1is in the form of clad fuel pins, (2) cermet fuel in which
a ceramic fuel resides in a metal matrix material such as
tungsten, and (3) thermionic fuel in which the fuel is in the
form of clad hollow cylindrical pins. In the pin-~type fuel,
coolant flows within the space between the fuel rods. In the
cermet fuel, the coolant flows either axially or radially
through channels formed within the matrix material. 1In the
thermionic fuel, coolant flows around a collector that surrounds



the hollow pin. (The hole in the fuel pin provides volume for
the collection of fission products and the outer surface of the
cladding is the thermionic emitter.)

The formulae used to determine specific power for the three
types of fuels are presented in the next three subsections.

2.1 Pin-Type Fuel

A schematic diagram of the pin~type fuel is given in Figure
2.1.1. A 1liner material is shown between the fuel and the gap.
The thermal resistance for the liner should be neglected if a
liner is not used for a particular concept. The thermal
resistances, R, associated with the pin-type geometry are as
follows:

fuel
pin: 5
Re = ri“/4ke¢ (2)

liner: 2
gap: 2
clad: 2
coolant: 5
where; r = radius,

h = heat transfer coefficient, and

k = thermal conductivity.
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Figure 2.1.1 Pin-Type Fuel Schematic



2.2 Cermet Fuel

A schematic diagram of the cermet fuel type is given in
Figure 2.2.1. The expressions for the thermal resistances
associated with this fuel type are not straightforward because
the fuel 1is dispersed within the matrix material either as a
composite or as coated spherical particles. If the fuel is
dispersed as a composite, the resistances associated with the
particle and coating do not apply. The distance S, as shown in
Figure 2.2.1, is the maximum distance that heat must travel from
the fuel to the coolant channel wall. A fuel particle is assumed
to reside at this 1location to provide a conservative estimate
(worst case) of the matrix and particle temperature differences.
Because the fuel is uniformly dispersed within the matrix
material, the matrix is assumed to have a uniform volumetric
heat generation rate. An estimate of the matrix temperature drop
across the distance S can be made by using the conduction
relation for heat flow 1in a hollow cylinder of inside radius
equal to the channel radius and outside radius equal to the
inside radius plus the distance S. Assuming circular channels of
constant flow area, the resistances are as follows:

fuel
particle:

Rpar = dpar-/24Ks (7)
coating:

Ret = tdpay®/[12Kee (dpay/2 + )] (8)
matrix:

Ry, = [G(S + dg)? - B/2] fVg/2k (9)
coolant:

R, = BfVg/h d.p (10)
with; G = In[(2S + dgp)/dp] (11)

B = [(5+ dgp/2)2 - (dgp/2)2] (12)

where; V¢ = fuel volume fraction

geometry correction factor
maximum matrix conduction length,
coating thickness, and

diameter.

et Hh
| (|

As previously mentioned, the maximum matrix conduction
length, S, is the maximum distance that heat must travel from
the fuel to the coolant channel wall and depends on the number
and diameter of the channels, and whether the channels are
arranged on a triangular or square array. Figure 2.2.1 provides
examples of these two arrangements. The area bounded by the
circle of diameter d_, + 2S represents the unit cell for the




heat conduction calculations. The geometric unit cell is shown
as a hexagon for the triangular array and as a square for the
square array.

The geometry correction factor, f, accounts for the fact
that the conduction unit cell volume is larger than the
geometric unit cell volume. The geometric correction factor can
be calculated as the cross-sectional area of the geometric unit
cell (not including the channel area) divided by the
cross~-sectional area of the conduction unit cell (again, not
including the channel area). In dealing with reactor concepts, f
will in general not be known because it depends on the number
and spacing of the channels. However, f will be less than 1.0,
and using f equal to 1.0 results in a conservative estimate of
specific power; i.e., the actual specific power will be somewhat
larger.

The fuel volume fraction, V., is defined as the volume of
fuel divided by the volume of matrix material. This is a measure
of the fuel 1loading within the core and must be based not only
on specific power constraints but also on criticality
constraints. Lower values of Vg result in higher values of
specific power.
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(Triangular and Square Arrays)



2.3 Thermionic Fuel

A schematic of the thermionic fuel is shown in Figure 2.3.1.
Thermionic fuel produces electric power by "boiling" electrons
off the surface of an emitter material; the electrons are then
collected on a collector surface. There is a gap between the
emitter and collector surfaces, and the collector is surrounded
by the coolant. For the thermionic fuel, the outer clad surface
as shown in the figure is the emitter. The emitter temperature
defines the operating characteristics of the thermionic fuel and
is assumed to be specified for the specific power calculations.
Therefore, the collector and coolant temperatures do not enter
into the specific power calculations; only the maximum-allowed
fuel temperature (at radius r,;) and the emitter temperature
(at radius ri) are needed. Tﬁe thermal resistances for the

thermionic fuel are:
fgel
pin:

Re = [(ry2 - ry%)/2 - r,21n(ry/ry) 1/ (2ke) (13)
clad:

Rey = (r32 = ry2)in(ry/r,)/ (2kg) (14)
where; r radius, and

k thermal conductivity.
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Figure 2.3.1 Thermionic Fuel Schematic



3.0 HEAT TRANSFER COEFFICIENTS

To calculate the thermal resistances, values for the various
parameters appearing in the resistance formulae must be
provided. The parameters consist of (1) dimensions, which are
related to the core geometry, (2) thermal conductivities, which
are related to the materials used in the core, and (3) the heat
transfer coefficients for the gap and the coolant. The gap and
coolant heat transfer coefficients are addressed in this
section.

For 1liquid-metal-cooled reactors with pin-type fuel, the
thermal resistance associated with the gap is larger than the
other thermal resistances and therefore dominates the specific
power limit. The gap heat transfer coefficient (or gap
conductance) increases with burnup and is 1lowest at the
beginning of core 1life. For 1light water reactors, the gap
conguctance, h,, varies between about 5,000 and 30,000
W/m“/K over thg life of the fuel. For liquid-metal-cooled fast
reactors, h varies between approximately 3,000 and 20,000
W/mg.m/K [4?. Because the thermal resistance associated with the
gap is relatively 1large and because h, varies over a wide
range, hg is best treated parametrigally for conceptual
reactors.

For forced convection to single-phase liquid metals, there
is a wealth of heat transfer coefficient data available in the
literature. Typically,_the heat transfer coefficient ranges from
20,000 to 60,000 W/m?/K [5]. A popular correlation [5] for
ligquid-metal single-phase forced convection heat transfer is:

Nu = 7.0 + 0.025Pe0-8 (15)

where; Nu = Nusselt number, and
Pe = Peclet number,.

Numerous correlations for liquid-metal pool boiling are also
available [6]. However, there are very few correlations
available for forced convection boiling, and the uncertainties
associated with the available correlations are large. A
correlation for forced convection 1liquid-metal boiling [7] is
given by:

h = 0.204[L(x, - 2%X;)]1°-7p%-15%(ca/1)0-7 (16)

where; h = heat transfer coefficient [W/mz/k],
L = latent heat of evaporation [J/kg],

X, = exit quality,

X, = subcooled in%et vapor quality,

p = pressure [N/m“],

G = mass flow per unit flow cross section [kg/mz/s],
d = channel diameter [m], and

1 = channel length [m].

10



This correlation was developed for use in a one-g (earth
gravity) environment; boiling heat transfer data for a zero-g
environment representative of earth orbit is essentially
nonexistent. Liquid metals typically possess very good heat
transfer properties; therefore, for pin-type fuel with a gap,
the thermal resistance associated with the coolant is small
compared to the total core resistance and use of the one-g heat
transfer coefficient correlation will not a have a significant
effect on the specific power calculations. However, for cermet
fuel and for pin-type fuel without a gap, the thermal resistance
associated with the coolant is a large fraction of the total.
For these cases, use of the one-g data is the best that can be
done until zero-g data becomes available.
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4.0 SPECIFIC POWER CALCULATIONS
Some example specific power calculations are included in

this section to demonstrate the use of the formulae presented in
the previous sections.

Heat Transfer Coefficient for Boiling Potassium Coolant

Assumed conditions -

pressure = 1.58 MPa

1/d = 260
L = 1.663E6 J/kg
X, = 0.0
X, = 0.20 5
G = 1350 kg/s/m

Calculated heat transfer coefficient:

h, = 40,000 W/m?/K

Specific Power for Pin-Type Fuel

Fuel Density - 13600 kg/m3
P, = P. = 1.0

Dimensions:

r; = 0.002213 m
r, = 0.002340 m
rg = 0.002540 m
r, = 0.003175 m
Conductivities:

fuel (Uranium Nitride): k¢ = 26.0 W/m/K
liner (Tungsten): kq, = 110 W/m/K

clad (Niobium alloy): kg3 = 54 W/m/K
Heat transfer coefficients:

gap - 5000 W/m2/K
coolant - 40,000 W/m2/K

Temperatures:
Fuel centerline - 1600 K
Coolant bulk - 1450 K

Calculated resistances (K—m3/W):

12



Rf = 4.71E-8
R] = 1.24E-9
Ry = 2.09E-7
Rg; = 1.01E-8
Rg = 1.93E-8

c
Total = 2.87E-7
Calculated specific power:

P, = 0.038 MW/kg

If the maximum-allowed fuel centerline temperature is
increased to 2000 K, the specific power increases to 0.141
MW/kg. If in addition to increasing the fuel temperature the gap
is eliminated, the specific power increases to 0.519 MW/kg.
(Elimination of the gap may be possible for reactors designed
for short operation times.)

Specific Power for Cermet Fuel

Fuel Density - 13600 kg/m°>
Ve = 0.35
P P, = 1.0

Z

Dimensions:

= 0.004 m
0.0013 m

= 0.0001 m
0.0

C

(=2

oo
o

par

Conductivities:

fuel (Uranium Nitride): k¢ = 26.0 W/m/K
matrix (Tungsten): ky = 110 W/m/K

Heat transfer coefficient:
coolant - 40,000 W/m2/K
Temperatures:

Fuel centerline - 1750 K

Coolant bulk - 1350 K

Calculated resistances (K-m3/W):

Rpay = 1.6E-11
Ry = 3.20E-9
R, = 1.51E-8

Total = 1.83E-8

13



Calculated specific power:

P, = 1.606 MW/kg

This calculation shows that with a cermet fuel, the
resistances associated with the core are less than in the case
of pin-type fuels containing a gap. Thus, for the cermet fuel,
heat transfer to the coolant accounts for a large fraction of
the total thermal resistance.

The example calculations are for a boiling liquid metal;
however, these specific power values would be about the same for
either a boiling or non-boiling liquid-metal coolant because the
coolant heat transfer coefficients would be comparable.

Specific Power for Thermionic Fuel
Fuel Density - 10500 kg/m3

P, = P = 1.0

Dimensions:

r, = 0.00192 m

rp, = 0.00525 m

ry = 0.00585 m

Conductivity:

fuel (Uranium Dioxide): ke = 2.6 W/m/K

clad (Tungsten): k. ; = 110 W/m/K
Temperatures:

Fuel inner surface - 2900 K

Clad outer surface - 1960 K
Calculated Resistance (K—m3/W)
Re = 1.58E-6

Ry = 1.17E-8

Total = 1.59e-6

Calculated Specific Power:

P, = 0.056 MW/kg

If the clad outer surface temperature (emitter) is increased
to 2400 K, the specific power decreases to 0.030 MW/kg.

14



In addition to the previous example calculations, parametric
calculations were performed to determine the effect on specific
power of coolant temperature and maximum-allowed fuel
temperature for pin-, cermet-, and thermionic-type fuels. Also,
for pin-type fuel, the effect of gap conductance was determined
and for cermet fuel, the effect of the coolant heat transfer
coefficient was calculated. For the thermionic fuel, the effect
of fuel dimensions and emitter temperature were investigated.
The results of these calculations are presented in Figures 4.1
through 4.6. These results apply for both the boiling and
non-boiling cases because the coolant heat transfer coefficients
are of the same order of magnitude for the two cases. Given the
conceptual nature of the reactor designs and the uncertainty
associated with 1liquid-metal boiling in a zero-g environment,
the use of significantly different heat transfer coefficients is
not warranted.

Figure 4.1 shows the specific power as a function of coolant
temperature for pin-type fuel. The curves were generated both
with and without a gap for two diff%rent maximum fuel
temperatures. (A gap conductance of 5 kW/m“/K was used for the
with-gap cases.) The two curves for the no-gap cases show higher
specific powers than the two curves for the with-gap cases
because the relatively large thermal resistance associated with
the gap has been eliminated. Figure 4.2 demonstrates the
dependence of specific power on the gap conductance for the
pin-type fuel.

Figures 4.3 and 4.4 show the specific power for the cermet
fuel reastors with coolant heat transfer coefficients of 40 and
60 kW/m“/K, respectively. The specific power curves are
presented as a function of coolant temperature and maximum fuel
temperature. The cermet reactors do not have a gap; therefore,
the thermal resistance associated with the coolant is a larger
fraction of the total thermal resistance compared to the
pin-type fuel. Increases in the coolant heat transfer
coefficient are therefore more beneficial for the cermet
reactors.

Figure 4.5 shows the specific power as a function of
maximum-allowed fuel temperature and emitter temperature for the
thermionic fuel. Increasing the emitter temperature is desirable
with respect to increasing the efficiency of the thermionic
process; however, higher emitter temperatures result in a
decrease in the specific power. Figure 4.6 shows the specific
power as a function of emitter temperature for three different
fuel outer radius values. (For these calculations ths void
space radius, r., was adjusted such that rlé/rz was
constant.) This flgure shows that smaller fuel pins have a
greater potential for achieving higher specific power.

15
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5.0 CRITICAL HEAT FLUX CONCERNS

A problem that arises with boiling 1liquid-metal-cooled
reactors is the determination of the critical heat flux,
especially in a zero-g environment. The maximum heat flux
occurring at any 1location in the core can not exceed the
critical heat flux if dryout is to be avoided. Dryout would lead
to possible fuel or cladding damage. Boiling water reactors
typically operate such that the maximum heat flux is a factor of
about two below the critical heat flux to provide a margin of
safety during normal operation. For space-based liquid-metal-
cooled reactors, it is possible that the requirement to maintain
the maximum heat flux below the critical heat flux will 1limit
the specific power.

A correlation for critical heat flux ([7] in a one-g
environment with 1liquid metals at pressures below 2 bars is
given by:

q." = 0.216L(1 - 2x,)G0-807(q,1)0-807 (17)
where; q." = critical heat flux [W/mz].

Critical heat flux correlations for liquid metals in a
zero-g environment do not exist. Even the available data for
two-phase heat transfer in zero-g for common fluids such as
water is very limited. However, the available evidence seems to
indicate that the critical heat flux will be lower in a reduced
gravity environment than in a one-g environment. Figure 5.1 [8]
shows the critical heat flux at reduced gravity divided by the
critical heat flux at earth gravity for several fluids. Figure
5.2 [8] shows the boiling curve for several fluids at one-g and
at reduced g. These figures indicate that the zero-g critical
heat flux is reduced by roughly a factor of three. It must be
noted that both Figures 5.1 and 5.2 are based on pool boiling
experiments. The effects on forced-flow critical heat flux at
reduced gravity are really not known. However, there is some
evidence to indicate that for high flow rates, the reduction in
critical heat flux associated with reduced gravity will be less
for forced convection boiling than for pool boiling. It is not
clear how great the flow rate must be to suppress the possible
detrimental effects associated with reduced gravity.

The peak heat flux for a reactor core can be expressed as:

Qp" = PPy 0.25(Gd/1) [cp(Tgar — Tj) + XpL] (18)
where; qp" = peak heat flux,

Cp = specific heat,

Tgat = saturation temperature, and

T; = core inlet temperature.

'Tpe first term in the brackets accounts for sensible heat
addition and the second term accounts for latent heat addition.

19



The peak heat flux expression can be combined with the
expression for critical heat flux to yield:

qc"/qp" = 0.864L(1 - 2x1)Y/[PzPr(cpAT + x,L) ] (19)

with; Y = (1/4/6)0-193 (20)
and AT = Tgay ~ Ty. (21)

If this ratio is below some acceptable design limit, the
specific power would have to be reduced accordingly. An example

critical heat flux calculation is presented below for potassium
coclant in a one~g environment.

Calculation of Critical Heat Flux Ratio

Assumed conditions -

pressure = 1.58 MPa

1/d = 260

AT = 110 K

cp = 1000 J/kg/K (Potassium)
L= 1.663E6 J/kg

Xy = 0.0

Xy = 0.20 X

G = 1350 kg/s/m

PZPr = 1.5

Calculated critical heat flux ratio -

qc"/gp" = 1.57

The wuncertainty associated with this result is substantial
given the very limited amount of test data that is available for
critical heat flux along with the fact that the reactor
parameters are based on a conceptual design. Also, recall that
the correlation for critical heat flux was based on results for
pressures below 2 bars. This result however, gives an indication
that the critical heat flux constraint associated with a boiling
liquid metal may be a problem, especially if the effects of
zero-g prove to be detrimental.

20
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6.0 LOSS-OF-COOLANT CONCERNS

As discussed 1in the previous section, it might be necessary
to restrict the specific power because of critical heat flux
concerns. Another concern 1is that of core temperature response
during an accident situation such as a loss-of-coolant accident.
In space, one does not have the luxury of being able to collect
core coolant in a sump for subsequent recirculation through the
core. Once the coolant is 1lost, there 1is no easy way of
providing core «cooling. The only cooling mechanism readily
available is by way of radiant heat transfer from the vessel to
space. Prevention of fission product release dictates that the
vessel remain intact; prevention of fuel melting may not be
necessary but certainly would also be desirable. Thus, such
safety-related concerns must be considered when determining the
core specific power.

Although reactors with high specific powers enjoy the
benefit of reduced weight and volume, these benefits become
detriments with respect to the core's temperature response
following a loss-of-coolant accident. Reduced weight results in
a reduction in core heat capacity while reduced volume results
in a reduction in available surface area for radiation to space.
It may be necessary to reduce a core's specific power to avoid
these detrimental effects.

To address this concern, a very simple 1loss-of-coolant
accident analysis was performed for the pin-type and cermet
reactors described in Section 2. A detailed analysis would
require a very detailed description of the reactors and is far
beyond the scope of this work. The intent of this simple
analysis 1is to demonstrate the relative temperature response of
the two types of liquid-metal-cooled reactors and thus point out
possible safety-related concerns and how those concerns may
effect the specific power. (Some preliminary loss-of-coolant
accident analyses for low-power space reactors are presented in
[10]. The work described in that reference attempts to model the
effects during postulated accidents of some of the specific
design details of several proposed space reactors.)

To make this otherwise difficult problem tractable, numerous
assumptions and simplifications were necessary. First, it was
assumed that the core is not surrounded by a vessel or any other
structure and that the outer radial surface of the cylindrically
shaped core radiates directly to space. Inclusion of the vessel
or any other structure between the core and space (such as a
neutron reflector or multifoil insulation) would introduce
additional thermal resistance making heat rejection to space
much more difficult and resulting in higher core temperatures.
(Reference 10 provides an indication of the magnitude of these
effects.)
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The effective temperature of space was selected as 250 K and
the emissivity of the outer core surface was chosen as 0.3. All
coolant was assumed to be lost instantaneously at the start of
the accident. Reactor SCRAM was also assumed to occur at the
start of the accident. The ANS standard decay power function
with infinite irradiation time was used to calculate the core
decay power after SCRAM. Although this function was not intended
for fast spectrum 1liquid-metal-cooled reactors, it provides a
reasonable estimate of decay power for this analysis. A further
assumption that was necessary for the pin-type fuel was the
selection of a suitable view factor to space. Because the pins
near the core center do not have a clear view of space, their
view factor is essentially zero. Pins at the core periphery have
a view factor of approximately 0.5 (half of their surfaces
directly view space). An "effective" view factor representative
of all the fuel pins was arbitrarily selected as 0.15. Again, a
more detailed model would be required to accurately model this
complex situation and is beyond the intent of this analysis.

The transient temperature response of the core was
calculated using a lumped-parameter approach ([9]. In this
approach, the thermal capacitance of all of the core materials
are "Jumped" together to provide a single effective
computational node. The differential equation describing the
transient temperature response of this single node is:

(¢ cpV) dT/dt = P - oa(T? - 7.4 /(176 + 1/F - 1) (22)

where; p = node volume-averaged density,
= node mass-averaged specific heat,
node volume,
node temperature,
time,
time~-dependant core decay power,
Stefan-Boltzmann constant,
radiating-surface emissivity,
view factor,
radiating~surface area, and
g = effective space temperature = 250 K.

<0
o]

Hpmae 9 gty

This differential equation was solved using Euler's method
[11]. The node properties for the pin-type and cermet cores,
based on the information presented in Section 4, are provided in
Table 6.1.

Table 6.1

Pin-Type and Cermet Core Node Properties

Pin-Type Cermet
Density (kg/m3) 5912 12114
Specific Heat (J/kg/K): 260 168
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The node volume, V, was determined based on the core
specific powers. First, the specific power was converted to a
core power density, Py, using the following:

Pg = Pg oVg (1 = V) (23)
where; Vg fuel volume fraction,

Ve core void fraction, and
p = fuel density.

For the pin-type fuel, the fuel volume fraction is the fraction
of the fuel rod volume occupied by fuel (UN). For the cermet
fuel, it is the fraction of the solid core material volume (W
and UN) occupied by fuel. The core void fraction is the fraction
of the core volume normally occupied by coolant.

Using the calculated power density, the total volume of the
core, V, was calculated as P/Py. Assuming a cylindrical core
with a height-to-diameter ratio of 1.0, the core diameter, D,
was calculated as:

D = (4 v/m)1/3 (24)

A summary of the pertinent core parameters is provided in Table

6.2 for the pin-type and cermet cores. A steady-state core power
of 50 MW was assumed for both cores.

Table 6.2

Core Parameters

Pin-Type Cermet
P, (MW/kg): 0.038 1.606
Ver 0.485 0.35
Vgt 0.45 0.30
Pq (gW/m3): 137.8 5351.1
Vo (m3): 0.3625 0.0093
D (m): 0.7728 0.2283

The calculated temperature responses for both cores are
shown in Figure 6.1. Two curves are shown for the cermet core,
the second curve shows the core temperature response if the
power density is reduced by a factor of ten from its original
value. The temperature for the pin-type core peaks at a value of
3040 K at about 22 minutes. At this time, the rate of decay
power generation in the core is equal to the rate at which power
is removed from the core by radiation to space. The core
temperature then slowly decreases as the power continues to
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decay. At approximately one minute, the cermet core temperature

peaks at 5164 K which is over 2000 K higher than the pin-type
core peak temperature.

If it is assumed that the peak core temperature must remain
below 3000 K (the approximate melting temperature of UN), then
clearly the specific power of the cermet core must be reduced.
Reducing the specific power by a factor of ten reduces the peak
temperature by 1964 K to a value of 3200 K. (This peak
temperature occurs at about six minutes.) Thus, much of the
benefit offered by cermet fuel, with respect to specific power,
may be 1lost after safety-related concerns are addressed. A
better assessment of the possible specific power penalty can be
made only after complete designs of the reactors are available;
it is expected that the transient temperature response will be
strongly dependent on the details of the design. A more
sophisticated analysis will be warranted when the design details
are available.
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7.0 SUMMARY

The specific power for space-based 1liquid-metal-cooled
reactors was determined for three different fuel types: (1)
pin-type fuel, (2) cermet fuel, and (3) thermionic fuel.

The specific power for the pin-type fuel ranged between
about 0.04 and 0.6 MW/kg depending on the maximum-allowed fuel
temperature, coolant temperature, and gap conductance. High
maximum-allowed fuel temperature, 1low coolant temperature, and
high gap conductance were most favorable with respect to
specific power. Liquid metals possess good heat transfer
properties, therefore, the thermal resistance associated with
the coolant was relatively small. Because the thermal resistance
associated with the gap dominated the total resistance,
elimination of the gap resulted in significant increases in the
specific power.

The specific power for the cermet fuels varied between about
1.0 and 3.5 MW/kg, again depending on the fuel and coolant
temperatures. Because the cermet fuels do not have a gap and
because the matrix material possesses very good thermal
conductivity, the thermal resistance associated with the coolant
was relatively large. Therefore, increasing the coolant heat
transfer coefficient was most beneficial for the cermet fuels.

The specific power for the thermionic fuels ranged between
0.01 and 0.07 MW/kg depending on maximum-allowed fuel
temperature, emitter temperature, and pin diameter. High emitter
temperatures are not advantageous with respect to specific power
for thermionic fuel. Large diameter pins have lower specific
powers compared to the small diameter pins.

Critical heat flux data for 1liquid metals in a zero-g
environment is essentially nonexistent. However, based on data
for other fluids, it appears that critical heat flux concerns
may 1limit the specific power for space-based liquid-metal-cooled
reactors.

Another concern that may 1limit the specific power is the
fuel temperature response following a loss-of-coolant accident.
Very simplistic calculations indicated that it may be necessary
to significantly reduce the core specific power in order to
prevent fuel melting following such an accident. Such safety-
related concerns should be considered in the design of a
space-based reactor.
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