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ABSTRACT 

The relative merits of boiling and non-boiling nuclear 
reactors for use in Rankine Cycle space power plants over the 
power range of from 1 to 20 Mw(e) are evaluated. It is 
found that a lithium-cooled fast reactor is most attractive 
for the non-boiling system, and a potassium-cooled boiling 
fast reactor is most attractive for the boiling system. 
Potassium is the Rankine Cycle working fluid in each system. 
A turbine inlet temperature of 2000°F and shielding weights 
commensurate with manned applications are assumed. It is 
found that unless risks in reactor safety are accepted in the 
boiling reactor system, the non-boiling reactor system is 
more attractive in terms of size and weight. The weight 
savings resulting from such risks in the boiling system are 
only marginal and may actually be non-existent. The non-
boiling reactor does not have the uncertainties caused by 
boiling in the core, and its development would therefore be 
cheaper and less involved. Experimental data on boiling 
heat transfer and pressure drop are required to completely 
determine the relative desirability of the boiling reactor 
system. 

INTRODUCTION 

A space vehicle and nuclear power plant are shown 
schematically in Figure 1. The absence of air-scattered 
radiation permits the use of a "shadow shield". With this 
technique shield weight is reduced by 85-95% over a shield of 
the same thickness completely surrounding the reactor. Shield 
weight is also reduced by separating the reactor from the 
vehicle, but there is a limit to how far the two can be 
separated. If the vehicle is required to maneuver the boom 

1. Presented at the ARS Space Power Systems Conference. The 
Miramar Hotel, Santa Monica, California, Sept. 27-30, 1960. 

2. David L. Cochran, Senior Mech. Engr., Space Power Dept.,and 
Keith E. Buck, Senior Nuclear Engineer, Space Power Dept. 
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structure supporting the power plant must be rigid enough so 
that the deflection of the boom during maneuvering will not 
expose the reactor to the vehicle. Thus, for a given rate of 
maneuver the boom structure becomes heavier as the separation 
becomes greater. The increase in boom structure weight added 
to the weight of the power leads soon overtakes the weight 
reduction gained in the shield. Practical separations 
appear to be on the order of one hundred to several hundred 
feet depending on power level. 

Another important factor in shielding manned vehicles 
is that if an object such as the waste heat radiator pro-
trudes beyond the "shadow11 of the shield, the protrusion can 
scatter a lethal amount of radiation back to the vehicle. It 
is necessary, at least in manned vehicles, to keep all com-
ponents within the shadow of the shield. Even with the 
weight saving techniques of "shadow" shielding and separation 
distance, the reactor shielding may be a large part of the 
power plant weight. Shield weight varies about as the square 
of reactor diameter; thus emphasis is placed on achieving a 
minimum reactor diameter. 

In space, the power plant waste heat must be dissipated 
by thermal radiation. This mode of heat transfer is 
proportional to the fourth power of the absolute temperature 
and is effective only when high rejection temperatures are 
used. A power plant with an efficiency of 10% and a radiator 
temperature of 500F will require a specific area of 21 sq 
ft/kw(e). At a power level of one megawatt, 21,000 sq ft of 
area would be required. This corresponds to square flat 
plate about 100 ft on an edge. Radiator size becomes an 
increasingly more difficult problem as the power level is 
increased and the only way in which the radiator can be made 
manageable is to increase the radiator temperature. The 
relative radiator size for a given power level, cycle 
efficiency, emissivity, and fin factor is shown as a function 
of rejection temperature in Figure 2. For these conditions 
a reduction of about 14 to 1 can be achieved by increasing 
the temperature from 500 to 1400F. Operation at such high 
rejection temperatures requires correspondingly higher maxi-
mum cycle temperatures. Radiator area is also strongly 
influenced by the type of power plant used. In this respect, 
the Rankine cycle dynamic power conversion system is 
attractive for use in space and has been selected for this 
analysis. In the Rankine cycle a minimum radiator size is 
obtained when the absolute heat rejection temperature is 
about 3/4 of the absolute turbine inlet temperature. The 
curve shown in Figure 2 indicates that a turbine inlet 
temperature of 2000F is required for a rejection temperature 
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of about 1400F. The relative size of the components of a 
nuclear reactor - Rankine cycle power plant are illustrated in 
Figure 3 (for power levels of 1, 10, and 20 Mw(e)). The 
increasing importance of radiator size as power level is 
increased is clearly evident. 

These considerations of shield weight and radiator size 
indicate that the requirements of a nuclear reactor for space 
are minimum size and high temperature capability. Alkali-
metal-cooled fast reactors appear to be most attractive for 
this application, particularly for power levels in the mega-
watt range. The large heat transfer coefficients obtainable 
with alkali metals and the lack of a moderator material in 
the reactor make it possible to achieve a small core size of 
very high power density. For low power levels, the small core 
size is obtained at the expense of a large nuclear fuel 
inventory since a certain minimum fissionable mass is required 
to achieve criticality. However, as power level or operating 
time becomes large, the amount of fuel consumed becomes sig-
nificant and the reactor size and fuel inventory are fixed by 
metallurgical limits on fuel burnup. A fast reactor is 
particularly attractive in this case. In the Rankine cycle, 
the reactor may be used directly as the boiler or it may be 
used to heat a non-boiling coolant which in turn boils the 
cycle working fluid in a separate boiler. Power plant 
schematics of these two approaches are given in Figure 4. 
The objective of the present paper is to evaluate the relative 
merits of these two reactor concepts in terms of power plant 
weight, simplicity of operation and ease of development. 
The analysis is directed toward advanced high temperature, 
high power level systems. 

BOILING HEAT TRANSFER - VAPOR QUALITY 

For a given fluid, pressure level, and fluid velocity, 
there is a heat flux limit above which it is infeasible to 
operate. A typical curve of heat flux as a function of 
temperature drop across the fluid film is shown in Figure 5. 
The peak in this curve corresponds to the transition from 
nucleate to film boiling. To obtain a heat flux higher than 
this would involve an increase in the heat transfer tempera-
ture difference of almost two orders of magnitude. Both the 
boiling reactor and the external boiler must be designed to 
operate at a heat flux below this peak. 

The consequence of accidental transition from nucleate 
to film boiling in the direct boiling reactor and in a two 
loop system boiler is quite different. Local transition to 
film boiling in the reactor will not change the rate of 
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energy release in the reactor. The reactor thus acts much 
like a constant power device, and the fuel element temperature 
increases until the temperature difference across the film is 
great enough to transfer heat at the initial flux. The 
increase in fuel element temperature is so large that failure 
is likely. In a two loop system, on the other hand, the heat 
exchanger would act as a constant temperature device. The 
heat flux would simply adjust to that corresponding to film 
boiling at the existing heat transfer temperature difference 
and continue to operate at that heat flux. Although the 
non-boiling reactor would continue to operate at the initial 
power level, the thermal capacity of the coolant and structure 
is relatively large so that the rate of temperature rise is 
slow enough to enable the reactor power to be properly 
adjusted without difficulty. 

The heat flux corresponding to the transition from 
nucleate to film boiling has not been defined experimentally 
for alkali metals. The experimental data of Lyon, Foust, 
and Katz (D* indicate that heat fluxes at least as high as 
1.3 x 10^ Btu/sq ft-hr can be achieved with sodium or NaK. A 
theoretical correlation derived by Zuber'^) for pool boiling 
indicates that the burnout heat flux should be about 10" 
Btu/sq ft-hr for sodium and 8 x 10 Btu/sq ft-hr for 
potassium. Since burnout must be avoided everywhere in the 
reactor and since the peak heat flux may be considerably 
higher than the average heat flux, an average heat flux of 
2.5 x 10^ Btu/sq ft-hr has been assumed. 

For a given turbine inlet temperature and efficiency, a 
minimum radiator area is obtained when saturated vapor is 
supplied to the turbine. (The cycle closely approximates 
the Carnot cycle for this case.) On this basis, superheated 
vapor is undesirable. The only advantages of superheating 
are that turbine blade erosion can be reduced and turbine 
efficiency improved if excessive condensation occurs in the 
turbine with saturated vapor intake. Neither of these appear 
to be a problem to date, so there is no basis for using 
superheat in the present analysis. The use of superheating 
also results in a lower fluid pressure for a given turbine 
inlet temperature but the vapor pressures of the alkali 
metals required for these systems are very reasonable so that 
pressure is not a major problem. 

It is desirable to generate dry saturated vapor in the 
boiler but this is impractical because the boiling heat 
transfer coefficient decreases with increasing quality at 

*Refe rence numbers are shown in parentheses and are listed 
at the end of the paper. 
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high values of quality. This effect is illustrated by the 
data in Figure 6. 

(3) 
The reduction in heat transfer is 

largely due to the fact that the liquid droplets are swept 
down the tube without contacting the tube wall. The heat 
transfer mode then begins to approach that for gas flow. This 
can be improved by swirling the flow to create high radial 
acceleration which throws the liquid droplets out to the 
heated wall. By using this technique it is expected that a 
quality of about 80% may be achieved before the boiling heat 
transfer coefficient begins to decrease rapidly. Increasing 
boiler exit quality in this way is done at the expense of 
pressure drop but this is practical in a Rankine Cycle system. 
In the present study it is assumed that a swirler is used and 
an exit quality of 80% can be achieved. It is certain that 
unsatisfactory turbine performance would result if this low 
quality vapor was used directly so a phase separator is 
required (Figure 4) . 

TEMPERATURE PROFILES AND TEMPERATURE CAPABILITY 

The boiling temperature of a liquid is uniquely deter-
mined by the liquid pressure and increases as the pressure 
increases. Thus, when a boiling liquid is subjected to a 
pressure drop such as occurs in forcing it through a heated 
channel, the boiling temperature decreases as the fluid moves 
through the channel. Temperature profiles for a parallel 
flow, two fluid boiler are shown in Figure 7. The temperatures 
given correspond to the temperatures selected in the present 
analysis. 

One of the potential advantages of boiling reactors is 
that for a given reactor fuel element wall temperature, a 
higher turbine inlet temperature can be achieved than in a 
non-boiling reactor which must degrade its temperature by the 
heat transfer temperature drop in the boiler. However, in 
order to become competitive in size with a non-boiling 
reactor, a large pressure drop is required in a boiling 
reactor. For the boiling and non-boiling systems to be 
comparable in temperature capability, the pressure drop for the 
boiling reactors is limited to that which results in the same 
maximum fluid temperature in each reactor for the same turbine 
inlet temperature. The resulting temperature profile for the 
boiling reactor is illustrated by the dotted line in Figure 7. 
The corresponding pressure drop for boiling potassium is 
110 psi. 
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SUMMARY OF ANALYSIS 

In the interest of brevity only the general approach 
and some of the more important equations will be described in 
this analysis. Most of the neutronic analyses of the reactor 
cores were performed with neutron transport theory reactor 
codes and an IBM-704. 

In evaluating the relative merits of boiling and non-
boiling reactors in Rankine Cycle space power plants over the 
power range of from 1 to 20 Mw(e), certain advances in exist-
ing technology are assumed. These advances and other ground 
rules are described below. 

In Figure 2 it is shown that by increasing the rejection 
temperature from 500 to 1400F radiator area is reduced 14/1, 
but further increases in temperature provide relatively little 
gain. A turbine inlet temperature of 2000F is assumed on this 
basis. Other cycle parameters are as follows: 

Cycle efficiency = 0.13 

Saturated vapor supplied to turbine 

Boiler discharge quality = 80% 

The power plant configurations are illustrated in Figure 4. 
With one exception the non-boiling and boiling reactor systems 
are identical downstream of the "boiler". The pressure drop 
across the boiling reactor is larger than the corresponding 
pressure drop across the boiler of the two-loop system; there-
fore, more condensate pump work is required. The increased 
condensate pump work of the boiling reactor system is more 
than offset by the reactor coolant pump work in the non-
boiling reactor system. For the same net power generation 
the non-boiling reactor system must produce more electrical 
power than the boiling reactor system by an amount corre-
sponding to the effective difference in total pump work. 
This requires correspondingly larger power conversion equip-
ment. To determine the weight penalty for this additional 
increment of electrical power, a power conversion equipment 
specific weight (including turbo-machinery, radiator, 
controls, etc) of 6 lb/kw(e) is assumed. 

An extensive compilation of the thermodynamic properties 
of working fluids suitable for use in space power plants is 
given in reference (4). Consideration of heat transfer 
characteristics, stability at high temperature under high 
levels of radiation, pressure level and thermodynamic 
properties lead quickly to the alkali metals, Na, K, Rb, Cs, 

Yl 
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and Li, for use as either a reactor coolant or cycle working 
fluid. The selection of particular fluids for the boiling 
and non-boiling reactors is discussed in more detail below. 

The lack of atmosphere in space permits use of graphite 
and refractory metals in space power plants. This is a most 
important factor in making it reasonable to assume a turbine 
inlet temperature of 2000F. In a recent summary of the 
properties of columbium(niobium)(5) it is shown that columbium 
shows promise for reactor use at temperatures over 1600F. 
Columbium alloys have low capture cross section, high 
strength, dimensional stability and are easily fabricated. 
Columbium is also compatible with Na or NaK at temperatures 
below 1830F. The alkali metals have been shown (4) to be some-
what similar chemically, therefore it is reasonable to assume 
that columbium can also be used to contain other alkali metals 
satisfactorily. Preliminary capsule tests have been made at 
Aerojet-General Nucleonics in which Rb and Cs were encapsu-
lated separately in Cb and held at temperatures of 1750 and 
1300F, respectively, for 500 hours. No incompatibility was 
observed. Columbium is therefore assumed to be the structural 
and cladding material in this study. A stress of 5000 psi is 
used to determine the size and weight of all structural 
components; and a fuel cladding thickness of .020 in. is used 
in the reactor designs. 

The type of reactor considered in this analysis is 
shown schematically in Figure 8. This reactor consists 
simply of a core, a pressure vessel, and a reflector. The 
core consists only of fuel material, cladding, and coolant. 
Since there is no moderator material, a very small core is 
obtained. The core and coolant are contained in a pressure 
vessel, and a graphite reflector surrounds the pressure 
vessel. Reactor control is achieved by pivoting open segments 
of the cylindrical part of the reflector thus controlling 
neutron leakage. With this method of control no moving parts 
need pierce the pressure vessel. As the control segments 
open, the effective diameter of the reactor is increased. 
This affects the shield weight as described in more detail 
below. The reflector thickness is assumed to vary linearly 
with reactor core diameter. Reflector thicknesses of 8.6 and 
17.2 cm are assumed for core diameters of 0.5 and 3 ft 
respectively. 

Because of its high strength at high temperature, high 
thermal conductivity, good scattering cross section, and low 
density, graphite is selected as the reflector material. A 
greater reactivity worth can be obtained for a given 
reflector thickness with other materials such as tungsten, but 
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the extremely high density of such materials results in 
excessive reflector weight penalties. About l-27o of the 
reactor energy is deposited in the reflector primarily from 
gamma heating. The simplest and most desirable way of cooling 
the reflector is to let it radiate this energy to space. As 
the power level is increased, the reflector temperature must 
also increase. This precludes the use of other low density 
reflector materials. 

The core of the reactor is assumed to be a right 
circular cylinder having a length-to-diameter ratio of unity. 
The fuel elements are assumed to be uniformly distributed in 
a hexagonal array. The fuel elements are circular pins con-
sisting of a .020 in. columbium cladding surrounding uranium 
monocarbide fuel. Uranium monocarbide appears attractive for 
space power reactors because of its high melting temperature, 
high thermal conductivity, and high density.^"' Its fuel 
burn-up capabilities are yet to be established. The burn-up 
limit of a fuel is a metallurgical limit rather than a 
neutronic limit. As fission occurs in the fuel material, 
fission products (elements of lower molecular weight than the 
fissionable material) are formed which lodge in the structure 
of the fuel. As the amount of fuel consumed becomes signifi-
cant, the presence of the fission products can cause the fuel 
to swell, crack, etc., so that the reactor can no longer be 
operated. Typical burn-up limits range from 2 to 8% of the 
fissionable material present in the fuel. A reactor requiring 
more fuel than required to become critical is defined in this 
paper as a burn-up-limited reactor. 

In a fast reactor, the effect of the various structural 
and coolant materials of interest on the neutronics is approxi-
mately the same. It is thus possible to express the core 
diameter of the critical assembly as a function of the uranium 
density in the form 

Dc = A yOu "n (ft) (1) 

where 

A = 3.77 

n = 0.862 

The constants in this equation were determined from criti-
cality calculations performed on an IBM-704. 
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BOILING REACTOR ANALYSIS 

The presence or absence of a liquid phase alkali metal 
in the coolant channels of a fast reactor has a significant 
effect on its reactivity. The reactivity difference between 
the full and empty reactor is a function of the fluid and the 
fraction of core volume occupied by the coolant. A negative 
void coefficient of reactivity is required in all boiling 
systems to make the core stable during normal operation. But, 
if a critical boiling reactor (which normally operates with 
only about 10% of the coolant channel volume filled with liquid) 
is suddenly "flooded" with liquid, a large increase in re-
activity will occur. It is necessary to design such a reactor 
so that this increase in reactivity will be less than the 
reactivity associated with delayed neutrons -- otherwise the 
reactor will be destroyed by the sudden surge of thermal 
energy deposited in the core. This can be prevented only by 
limiting the coolant fraction (coolant channel volume/core 
volume) . 

Of the alkali metals considered it was found that 
potassium has the smallest effect on reactor criticality. The 
coolant fraction corresponding to the delayed neutron fraction 
is about 20% for potassium as opposed to about 10% for sodium 
and rubidium. Higher coolant fractions result in a smaller 
and lighter reactor so potassium has been selected as the 
reactor coolant and working fluid for the boiling reactor 
system and as the secondary loop fluid for the two-loop 
system. The heat flux in the boiling reactor is assumed to be 
2.5 x 10 Btu/sq ft-hr over the entire core (flat power 
profile). It is further assumed that 10% of the reactor power 
is used to preheat the liquid to its boiling point. 

The reactor core pressure drop calculations are based on 
a simplified flow model. A swirler is assumed in the center 
of the void space bounded by each set of three fuel pins 
arranged in a 60 degree triangular array. The presence of 
liquid in the vapor is disregarded. The effect of vapor 
impinging on the tubes due to the rotational flow pattern set 
up by the swirlers, as well as the pressure loss due to 
acceleration and entrance and exit effects is also neglected. 
An account is made of the change in vapor density as the flow 
progresses down the passage. The channel temperature profile 
(Figure 7) is determined by the core pressure drop. An 
orificing pressure drop equal to the core pressure drop is 
included in the calculation of pump work and in pressure 
vessel consideration. This method of calculating core 
pressure drop is optimistic. An estimate of the degree of 
optimism was made by comparing the pressure drop calculated 
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with this method to that calculated using the method of Schrock 
and Grossman^ ' which considers the effect of the liquid. The 
pressure drops thus obtained were about 170 and 900 psi for 
exit qualities of 80 and 10% compared to 110 psi calculated by 
the method that neglects the presence of the liquid. 

For the general reactor characteristics described above 
and for a given heat flux, it is possible to express core 
diameter as a function of power level, coolant fraction, and 
pressure drop. The allowable pressure drop is set by the 
boiling temperature profile (Figure 7). The difference 
between maximum, or initial, boiling temperature and outlet 
temperature was limited to 200F to make the boiling reactor 
comparable to the non-boiling reactor. For potassium this is 
equivalent to a 110 psi pressure drop. With pressure drop 
fixed, core diameter (Dc) depends only on power level and 
coolant fraction - the fuel pin diameter and spacing are 
uniquely determined for each calculated value of Dc. The 
diameter calculations can be made independent of power level 
by calculating diameter ratios. The results of such calcu-
lations are shown in Figure 9 where for each power level the 
diameters have been divided by the diameter corresponding to 
a pressure drop of 110 psi and a coolant fraction of 0.20. 
A pressure drop of 110 psi results in a reasonable compromise 
between core diameter and pressure drop. Increasing the 
pressure drop to 220 psi would result in about a 13% 
reduction in diameter; however, the initial boiling temperature 
would increase to 2350F. Large diameter reductions are 
achieved by increasing the coolant fraction from 0.10 to 0.20 
but the gains become progressively smaller with further 
increases in coolant fraction. 

It is also possible to express core diameter in terms 
of power level, coolant fraction, and burn-up for a given 
value of heat flux. The diameter calculated with this 
expression can be cross-plotted with the pressure drop 
limited case. The results are shown in Figures 10 - 12 for 
power levels of 1, 10, and 20 Mw(e). Using these curves the 
core diameter for Λ P = 110 psi and any value of 

*-* core r J 

coolant fraction or burn-up can be determined. 

The core composition is specified in the size calcu-
lations so core weight can be readily calculated. Weights of 
other reactor components were calculated using the simplified 
reactor model shown in Figure 13. It was assumed that the 
sub-cooled liquid would fill the inner 107o of the core volume 
and one end of the pressure vessel. The sub-cooled liquid 
in the core is separated from the boiling liquid by a pipe 
extending through the core. The liquid would be raised to 
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the boiling temperature corresponding to the pressure it 
would have after being flashed through the orifices into the 
boiling region of the core. 

The thickness of the pressure vessel was based on a 
stress level of 5000 psi. One end of the pressure vessel was 
sized for the sum of turbine inlet pressure, pressure drop 
across the core and the pressure drop across the orifices. 
The remainder of the pressure vessel was sized for the turbine 
inlet pressure plus the pressure drop through the core. The 
thickness of the pressure vessel ends was assumed to be equal 
to the corresponding cylindrical wall thickness. (This would 
be approximately true for elliptical ends.) 

The grid plate was sized to withstand the pressure 
differential due to orificing and the pressure drop through 
the core. A simplified method by Timoshenkow) was used to 
determine plate thickness required to restrict deflection to 
1% of the core radius. The weight of tube ends was estimated 
from the coolant fraction assuming a 75% metal solidity in 
the pin ends. An additional 10% was added to the reactor 
weight to account for various structural members and control 
mechanisms. 

NON-BOILING REACTOR ANALYSIS 

In analyzing non-boiling reactors it is assumed that the 
power density in the reactor is constant (flat power profile). 
The effect of coolant temperature rise and core pump work on 
core diameter are studied to determine near optimum values. 

The selection of a coolant for the non-boiling reactor 
is based on two parameters -- pump work (Wkp) and the heat 
transfer temperature difference between coolant and fuel 

element ( ZA Τ^) . These two quantities can be expressed in 
terms of fluid properties, reactor geometry, and power level. 
The heat transfer relation is based on the correlation of 
Lubarsky and Kaufman'9' and the pump work relation is based on 
the friction factor correlation of Koo(3). 

Δ THT - °· 4 

L k 0.6 

1.6 
H Δι 0.4 

0.6 D 

0.6 

(2) 
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Wk = 
P 

.092 j ^ 
0 . 8 

P 2 c 2 . 8 

D n 2 . 8 

A 1 · 2 Λ 1 · 
dH A f 

Δτ„2·8 (3) 

where , 

Δ HT 
Mean temperature difference between fluid and 
fuel element 

Wk = Ideal pump work required to move fluid 
through reactor 

Δι 

k = Thermal conductivity of fluid 

= Temperature rise from fluid inlet to outlet 
of reactor 

Reactor heat rate 

= Core Diameter 

P 

= Fluid viscosity 

Fluid density 

= Fluid specific heat 

The first bracketed term in each of these expressions 
contains only fluid properties. The best fluid, that having 
the lowest pump work and heat transfer temperature difference, 
will have the lowest value for these terms. The values shown 
in the following table are based on the fluid property data of 
WADC-TR-59-598j4) 
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TABLE I 

COMPARISON OF LIQUID COOLANT PROPERTIES AT 2000 F 

Liquid 
Coolant 

μ 0.2 
ρ· 

Vapor 
Pressure 
(psi) 

Lithium 
Sodium 
Potassium 
Rubidium 
Cesium 

2.33 x 
1.86 x 
8.82 x 
2.39 x 
4.65 x 

10"4 

10-3 
10-3 
10-2 
10-2 

.12 

.14 

.21 

.29 

2 
82 
142 
240 
205 

On the basis of this comparison, lithium was selected as 
the coolant for non-boiling reactors. 

Using Equations 2 and 3 it is possible to derive an 
expression for core size as a function of power level, pump 
work, Λ Tjjrp, and fuel burn-up. This expression was solved 
for core diameter as a function of Λ T^T for pump work equal 
to 1% of the net power output and for a fuel burnup of 57o. 
The results are shown in Figure 14. These curves indicate 
that relatively small gains can be made in terms of core size 
for temperature differences of more than about 20°F. The core 
size expression was also solved for core diameter as a 
function of pump work with Λ THT = 20°F and burn-up equal to 
57o. The results are shown in Figure 15. The decrease in core 
size resulting from pump work larger than 1% of net output is 
relatively small. On the basis of the above analysis the 
heat transfer temperature drop for non-boiling reactors was 
set at 20°F and pump work was set at 1% of net output. 

With pump work and /χΤ^ fixed it was possible to solve 
for core diameter as a function of burn-up. The results of 
this calculation are shown in Figure 16. The criticality 
limits on core size are also shown. The core weight was 
readily calculated from these results because the fraction of 
the core occupied by fuel, cladding, and coolant is uniquely 
determined for a given diameter and power level. 
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Weights of other reactor components were estimated using 
the simplified model shown in Figure 17. The coolant was 
assumed to enter at one end of the reactor, flow to the 
opposite end in an annular space between the pressure vessel 
and core, and then flow through the core back to the original 
end. The core pressure drop was 17 psi and the corresponding 
force was assumed to be restrained by the grid plate. The 
pressure vessel wall thickness calculation was based on the 
turbine inlet pressure plus the core pressure drop. The weight 
of the liquid inventory in the entire pressure vessel was 
calculated. Calculation of the other component weights was 
done in a manner similar to that described for the boiling 
reactors. An additional 107o was added to the reactor weight 
to account for miscellaneous structural members, controls, 
etc. 

NON-BOILING REACTOR LOOP COMPONENTS 

The circulating pipes and pump and the two-fluid boiler 
must be included with the non-boiling reactor to determine 
the power plant "boiler" weight. These components are shown 
schematically in Figure 4. A 10 ft separation between the 
reactor and boiler and a 1-1/2 psi pressure drop for the dis-
charge and return pipes (3 psi total) is used for the pipe 
plus lithium weight calculation. 

To determine a reasonable minimum weight it was necessary 
to make a parameter study of the boiler. A parallel flow 
shell and tube type boiler was assumed in which potassium 
boiled inside the tube. The temperature profile for this 
design is shown in Figure 7. The tubes are assumed to have a 
.050 in. wall thickness and a swirler with a pitch of 3. The 
pressure drop is calculated in a manner similar to that des-
cribed above for the boiling reactor. An average heat flux 
of 2 x 10-5 Btu/sq ft-hr is also assumed. Further details of 
the boiler calculations are described in the appendix. It has 
been found that for a tube diameter of 0.20 in., a primary 
loop (Li) pressure drop of 5 psi, and a secondary loop (K) 
pressure drop of about 40 psi, a boiler specific weight of 
0.39 lb/kw(e) can be achieved. 

The reactor loop circulating pump is certain to be a 
completely canned unit without a shaft seal because of the 
difficulties expected in trying to develop a rotating shaft 
seal satisfactory for the long duration, unattended operation 
required of a space power plant. Consequently, the pump-motor 
unit can be expected to be quite heavy -- it is assumed that 
a pump specific weight is 18 Ib/kw of delivered hydraulic 
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power. The hydraulic pump work required for the circulating 
pipes and boiler bring the total hydraulic pump work to 1.3557o 
of the reactor thermal power. The specific weight of the 
pump then becomes x-̂ . .25 lb/kw(e) . 

The specific weights of the loop components are summa-
rized in Table II below. 

TABLE II 

NON-BOILING REACTOR LOOP COMPONENTS SPECIFIC WEIGHT 

Circulating Pipes 
Power and Lithium Pump-Motor Unit Boiler Total 
(Mw(e)) (lb/kw(e)) (lb/kvr(e)) (lb/kw(e)) (lb/kwfe)) 

1 0.1 0.25 0.39 0.74 
10 0.056 0.25 0.39 0.70 
20 0.047 0.25 0.39 0.69 

SHIELD WEIGHT 

The actual shield weight for a given vehicle and mission 
is difficult to determine because it depends upon vehicle 
configuration, payload sensitivity, mission time, volume of 
shielded zone required to conduct the mission, power level, 
shielding effect of the vehicle structure, arid so on. For 
the power levels under consideration, it is assumed that the 
power plants are to be used for manned applications. The 
simple shield shown in Figure 18 is used only for comparison 
in this study. It consists of 7 in. of tungsten and 48 in. of 
lithium hydride. It is estimated that for a power level of 1 
Mw(e) and a separation of 100 ft this shield reduces the dose 
rate at the vehicle to about 5-10 mrem/hr. 

No attempt has been made to analyze the shield cooling 
problem, but it is almost certain that for the present power 
levels cooling would be required. Providing cooling equip-
ment, or substituting the lithium hydride by a material with 
a high temperature capability, would increase the shield 
weight. 

For a given shield thickness the dose rate per unit area 
at the vehicle varies about as the square of the separation 
distance from the reactor to the vehicle. It also varies 
directly with power level. It has been assumed therefore that 
this separation is increased as the square root of power level 
so that the shield thickness and vehicle dose rate are the 
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same for each power level considered. 

The necessary included angle of the shield depends upon 
the radiator volume to be shielded. A few simple calculations 
for included angles of 10 and 20 degrees were made to estimate 
the separation distance required to contain the radiator for 
1, 10, and 20 Mw(e) power plants. The results are summarized 
in Table III below. The distances required for the tri-form 
shape is less than for the flat plate shape, but this ad-
vantage may be offset by the larger surface area and conse-
quently larger weight of the tri-form configuration resulting 
from its smaller view factor. A 30% reduction in separation 
distance is obtained by increasing the shield angle from 10 to 
20 degrees. The resulting increase in shield weight may offset 
the support boom and power lead weight reduction resulting 
from the smaller separation distance. These problems can only 
be resolved by detailed analysis for a given requirement. 
However, included angles of 10 and 20 degrees appear reasonable 
and are selected for reactor weight comparisons. A plot of 
shield weight for angles of 10 and 20 degrees is given in 
Figure 19. In selecting the shield weight for a given reactor 
diameter the shield base diameter adjacent to the reactor is 
considered to be 1.2 times that required for the reactor with 
the reflector "closed". This provides clearance for the 
control segments to open without scattering radiation back to 

the vehicle. m A„ T„ „ T 

TABLE III 

SEPARATION DISTANCE VERSUS SHIELD ANGLE 

Cycle Efficiency =0.13 
(Emissivity) x (Fin Effectiveness) =0.56 

Rejection Temperature = 1385°F 
Shield 
Angle 
(Degrees) 

10 
10 
10 
10 
10 
10 
20 
20 
20 
20 
20 
20 

Power 
Level 
Mw(e) 

1 
10 
20 
1 
10 
20 
1 

10 
20 
1 
10 
20 

Cross-Section 
Shape of 
Radiator 

Flat Plate 

Tri-form 

Λ 
Flat Plate 

Tri-form 

Λ 

Radiator 
View 

Factor 

1.0 
1.0 
1.0 
0.866 
0.866 
0.866 
1.0 
1.0 
1.0 
0.866 
0.866 
0.366 

Radiator 
Area 

2.06 x 
2.06 x 
4.12 x 
2.38 x 
2.38 x 
4.76 x 
2.06 x 
2.06 x 
4.12 x 
2.38 x 
2.38 x 
4.76 x 

1()3 

104 

103 

104 

104 

104 
104 

104 

10 3 

104 

104 

Separation 
Distance 

(ft) 

110 
340 
480 
95 
300 
420 
75 
255 
340 
70 
210 
300 
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COMPARISON OF BOILING AND NON-BOILING REACTORS 

For convenience of comparison, the power plant "boiler" 
will refer to the reactor and shield in the boiling reactor 
system and to the reactor, circulating pipes and pump, and 
two-fluid boiler in the non-boiling reactor system. The cases 
selected for comparison are summarized in Table IV. It is 
assumed that 5 or 107o fuel burnup can be achieved, and on this 
basis both reactor types are criticality limited at 1 Mw(e). 

QUANTITATIVE COMPARISONS 

Three cases are selected for the boiling reactor system 
at 10 and 20 Mw(e), a coolant fraction of 0.20, and burnups 
of 0.50 and 0.10, respectively. The boiling reactor must be 
limited to a coolant fraction less than that for which sudden 
flooding will cause a reactivity increase equal to the delayed 
neutron fraction. A reactivity change greater than this can 
cause destruction of the reactor. It is estimated that with 
potassium as the coolant, the limiting coolant fraction is 
about 0.20. It is shown in Table IV that a coolant fraction 
of 0.20 results in fuel burnups considerably less than 0.05 
for both 10 and 20 Mw(e). Thus, the coolant fraction limit 
for the boiling reactor severely restricts the reactor fuel 
utilization and prevents the boiling reactor system from 
achieving the lower specific weights commensurate with higher 
fuel burnup. 

Two cases were considered for the non-boiling reactor 
system at 10 and 20 Mw(e) - burnups of 0.05 and 0.10. The 
non-boiling reactor does not have a coolant fraction limit 
since in normal operation, the coolant channels are completely 
filled with liquid. 

Shield angles of 10 and 20 degrees were considered for 
each of the above cases. The power plant "boiler" specific 
weight for all of the cases summarized in Table IV are plotted 
in Figures 20 and 21. The curves of Figures 22 and 23 refer 
to the cases where the boiling reactor core pressure drop is 
corrected by the method of (8) . The non-boiling reactor 
systems are lighter at 1 Mw(e) for all cases. The importance 
of shield angle is clearly evident. The non-boiling reactors 
have a smaller diameter than the boiling reactors and thus a 
lighter shield. For small shield angles the weight of the 
pipes, pump, and two-fluid boiler tends to offset the ad-
vantage in shield weight; but as shield weight becomes a more 
important part of the "boiler" weight, the larger size of the 
boiling reactor and the resulting larger shield weight becomes 
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TABLE IV 

COMPARISON OF BOILING AND NON-BOILING REACTOR SYSTEMS 

O 

System 

Boiling Reactor 

Boiling Reactor 
(Corrected by 
Method of Schrock 
and Grossman) 

Non-Boiling Reactor 

Net Power 

1 

10 

10 

10 

20 

20 

20 

1 

10 

10 

10 

20 

20 

20 

1 

10 

10 

20 

20 

Reactor Limit 

Criticality 

Coolant 
Fraction 

Burnup 

Burnup 

Coolant 
Fraction 

Burnup 

Burnup 

Criticality 

Coolant 
Fraction 

Burnup 

Burnup 

Coolant 
Fraction 

Burnup 

Burnup 

Criticality 

Burnup 

Burnup 

Burnup 

Burnup 

Coolant 
Fractions 

0.1125 

0.200 

0.258 

0.317 

0.200 

0.3055 

0.372 

0.135 

0.20 

0.311 

0.372 

0.2 

0.36 

0.426 

0.156 

0.287 

0.367 

0.344 

0.431 

Average 
Burnup 
Per Year 

0.0375 

0.028 

0.05 

0.10 

0.0172 

0.05 

0.10 

0.035 

0.0175 

0.05 

0.10 

0.0107 

0.05 

0.10 

0.042 

0.05 

0.10 

0.05 

0.10 

Core 
Diameter 

0.825 

1.995 

1.755 

1.610 

2.73 

2.28 

2.09 

0.845 

2.16 

1.825 

1.66 

3.01 

2.34 

2.15 

0.645 

1.58 

1.39 

2.06 

1.84 

Over-all 
Diameter 
(Reflector 
Closed") 

1.53 

3.04 

2.77 

2.58 

3.95 

3.48 

3.22 

1.57 

3.32 

2.87 

2.65 

4.45 

3.56 

3.3 

1.40 

2.67 

2.41 

3.32 

3.02 

Specific Weight 
Without Shield 

(lb/kv(e» 

0.864 

0.81 

0.56 

0.44 

1.05 

0.57 

0.47 

0.875 

1.08 

.622 

.459 

1.43 

.588 

.436 

3.03 

1.79 

1.54 

1.65 

1.43 

"Boiler" Spe 
Weight 

(lb/kwfe^ 

29=10° 

5.20 

2.32 

1.88 

1.57 

2.40 

1.59 

1.29 

5.275 

2.95 

2.0 

1.65 

3.18 

1.66 

1.36 

4.80 

2.45 

2.06 

2.13 

1.82 

.elfte 

2Θ=20° 

7.80 

3.21 

2.58 

2.21 

3.08 

2.11 

1.72 

7.875 

3.93 

2.78 

2.33 

4.03 

2.23 

1.84 

6.90 

3.15 

2.63 

2.61 

2.25 

-σ 
> 
η m 

o 
m 
TO 
co 
-< 
CO 
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more significant. For a 20 shield the coolant fraction 
limited boiling reactor is heavier than all of the other cases. 

The coolant fraction limitation of the boiling reactor 
system is of great importance to the relative desirability 
of this system. If some way could be found to guarantee that 
the boiling reactor would not suddenly flood, large reductions 
in "boiler" specific weight could be achieved; but the conse-
quences of sudden flooding are so severe that it may be 
difficult if not impossible to realize these potential weight 
savings. 

The analytical methods used to evaluate the merits of 
the two reactor types are limited by several difficulties and 
uncertainties which tend to favor the boiling reactor system. 
A core consisting of pin-type fuel elements in a hexagonal 
array is assumed for the boiling reactor system because a 
considerably smaller core size is obtained for this geometry 
than for a core with circular channels (tubes) passing through 
a "block" of fuel. The tube-swirler configuration lends 
itself very well to boiling heat transfer at high vapor 
quality without hot spot areas developing in the tube wall. 
It is likely, however, that hot spot difficulties will occur 
with the pins in boiling heat transfer at high vapor quality 
because liquid may not be adequately supplied to the small 
clearance zones between the pins to obtain proper cooling. If 
it is necessary to use a "tube-in-block" geometry for the 
boiling reactor it will become considerably heavier than shown 
in Figures 20 and 21. The non-boiling reactor is well suited 
to the pin-type element because the coolant channels are 
completely filled with an excellent heat transfer media. 

The single phase pressure drops in the non-boiling 
reactor, circulating pipes, and lithium side of the boiler 
can be calculated with fairly good accuracy. The two-phase 
pressure drop calculations for the two-fluid heat exchanger are 
certain to be optimistic but the boiler weight is insensitive 
to this pressure drop in the region of minimum specific weight. 
(This is discussed in more detail in the appendix.) Thus, the 
size and weight calculations of the non-boiling reactor system 
are fairly reliable. This is not the case for the boiling 
reactor system. Accurate calculations of boiling two-phase 
flow pressure drop in a swirler configuration cannot be made 
because of the complex nature of the flow. In the present 
analysis it is necessary to assume a simplified flow model 
which is known to be optimistic, and it is certain that boil-
ing reactor geometries calculated by this method will actually 
require a larger pressure drop to obtain the same performance. 
This would be accompanied by an increase in initial boiling 
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temperature so that the maximum temperature in the boiling 
reactor will be higher than the maximum temperature in the 
non-boiling reactor. If the reactor fuel element temperature 
is near its limit (and this is reasonable to assume for a 
2000F turbine inlet temperature) then the boiling reactor 
core pressure drop must be reduced to lower the temperature 
to an acceptable level. The effect of reducing the pressure 
drop on core diameter is shown in Figure 9. Additional calcu-
lations of "boiler" specific weight were made using the ratio 

'llO psi| 
of 170 psi 

as a correction factor on pressure drop where 

170 psi was the calculated pressure drop for 80% quality using 
the method of Schrock and Grossman. The resulting corrected 
pressure drop is 65 psi and the corresponding weight and size 
parameters are summarized in Table IV and plotted in Figures 
22 and 23. The importance of obtaining an accurate prediction 
of pressure drop is clearly illustrated. 

QUALITATIVE COMPARISON 

Coolant fraction worth and flow stability complicate 
the reactor design in a boiling reactor system. Limiting the 
coolant fraction to eliminate the possibility of a prompt 
critical power excursion and the accompanying possibility of 
violent destruction of the reactor makes the boiling reactor 
system less desirable than the non-boiling system in terms of 
size and specific weight. Flooding in a boiling reactor is 
time-dependent, and the probability and extent of flooding 
depends on the possible modes of component failure, maximum 
possible system pressures, and many other factors. While it 
can be postulated that the reactor will not be subject to 
sudden flooding, the uncertainties make it necessary that 
inherent safety be built into the reactor. In a fast reactor 
the prompt neutron lifetime is so short (10~° seconds as 
compared to 10"^" seconds for a thermal system) that under no 
circumstance should it be possible for the reactor to undergo 
a reactivity change greater than the delayed neutron fraction. 
The results of the size and weight analysis show that the 
coolant fraction of the boiling reactor must be made consider-
ably larger than 0.20 in order to better the specific weight 
of the non-boiling system but the uncertainties and diffi-
culties in doing this do not appear to be justified on the 
basis of possible gains in specific weight. 

The flow stability problem in the boiling reactor core 
can be described as follows: If a given channel should under-
go a momentary surge in power, vapor would be generated at an 
increased rate causing a larger channel pressure drop, thus 
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reducing the coolant flow to the channel. If the flow is 
reduced sufficiently, the fuel elements will burn out. The 
use of a pin-type fuel element should lessen this problem 
because the channels can communicate throughout the core. 
However, it will be difficult to develop a core to maintain 
flow stability over all ranges of power. This problem must 
also be solved in the design of the boiler in the non-boiling 
reactor system, but the solution will be considerably easier 
because low pressure drops exist and neutronics are not 
involved. 

The relative effects of transition from nucleate boil-
ing to film boiling (burnout flux) can result in melt down 
of the fuel element in the boiling reactor because the fuel 
element thermal capacity is small. No serious consequence 
will develop in the non-boiling system. 

The size and weight analysis shows that to be competi-
tive with non-boiling reactors, large core pressure drops are 
required in the boiling reactor. Where size and weight are 
important, as they are in space power plants, the boiling 
reactor system does not have a potential temperature ad-
vantage over the non-boiling reactor system. The boiling 
reactor maximum coolant temperature can be reduced only by 
reducing the core pressure drop and accepting the accompanying 
"boiler weight increase". 

There is another aspect to the temperature problem that 
concerns mass transfer in the power plant coolant and working 
fluid loops. Mass transfer occurs when the solubility of 
the cladding or structural material in the reactor coolant or 
cycle working fluid varies with temperature. Generally, 
solubility increases with temperature and thus in a closed 
loop having a hot zone and cold zone, containment material 
will be dissolved from the hot zone and deposited in the cold 
zone. This phenomena can destroy the loop either by develop-
ing holes in the hot zone or plugging in the cold zone. Mass 
transfer is then strongly dependent on the loop temperature 
difference and temperature level. The loop temperature 
difference of the non-boiling reactor in this study is 100F, 
whereas for the boiling reactor it is about 1000F. Thus, for 
fluids which are similar in their corrosion behavior, the 
boiling reactor is more susceptible to mass transfer than is 
the non-boiling reactor. The boiler of the non-boiling 
reactor system has a mass transfer problem similar to that 
of the boiling reactor. However, the initial boiling tempera-
ture will be lower because of its smaller pressure drop. 
Also, it is simpler to design the boiler to accept mass 
transfer than to design the boiling reactor to accept it. 
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Adding more material to the reactor to compensate for mass 
transfer will require a larger and heavier reactor and shield. 
Adding material to the boiler will increase boiler weight 
but will not affect the rest of the system. 

The non-boiling reactor system offers a design flexi-
bility that the boiling reactor does not. By using the two-
loop system, fluids best suited for reactor cooling and power 
conversion can be chosen; and most of the reactor and power 
conversion development problems can be separated and simpli-
fied. If superheating is required to obtain satisfactory 
turbine performance and lifetime it can be achieved with the 
non-boiling reactor by using an additional counterflow, 
extended surface, heat exchanger. Superheating is not 
practical in the boiling reactor concept. 

The relative reliability of the boiling reactor and 
non-boiling reactor concepts can only be assessed quali-
tatively. The boiling reactor system has fewer components, 
but reliability depends not only on the number of components 
but also on the reliability of the individual components and 
the manner in which they are integrated and controlled. The 
reliability achievable with a non-boiling reactor system 
should be at least as good as that of a boiling reactor 
system because of separation of problems, elimination of 
uncertainties and the use of a straightforward design. 

CONCLUSIONS 

The objective of the present analysis was to compare 
the relative merits of boiling and non-boiling reactors for 
use in Rankine Cycle dynamic conversion space power systems 
over the power level range of 1 to 20 Mw(e). The analysis 
of the non-boiling reactor is fairly reliable because the 
coolant flow behavior is well understood. The lack of data 
on boiling, two-phase flow pressure drop has made it necessary 
to assume a simplified model which results in an optimistic 
analysis for the boiling system. However, even when favoring 
the boiling reactor system in this manner the following con-
clusions can be made: 

1. To assure that the potassium-cooled boiling 
reactor will not undergo a prompt critical power excursion, 
which would result in reactor failure, the coolant fraction 
must be limited to about 0.20. 

2. The specific weight and size of the non-boiling 
reactor system is less than that of the boiling reactor system 
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when the latter is limited to a coolant fraction of 0.20 and an 
account is made of the actual core pressure drop that can be 
expected. 

3. A large core pressure drop is required to make the 
size of the boiling reactor at all competitive with the non-
boiling reactor. Thus, for a given turbine inlet temperature, 
the initial boiling temperature in the core is equal to or 
exceeds the coolant temperature in the non-boiling core so 
that for comparable size and weight the boiling reactor does 
not have a better temperature potential than the non-boiling 
system. 

4. With the non-boiling reactor system, reactor and 
power conversion development problems are separable and many 
of the development uncertainties that exist in the boiling 
reactor can be eliminated. 

5. High heat flux for the boiling reactor can be 
enhanced by boiling to lower qualities, but since a given 
vapor volume flow rate is required for a given power, the 
total boiler flow must be increased accordingly. This will 
result either in a larger pressure drop and/or a larger 
reactor and thus heavier power plant. 

6. The analysis in this paper indicates that the non-
boiling reactor system offers better performance in terms of 
size and weight unless risks in safety are taken with the 
boiling system. In either case, the non-boiling reactor 
results in a straightforward system and its development would 
be cheaper and less complicated. 

APPENDIX I 

BOILER SPECIFIC WEIGHT ANALYSIS 

A sketch of the model assumed for the boiler parameter 
study is shown in Figure 24. Heat exchangers similar to this 
have been constructed at Oak Ridge National Laboratory. 
Curving the tube ends in the manner shown allows for differ-
ential thermal expansion of the tubes and shell. Only the 
straight tube portion of the boiler was considered in the 
heat transfer and pressure drop calculations. This results 
in conservative estimates for heat transfer and optimistic 
estimates for pressure drop, but since the ends only account 
for about 15% of the total length the approximation is 
reasonable. The entire boiler structure, including liquid 
inventory, was included in the boiler weight calculations. The 
pressure drop was calculated in a manner similar to that 
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described for the boiler. However, the calculation for the 
boiler is expected to be a better approximation since the 
geometry is a round tube with a swirler running the length 
of the tube. Again, a swirler pitch of 3 was assumed and the 
presence of the liquid in the vapor was disregarded. 

A constant boiling heat flux of 2 x 10 Btu/sq ft-hr 
was assumed; thus for a given power level and tube diameter 
the tube length becomes a function only of the number of tubes 
since the heat transfer area is constant. The following 
expression (valid only for potassium) was derived which 
relates tube length to tube diameter for given values of 
inlet and outlet pressure. 

4.8xl03 d 3 0.486xl0"5(P1
2-P2

2)+0.54142xl0"1(P1-P2)|l 

10.357 

= length (ft) 

= tube inside diameter (ft) 

= pressure at initial boiling temperature time(psf) 

= pressure at exit boiling temperature (2000 F)(psf) 

With this relation and the expression based on heat transfer 
requirements the number of tubes and tube lengths could be 
determined for various values of pressure drop and tube 
diameter. 

It was then necessary to determine the lithium inven-
tory and the shell diameter. This was accomplished by 
selecting values of lithium pressure drop and determining the 
required flow cross-sectional area for the calculated heat 
exchanger length. The lithium flow rate was determined by 
the power level and reactor coolant temperature rise. Wall 
thickness of the various boiler components was then calculated 
from pressure-stress analysis where the stress was assumed to 
be 5000 psi. The tube wall thickness was assumed to be 0.050 
in. or greater. 

Boiler specific weight versus tube diameter is shown in 
Figures 25 and 26 for three values of potassium pressure drop 
and two values of lithium pressure drop. A minimum occurs in 
the region of 0.20 in tube diameter. A cross plot of specific 
weight versus lithium pressure drop is shown in Figure 27. On 
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the basis of these results, a boiler specific weight of 0.39 
lb/kw(e) was assumed. This corresponds to a lithium pressure 
drop of 5 psi, a potassium pressure drop of •— 40 psi, and a 
tube inside diameter of 0.2 in. 
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1.2 \- NOTE: B.U. = Fuel Burnup 

Void Fraction = Coolant Fraction 
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Fraction Burned = 5% 
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Reflec tor 
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7" Tungsten 

48" Lithium Hydride 

Shield Diameter Adjacent to Reactor 
Equals 1.2 x Reactor Diameter 
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3 h 

Turbine Inlet Temperature = 2000 F 

Over-all System Efficiency = 13% 

Shield Included Angle = 10° 

Simplified Relation Used 
for Boiling Pressure Drop 
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SPACE POWER SYSTEMS 

TURBINE INLET TEMPERATURE = 2000°F 

OVER-ALL SYSTEM EFFICIENCY = 13% 

SHIELD INCLUDED ANGLE = 20° 
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2000°F Turbine Inlet Temperature 

Over-all System Efficiency = 13% 

Shield Included Angle = 10° 

Method of Schrock and Grossman 

Used for Boiling Pressure Drop 
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Liquid Potassium In —*f 
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Lithium In 

24 Heat Exchanger Schematic 

481 



SPACE POWER SYSTEMS 

0.9 

0.8 \— 

0.7 t~ 

0.6 

0.5 L_ 

0.4 

Shell and Tube Design with Swirlers 
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Shell and Tube Design with Swirlers 
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