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Abstract 

The design and operation of small $35,- and 
$33C- fueled cores with axial heat pipes f o r  a 
350 kWe out-of-core thermionic power system has been 
investigated. A s p l i t  i n  the  core at midplane is  used 
for  react ivi ty  control. 
from modules, each of which consists of a fuel  element 
with a central heat pipe tha t  extends beyond the axial  

ector. 

Each half core is  bui l t  up 

With lcm-diameter heat pipes a typical  

contains 55kg of 

systems. 
reactor and heat pipes shows tha t  ramp react ivi ty  

A study of the s tar tup dynamics of the 

hould be limited t o  less than 2cents/sec for  
reactor and less  than 8 cents/sec,for the 

react or. 

Introduction 

The demands of future long-lived space power 
systems require re l iab le  nuclear heat sources. The 
Lewis Research Center i s  engaged i n  technology studies 
of compact f a s t  reactors which a r e  bui l t  of refractory 
metals and use l iquid metals for  cooling. 
core, heat-pipe reactor, which supplies heat t o  an 
out-of-core thermionic converter system, i s  one con- 
cept under study. 

The sp l i t -  

Development e f for t s  i n  thermionic energy con- 
version have almost completely focused on the use of 
thermionic converters located i n  the core of reactor, 
but recently several technological advances i n  ther- 
mionic converters, refractory metals and heat pipes 
have stimulated new interest  in out-of-core thermi- 
onics. The scope and impact of these advances a re  
reviewed i n  references 1 and 2. 

The reactor concept of a 35OkWe power system is  
described here. The out-of-core thermionic converter 
system is  discussed i n  reference 1. 
of the same concept i s  u t i l i zed  i n  a 1WkWe out-of- 
core thermionic converter system described i n  refer- 
ence 2. 

A smaller reactor - 

Reactor Description 

For space missions it i s  important t o  keep the 
s ize  and weight of shielded reactors as low as  
possible. Since the weight savings of a reactor and 
shield i s  a function of the cube of the reactor dia- 
meter, reactor sizing i s  a prime factor  i n  the design 

; :eZZiT335c F83 C, and the core volume frac- 
t ions for  void and tungsten a re  0.3 and 0.1, respect- 
ively, of the fuel volume fraction. The remaining 
volume fract ion i s  due t o  the lcm diameter heat pipes, 
which number 241 i n  each half of the core. 
these conditions the fue l  loading curves for  reactor 

c tors  under consideration a re  

Under 

cores with the r a t i o  of length to diameter equal t o  
unity a re  plot ted i n  Figure 1 against the diameter for  
several fuel  volume fractions. These curves a r i s e  
from the  geometric and physical constraints given 
above. On top of these curves is plot ted a bolder 
curve which i s  the locus of reactors with about 9 per- 
cent excess react ivi ty  i n  the core, which i s  presumed 
t o  be suff ic ient  t o  meet control and l i fe t ime re 
ments This curve was determined f o r  both the #'?- 
and $33- f ie led  cores from two-dimensional neutron 
transport calculations with consideration f o r  the re- 
f lec tors  and plenum as described l a t e r  in  th ig  report. 
The lower l i m i t  on the reactor diameter i s  dictated 
by the minimum heat pipe diameter and system power re- 
quirements. The reference reactors selected for  t h i s  

sy'and a 24cm diameter core containing 55kg of $33. 
A s m r y  of some physical character is t ics  of these 
designs i s  given i n  Table 1. 

are  a 30cm diameter core containing l23kg. of 

The basic design philosophy is compactness and 
r e l i a b i l i t y  through modularity. 
t h i s  design is  the  reactor heat pipe module, which 
contains the ax ia l  ref lector  as an integral  part, as 
shown i n  Figure 2, and is  based on a heat exchanger 
design study by Breitwieser (reference 3). The 
cylindrical heat pipe evaporator malres a transi t ion 
i n  the upper part of the axial ref lector  region t o  the 
rectangular box of the cordenser section. Advantages 
and redundancy a r e  obtained by using modular heat 
pipes so they a l lev ia te  many of the problems of the 
pump and loop designs. For example, no auxiliary 
heating system i s  required for  melting a l iquid metal 
coolant pr ior  t o  reactor startup, no backup cooling 
system i s  needed f o r  loss-of-coolant and loss-of-flow 
accidents, no auxiliary cooling system need be pro- 
vided t o  remove afterheat, and no pumps are  used for  
coolant circulation. 
through the redundancy of heat pipes; for  example, i n  
the event of fa i lure  of isolated heat pipes the adja- 
cent heat pipes help cool the affected fuel regions 
and allows the reactor t o  operate and deliver useful 
power. In  t h i s  design 241 modules a re  joined together 
t o  form a nearly ci rcular  axial  reflector. (This i s  
for  agSjOkWe power level. A t  a lower level  of lpkwe 
163 pipes a re  used; cf. reference 2.) This a l s o  se t s  
the grids for  the heat exchanger and the core. 

The basic module for  

Rel iabi l i ty  i s  a l so  gained 

The uranium carbide-tungsten fue l  slugs a re  de- 
signed t o  f i t  between the heat pipes and not around 
them, several poss ib i l i t i es  of which a re  shown i n  
Figure 3. With only fuel  and heat pipes i 
high fuel volume fractions (0.50 f o r  the g3' design) 
a re  achieved, resulting i n  compact cores. 
taining contact with more than one heat pipe the fuel 
can t ransfer  heat out i f  a heat pipe fa i l s .  The con- 
tac t  between fue l  and heat pipe i s  accomplished by 
pressure from the radial  ref lector  or from a girdle  
a t  the core radial  surface. Axially the fuel  res t s  
against a plenum at  the core midplane and i s  allowed 
t o  expand in to  a gap between the core and axial 

he core 

By main- 

Presented a t  the 1973 Thermionic Conversion Special is ts  Conference, October 26 through 29, l 9 p ,  
M i a m i ,  Florida. 



reflector.  Clearance between the  fue l  slugs allows 
f o r  fue l  expansion and fue l  growth. This clearance 
and possibly holes i n  the  fue l  slugs allow the  f i ss ion  
gases t o  escape from the  core through the midplane 
plenum (Figure 4) and through passageways i n  the  con- 
t r o l  rods t o  collectors at the  ends of the control 
rods. 

The schematic of the  split-core, heat-pipe react- 
or shown i n  Figure 4 is an axial cut through the  re- 
actor. 
see the  rad ia l  re f lec tor  as an annulus surrounding a 
nearly c i rcu lar  core cross section. The reactor con- 
sists of two identical  halves separated i n  the  middle 
by a variable gap used fo r  reac t iv i ty  control. 
tungsten-lithium reactor heat pipes carry the  heat t o  
the  two heat-pipe heat exchangers immediately outside 
of the  axial reflectors. 
(reference 4) wind through the  shield surrounding the  
reactor t o  the  thermionic converters (reference 5) 
which l i e  beyond the shield i n  a manner which prevents 
d i rec t  radiation streaming from the  core. The resu l t  
i s  a compact reactor with an inherent r e l i ab i l i t y  due 
t o  the redundancy of modularity. 

Looking down the  l i n e  of the  axis one would 

The 

From here long heat pipes 

Reactivity Control 

Reactivity control i s  by two modes: one active, 
the other passive. 
of the two halves by a set of control drives around 
the periphery of the  reactor. 
ped shims f o r  excess reac t iv i ty  control. These are 
stepped mechanical stops which l i m i t  
t r ave l  of the core halves. The s ize  of the steps de- 
termines the maximum reac t iv i ty  available t o  the  core 
i n  a single insertion. 
l inear  u n t i l  the gap decreases bs about 2 or 3cm; then 
it becomes nearly linear, hown I r i  Figure 5. In  
the  graph on t h  
t i v e  than the  g3’ because of the  enhanced leakage due 
t o  i t s  smaller size. 

The first i s  by ax ia l  translation 

The second i s  by step- 

the  inward 

The active control is non- 

eft t he  23’ reactor i s  more sensi- 

The sens i t iv i ty  is further ampli- 
by the  smaller delayed neutron fraction i n  the 
reactor, as shown by the  curves on the right, 

plotted i n  units of $, i n  Figure 5. A characterist ic 
of t h i s  type of reactivity control is tha t  it only re- 
quires separating the core halves a short distance t o  
obtain a la rge  shutdown reactivity. 

Startup Kinetics 

dies of the  reactor kinetics of both 
the $%::&%Y reactors have been made. Since the 
heat pipe is  noted fo r  i ts  ab i l i t y  t o  transport  large 
quantit ies of heat and t o  react promptly t o  tempera- 
t u re  transients,  a study of the  startup mode dynamics 
i s  presumed t o  lead t o  greater operating res t r ic t ions  
than a study with the heat pipe i n  the normal operating 
condition. The e f for t  was directed t o  finding l imiting 
operating ranges of reac t iv i ty  input and determining 
the  e f fec ts  of ambient temperature, axial fue l  expan- 
sion and Doppler doefficients on the  l imiting tran- 
s ien ts  through parametric studies of the  reac t iv i ty  
ramp input rate and level. 
liminary i n  nature and therefore do not necessarily 
re f lec t  the final se t  of l imi t s  on the  system. The 
reactor was modeled by nodes which represent an average 
c e l l  i n  the  core, an average heat pipe, the  re f lec tors  
and the plenum. 
written by Sockol (reference 6), descrFbe a pressure 
front i n i t i a l l y  i n  the axial re f lec tor  zone un t i l  the  
l i thium temperature i n  that zone reaches that i n  the 
core zone. Then the front advances t o  the heat ex- 
changer. The heat pipe does not proceed beyond t h i s  
stage i n  startup as f a r  as the  core i s  concerned. 

These studies are pre- 

The heat pipe s ta r tup  formulas, as 

The 

calculations were done with a version of the  AIROS 
(reference 7) reactor dynamics code modified t o  take 
in to  consideration Brehm’s formulas f o r  Doppler e f fec ts  
(reference 8),  radiative heat transfer between zones, 
and the  heat pipe startup equations. 
reac t iv i ty  coefficients were calculated with the a id  
of the  TDSN (reference 9) and PERTRAN (reference 10) 
programs. 
e f f ic ien ts  are l i s t e d  i n  Table 2. 

The expansion 

The Doppler and expansion reac t iv i ty  co- 

Typical characterist ics of startup t rans ien ts  
are shown through the i l l u s t r a t ion  of a single tran- 

t h i s  i s  for  a r a p  a t  l$/sec t o  a 
3 3 y t o r .  The reference reactor for 

both the  
temperature everywhere, Doppler coefficients calcu- 
l a t ed  according t o  Brehm’s formulas and f ree  axial ex- 
pansion of the  fuel. 
cases may peak out s l igh t ly  above one dollar fo r  a 
short period of time without an excursion occurring. 
The fue l  temperature here shows two peaks, an i n i t i a l  
sharper one and a second one which rolls over more 
gradually. It i s  the height of the  f i rs t  which is  
the  l imiting factor. 
plays sharp peaks fo r  transients i n  which the  fuel 
does not m e l t .  I n  certain cases the  heat f l ux  r i s e s  
and stays a t  a high level, but i n  these cases the 
fue l  a l so  melts so that the  fue l  temperature i s  the 
more l imiting factor. 

systems had a 300K i n i t i a l  

The reac t iv i ty  curve i n  certain 

I n  general t he  heat f l ux  dis- 

rence case parametric analysis of the 
reactors i s  shown i n  Figure 7. Also 

shown i s  the  case where the  Doppler coefficients are 
taken t o  be one-fourth of the  value predicted by Brehm. 

agreement with those reported i n  ref. 
Doppler coefficient is three times t i~e??~~~Epp l . e r  
coefficient i n  terms of gk/k,  but i n  terms of dollars 
of reac t iv i ty  the  factor i s  seven, ch is  reflected 
i n  the  greater sens i t iv i ty  of the L?” reactor t o  the 
faster transients.  The t rans i t ion  zone between about 
0.02 $/see and 0.1 $/see i n  Figure 6 and 7 separate 
the slower transients, i n  which the system thermo- 
dynamics keeps up with the  neutronics, from the  
f a s t e r  transients. 
of surface heat flux peaks w i l l  damage the  heat pipe 
by causing a burnout. It i s  known that ithium heat 
pipes have been able t o  sustain 300 M/cm’; Peaks 
reaching t h i s  point a r e  marked i n  the  graph t o  form 
a conservative upper limit on reac t iv i ty  inputs. 
Actually the pipes can probably withstand larger peaks 
without burning out, and the  transients are rea l ly  
fuel-temperature limited rather than heat-flux 
1 imited. 

I n  the  latter case the fue l  Doppler values are 

It is not yet known w h a t  values 

The posit ive fuel Doppler coefficient i s  over- 
whelmed by the  magnitude of the negative fue l  ex- 
pansion coefficient. However, the rad ia l  component 
of the  fue l  expansion is constrained by the re f lec tor  
or other rad ia l  component which holds the core together. 
The promptness of the  axial fue l  expansion depends on 
slippage between the fue l  and heat pipes, which is not 
l i ke ly  t o  be present i f  the core is  held t i gh t ly  to- 
gether, especially l a t e r  i n  core l i f e  when w a l l  and 
fue l  bond together. The e f fec t  of removing tke  ax ia l  
fue l  expansion ef fec t  t o  the heat pipe with which it 
expands i s  shown i n  Figure 8. Whereas i n  the pre- 
ceding Figure a l$/sec ramp t o  the 1$ l eve l  was safe, 
here it i s  not. There i s  a def in i te  c r i t i c a l  r a t e  
above which reac t iv i ty  input ra te  
It for i s  the ab0 #j52 cents/sec f o r  the $35 

reactor. Below t h i s  r a t e  the 
is  less sensit ive t o  transients than the IJ-235. If 
the magnitude of the  Doppler coefficients are taken t o  
be one-fourth of that predicted by 3rehm’s formulas 
so that the  fue l  coefficients match those reported i n  

an be catastrophic. 

reactor 



then the 5$ plateaus appear at about 
and 2OWK fo r  235 (cf. Figure 7). Al- 

though it appears that even a level of 5$ is a safe 
input at low rates, the peak temperatures shown are 
only for the average temperature in an average cell. 
There may well be several hundred degrees separating 
the peak fuel temperature fromthe core averaged fuel 
temperature in a transient. Both systems, however, 
are inherently safe for reactivity inputs which reach 
less than 1$ and at rates less than 2 cents/sec. The 
upper limit for the level may be raised as more in- 
formation becomes available. 

Concluding Remarks 

The split-core heat-pipe reactor concept pre- 
sented here has many inherent features for safety 
and reliability. It requires no auxiliary system for 
melting a liquid metal coolant prior to startup, no 
backup system for loss-of-coolant o r  loss-of-flow 
accidents, no auxiliary system to remove afterheat 
and no pumps for coolant circulation. It could pro- 
vide a light-weight, compact, reliable, constant 
high-temperature heat somce adaptable to many forms 
of external conversion techniques. 
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TABLE 1 

Physical Characteristics of $33 and $35 
Split-Core, Heat-Pipe Reactors 

$33 

Length and diameter of core, cm 24.0 

Fuel volume fraction in core 

Mass of metallic fuel, kg 

0.39 

55 

0.879 Average energy of neutrons, Mev 

Delayed neutron fraction 0.00286 

Prompt neutron lifetime, nsec 26.5 

TABLE 2 

Reactivity Coefficients of 833 and $35 
Split-Core, Heat-Pipe Reactors 

Doppler coefficients are 114 of the values predicted by Brehm's formulas at 2000K. 

,733 ,?35 

1. Expansion 
Axial Fuel 
Radial Fuel 
Axial Reflector 
Radial Reflector 
Plenum 
Heat Pipe 

2. Doppler 
Fuel 
Core Tungsten 
Heat Pipe 
Plenum 

- 3.20 - 5.24 - 1.26 - 8.24 
- 0.18 - 0.26 

- 11.19 - 18.30 

- 0.91 
- 4.41 - 28.81 
- 0.61 

0.326 1-1-39 - 0.059 - 0.205 - 0.202 - 0.705 - 0.038 - 0.132 

3 

$35 

29.6 

0.50 

123 

0.803 

0.00670 

31.9 

&k/k/K $/K 

- 3.02 - 4.51 - 2.01 - 3.00 
- 0.89 - 1.33 - 7-25 - 10.82 - 0.18 - 0.26 - 0.12 - 0.18 

0.109 0.162 - 0.063 - 0.094 - 0.112 - 0.167 - 0.031 - 0.046 



VOLUME FRACTION VOLUME FRACTION 
OF UC IN CORE OF UC IN CORE 
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(a) ~ 2 3 ~  reactor. 

about 9 percent excess reactivity. 

(b) U233 reactor. 

Figure 1. - Fuel loading curve for two reactors with 

EVA PORATOR 7, 1 
t 

Jex =9% 

Figure 2. - Heat pipe module. 
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