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ABSTRACT 

A nitrogen-cooled graphite-moderated nuclear reactor experiment is 
proposed t o  drive a closed-cycle gas turbine parer plant at  13OO0F. 
annular core of the reactor can be rotated inside the re f lec tor  t o  permit 
f u e l  loading and discharge while aperating at  f u l l  parer.  

l i nd r i ca l  f u e l  elements of graphite a re  solution-impregnated w i t h  p a r t i a l l y  
enriched uranium. 
chemical separation of the  f i s s ion  products, and impregnation of f resh  
graphite i n  a small batch process. 

The 

Small cy- 

The f u e l  is recycled by incineration of the elements, 

The unclad, uncoated f u e l  should permit high burn-up and simple f u e l  
processing, but allows f i s s ion  product diffusion in to  the  gas stream. 
While methods are proposed f o r  the removal of these frm the gas, the  
long-term consequences on turbine operation are unknown. The compatibility 
of nitrogen gas with the f u e l  has been studied experimentally. 

The r ad ia l  movement of f u e l  gives a reactor with a constant puwer 
p ro f i l e  and no excess reac t iv i ty .  
charging ra te .  

The temperature is  regulated by the f u e l  
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1. INTRODUC!L'ION 

The concept of a gas-cooled, graphite-moderated parer reactor has 

been a t t r ac t ive  for  some time.'-'' Closed-cycle gas turbines f o r  parer 
p lan t  use have been improved until they can accept 13OO0F gas, a t  which 
temperature they are  approximately competitive with steam turbines of 
comparable s i z e .  The properties of uranium-impregnated graphite have 
recently been thoroughly investigated a t  Los Alamos Sc ien t i f ic  Laboratory, 
and f a c i l i t i e s  have been developed f o r  manufacturing such materials, 
t e s t ing  t h e i r  reaction w i t h  gases, and recovering the uranium by in- 
cineration and extraction. 
compatibility questions f o r  t h i s  type of reactor have been resolved, and 
a simple f u e l  recovery and refabrication scheme has been demonstrated. 
The indicated compatibility of graphite with nitrogen coolant allows the 
use of presently exis t ing air  turbine-compressor equipment, instead of 
waiting f o r  the development of helium turbomachinery. 

It now appears that essent ia l ly  a l l  material- 

20 D B C R I ' E T I O N  

The plant described is  rated at  20 Mw e l e c t r i c a l  output, although 
A t  the  it would be equally a t t r ac t ive  i n  almost any conceivable s ize .  

20 Mw l eve l  the economic po ten t i a l i t i e s  of the  concept a re  reasonably 
well  developed, yet the  equipment required is small. 
p a r t i a l l y  enriched f u e l  would be preferred, but the example is  based on 
high enrichment. 

For large s ta t ions  
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2.1  Reactor 
Construct ion 
The pr incipal  novelty of the reactor l i e s  i n  the  t u r r e t  loading 

feature which requires that  the core ro ta te  past  s ta t ionary loading 

por t s .  
diameter by 6-1/2 f t  high. 
forms a coolant i n l e t  passage from which 1440 f u e l  channels lead rad ia l ly  
t o  the  out le t  plenum between the core and the s ta t ionary ref lector .  The 
3/4 in. square fuel channels are arranged i n  40 levels  or layers with 36 
channels i n  each level. 
3/4 in. o.d., 1/2 in. i.d., and 6 in. long. There are seven elements i n  
each channel, or 10,080 i n  all. Each f u e l  element contains about 2 g of 
go$ enriched uranium. 
are mounted on an i ron  base which can be slowly revolved. 

As sham i n  Fig. 2.1, the core is a graphite cylinder, 9 f t  i n  
A 24 in .  diameter cent ra l  hole i n  the core 

The tubular graphite f u e l  elements a re  about 

The core and the b o t t m  portion of the reflector 

The core i s  surrounded on t a p  and sides by 18 in. of s ta t ionary 
graphite ref lector ,  and t h i s  is enclosed i n  about 12 in. of insulating 
refractory,  then i n  steel or c w t  i ron  thermal shields, and finally i n  a 
steel  pressure vessel t o  contain the  500 p s i  nitrogen coolant. 
log ica l  shield surrounds the  vessel. 

A bio- 

Fuel L o a d i q  
h e 1  elements are  loaded at  the periphery of the  core and mwed 

taward the center as burn-up proceeds. A small opening i n  the re f lec tor  
and vessel at  each l eve l  allows a new f u e l  element t o  be pushed in to  the 
outermost core posi t ion i n  the f u e l  channel. 
elements from moving outward w i t h  the gas f l a w .  
across the core resu l t s  i n  a th rus t  of 2.4 lb ,  or less, on the la tch . )  
Rotation of the core brings each of the 36 channels i n  turn  t o  the loading 
pos i t  ion. 

A l a tch  prevents the f u e l  
(The 10 p s i  pressure drop 

The f u e l  loading mechanism could take any of several  forms. 
Fig. 2 .1  is  a version consisting of a nitrogen-powered ram, which can be 
positioned and locked pneumatically a t  aqv of the 40 loading elevations. 

Shown i n  
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(TYPICAL))< 

GAS INLET 

TYPICAL FUEL CHANNELS 
,ROTATING CORE 

Figure 2.1 Schematic D i a g r a m  of the Reactor 
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A gas-tight shielded hopper carrying 36 f u e l  elements is  attached by a 
crane t o  the ram, and thus fue l  can be advanced one s tep  i n  an en t i r e  l eve l  
of the reactor with one opening of the port .  
l@, an average power leve l  of 60 M w  would require reloading about 350 
elements per k y ,  or one hopper-full every 2.5 hr. 

up,the average service time of a f u e l  slug is one month. 

If the burn-up obtained were 

A t  t h i s  power and burn- 

Fuel discharge is accomplished by the loading ram. As a new fue l  
dement is inserted it pushes the others i n  the channel ahead, and the 
inner one, most highly burned up, falls  down the cent ra l  plenum in to  a 

graphite or  carbon-lined hopper, which i s  opened i n  synchronization w i t h  

the advance of the ram. The hopper opens in to  a second compartment con- 
ta ining a screw conveyor, which crushes the fue l  elements and discharges 
t h e m  in to  the incinerator and f u e l  processing system. 

The graphite f u e l  channels may be subject t o  wear and need replacement 
a t  long intervals .  The construction indicated i n  Fig. 2.1 is  one possi- 
b i l i t y  f o r  renewal of these channels by the same general method used f o r  
the f u e l  elements--the new section of channel is  pushed in to  place and 
displaces an inner section, which is  disposed of by crushing and incineration 
i n  the f u e l  plant .  

2.2 Fuel Processing 
The crushed f u e l  elements discharged from the conveyor can be in- 

cinerated e i ther  by continuous o r  batch-type equipment. However, a f u l l  

day's throughput consists of only 700 g of uranium a t  1 8  burn-up, and less 
at  higher burn-ups, so  a batch process seems adequate f o r  such a small 
plant.  
Sc ien t i f ic  Laboratory and at  Knolls Laboratory. 
leaves uranium and f i s s ion  products i n  the form of oxides which are readi ly  
soluble i n  n i t r i c  acid and form a sui table  feed f o r  solvent extraction or  
precipi ta t ion operations. 
f o r  a mixer-settler process. 
several  remotely-operable types. 

The process has been studied recently by Group cm-8 a t  Los Alaaos 
The incineration step 

The equipment is shown schematically i n  Fig. 2.2 
The mixer-settler equipment could be any of 
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Figure 2.2 Schematic Diagram of Reprocessing Unit 
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After decontamination by a fac tor  of only 10 t o  20, the fue l  solution 
would be ready f o r  reloading by impregnation of new graphite slugs. The 
conditions f o r  remote solution-impregnation of graphite have been worked 
out i n  recent experiments a t  Los Alamos (see Appendix) and elsewhere, 

The cooling time would depend on experience w i t h  the  process. If 
once-a-day processing were done, a cooling time of one day would be achieved 
with an average plant condition of about 20 kg of fue l  i n  the reactor,  
3/4 kg i n  f u e l  elements ready for loading, 3/4 kg i n  cooling, and 3/4 kg 
i n  process. This small inventory gives a negligible inventory charge t o  
the  plant,  so  that a longer cooling period or a generous reserve of fue l  
elements could be afforded. 

2.3 Turbine Cycle 

Wyss plant  of 20 M e l e c t r i c a l  capacity.20 
of a two-stage compressor w i t h  intercooler driven by a high-pressure turbine 
and, on a separate shaf t ,  a low-pressure turbine driving the useful generator 
load. 

The p r h e  mover chosen f o r  purposes of t h i s  description is  an Escher- 
The turbine equipment consists 

A schematic diagram of the cycle is  given i n  Fig. 2.3, 

Description of Cycle 
Nitrogen a t  90°F and 490 p s i  enters the low-pressure compressor and 

It i s  then cooled t o  gO°F undergoes half of the  required pressure r i s e .  
and enters the high-pressure compressor f o r  f inal  compression t o  530 ps i .  
I n  the regenerator, waste heat is t ransferred t o  the compressed gas and the 
temperature ra ised t o  72PF. 
is  heated t o  1300OF. 
where enough energy is extracted t o  drive both stages of the compressor. 
The low-pressure turbine next converts the  remaining available energy t o  
useful output. 
regenerator, where it heats the gas entering the reactor.  

gas is cooled t o  i ts  i n i t i a l  s t a t e  i n  the  precooler. 

The gas then passes through the reactor and 
The heated gas proceeds t o  the high-pressure turbine, 

The gas discharged from the turbine goes through the  
Finally, the 
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Control 
Load changes a re  accommodated i n  two ways. Sustained changes i n  

output a re  effected by varying the pressure leve l  of the system. 
method of control, efficiency is  substant ia l ly  constant over a wide range 
of loads since the temperature differences and gas veloci t ies  within the 
system remain constant. 
the  system in to  the low-pressure accumulator o r  by adding gas t o  the system 
from the high-pressure accumulator. 

With t h i s  

The load changes a re  made by bleeding gas out of 

An extremely rapid change i n  load can be effected by bypassing the 
power turbine.  This method of regulation is par t icular ly  effect ive i n  
guarding against overspeed, or accommodating a sudden load dump, as i n  
maneuvering a ship propulsion plant .  

The reactor has a negative temperature coeff ic ient  of reac t iv i ty  and 
is s tab le  t o  neutron t rans ien ts .  
variation, however, a f fec ts  the  operating temperature because of the  
poisoning ef fec t  of the nitrogen. The reactor temperature increases about 
150°F as the  parer leve l  is  reduced t o  zero from f u l l  power. 
desirable t o  maintain constant turbine-inlet  temperature over the en t i r e  
power range, adjustable reac t iv i ty  control must be provided. 

Control of turbine output by pressure 

If it is 

Safety shutdown or rapid control is  provided by means of boron-loaded 
graphite rods operating i n  the  re f lec tor .  As described below, xenon 
diffusing in to  the  gas stream from the fue l  elements is removed by charcoal 
t raps ,  and these offer an intriguing al ternat ive control poss ib i l i ty .  While 
one t r ap  is i n  operation, a duplicate would be undergoing regeneration. 
Storage of the xenon from t h i s  t r a p  would provide a supply of poison which 
could be re lewed in to  the  gas stream a t  any desired r a t e  fo r  reactor 
control, and removed again by the operating t rap .  

The safety shutdown rods would need suf f ic ien t  negative reac t iv i ty  
t o  enable the reactor t o  be brought down t o  room temperature (10 t o  2% Lyc ) .  

The escape of a l l  the nitrogen coolant would add another 1% cy(, or about 
200°F, which m u s t  a l so  be added t o  the safety-rod requirement. 

14 



2.4 Gas Clean-up System 
The experbents  done w i t h  the  Los Alamos Sup0 Water Boiler off-gas 

indicate that  about 3% of the  gross residual gamma a c t i v i t y  w i l l  be 

vo la t i l e  and readily escape in to  the gas stream.21 I n  addition, so l id  
f i s s ion  products, graphite, and uranium w i l l  be present i n  the form of 
dust of unknown pa r t i c l e  s i ze .  
Fig. 2.2 which serve only t o  protect the turbine against  dmnage. 
f i n e  dust is collected i n  the bypass stream shown wherein the tenrperature 
of the gas is reduced somewhat and then passed through e lec t ros ta t ic  
precipi ta tors  o r  other col lector .  
by a blower, i f  necessary, as the bypass stream i s  r e t u r n e d t o  the main 
system. 
t o  the charcoal t raps .  
iodine almost completely from the  gas stream and w i l l  handle the en t i r e  
gas content of the system a few times an hour. 
t o  the system by a compressor. 

Coarse in-line screens a re  shown i n  
The 

The pressure drop suffered is restored 

An even smaller stream is diverted from the precipi ta tor  eff luent  
These a re  designed t o  remove xenon, krypton, and 

The eff luent  is  returned 

2.5 Turbine Clean-out System 
Whatever the efficiency of the gas clean-up system, some par t icu la te  

m t t e r  w i l l  be carr ied through the en t i r e  system. I n  view of recent 
successful experience w i t h  gas turbine plants burning powdered coal, th i s  

does not appear t o  be a serious problem. However, the e f fec t  of these 
deposits on the performance of the plant,  and means of removing them, would 
cer ta inly be an important objective of the  experiment. The experimental 
plant  should be designed so  t h a t  the en t i r e  turbine-exchanger portion could 
be f i l l e d  o r  sprayed w i t h  detergent or  m i l d  ac id  solution, w i t h  provision 
f o r  disposing of the washings. 

3 .  DISCUSSION 

3.1 Advantages 
The d i rec t  gas turbine cycle powered by an impregnated graphite 



reactor  provides a number of a t t r a c t i v e  advantages as follows: 

High Burn-up 
The l i f e  of an unclad f u e l  element a t  t h e  low loadings kO.1 g/cc ) 

used is f a i r l y  ce r t a in  t o  be long, although t h i s  is unproved. The reactor  
aperating economics and processing costs would be a t t r ac t ive  a t  5% burn-up 
and increasingly s o  as t h i s  is increased. 
would be a reasonable expectation based on the  present erosion and corrosion 
data. 22 

Ten t o  twenty per  cent burn-up 

Continuous Loading and Unloadirq 
Abil i ty  t o  add and discharge f u e l  while a t  power adds grea t ly  t o  the 

safe ty  and convenience of operation. The safe ty  feature derives from the  
f a c t  t h a t  a continuously loaded reactor requires no excess r eac t iv i ty  f o r  
burn-out and poisoning compensation and no devices f o r  control l ing the  
excess. 
1% by eliminating fuel ing shutdowns and the  l i f e  of equipment i s  increased 
because of fewer s tar t -up s t r e s s  cycles. 

The plant  fac tor  and ava i l ab i l i t y  a re  increased as much as 5 t o  

Radial Fuel Motion 
A feature of advantage t o  heat-transfer design and t o  reactor  control 

i s  a steady-state temperature and power p ro f i l e .  
temperature a t  d i f fe ren t  portions of the f u e l  a t  d i f fe ren t  times i n  the 

burn-up cycle a re  d i f f i c u l t  t o  design f o r  and require large control elements 
i n  s ta t ionary f u e l  concepts. 

Variations i n  power and 

I n  the  concept shown, the  f u e l  i s  loaded at  
the  periphery of the  reactor  and moves slowly toward the  posi t ion of highest 
flux i n  the center,  where it is discharged. This r ad ia l  f u e l  motion not 
only helps t o  reduce the  cent ra l  f lux peak, but keeps a l l  pa r t s  of the  reactor  
a t  a steady s t a t e  of temperature and power dis t r ibut ion.  

Fission Product Recovery from Gas Stream 
There i s  no question but t h a t  several  gaseous f i s s ion  products can be 

16 



e f f i c i en t ly  removed fram the  circulat ing gas stream of t he  plant .  
xenon, and krypton have been sham t o  be readi ly  handled w i t h  a bypass 
charcoal absorption system. 
the Los Alamos Water Boiler have produced the basic knowledge required, 
and other experimenters have a l so  confirmed these r e su l t s  elsewhere. 

The extent t o  which other f i s s ion  products w i l l  be vo la t i l e  and 

Iodine, 

The experiments mentioned with off-gas from 

col lec t ib le  e i the r  as gases or par t iculates  must be determined by t r ia l  
and would represent an important objective of the reactor experiment. 

Cycle Efficiency F'actors 
a. Turbine I n l e t  Temperature. The usable range f o r  th i s  variable 

is I200 t o  1300°F. 
s e l ec t  14OO0F as t h e i r  design point.  
machines i n  commercial use today operate above l27O0F. 
13OO0F has been selected f o r  t h i s  study as being a readi ly  achievable f igure.  
When the manufacturers of turbamachinery show that they can handle 14OO0F 

gas, cer ta inly the  impregnated graphite reactor can produce it. 

M o s t  s tudies of reactor-heated gas turbine cycles 
However, none of the closed-cycle 

For t h i s  reason, 

b. System b e s s u r e  Drop. The e f fec t  of over-all  system pressure 
drop on the  cycle efficiency and nitrogen f l o w  r a t e  is  quite large.  
s tudies  frequently allow 6 or f i  of the  system pressure f o r  the  en t i r e  system 
pressure drop i n  order t o  show a high cycle efficiency. I n  th i s  study 
has been allowed with one quarter of it i n  the reactor.  This is quite i n  
l i n e  with the  pressure drop real ized i n  the  air-heaters i n  commercial 
closed-cycle gas turbine plants ,  and cer ta inly should be achievable i n  the 

reactor plant .  

Design 

c .  Regenerator Effectiveness. The e f f ec t  of regenerator effect ive-  
ness on cycle efficiency is a l so  qui te  marked, although it does not a f f ec t  
flow rate. 
t h i s  requires large amounts of surface, is expensive, and contributes t o  a 
higher system pressure drop. 
90 t o  95% can be readily achieved i n  pract ice .  
selected as cer ta inly being achievable. 

Very high effectiveness can be achieved, 95s and higher; however, 

Authorities i n  the  f ie ld  seem t o  f e e l  that 

For t h i s  study, 8@ has been 
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An attempt has been made t o  se lec t  a l l  variables on the conservative 
s ide.  Even so, the  net r e su l t  is a very a t t r ac t ive  cycle efficiency of 

30.3%. 
found i n  references 20, 23, and 24. 

A detai led description of t h i s  and other applicable cycles may be 

d. Comparison w i t h  Helium Cycle. The operating conditions and 
cycle parameters chosen f o r  t h i s  study were overly pessimistic.  
of course, done intentionally i n  order t h a t  t h i s  project,  if undertaken 
immediately, might undergo the usual '"bad breaks" and s t i l l  y ie ld  the 
predicted performance without undue delays i n  obtaining equipment. 

This w a s ,  

I n  Table I, the  cycle of t h i s  study is compared t o  a helium 
I cycle with a more favorable select ion of operating conditions. 

assumptions chosen f o r  the helium cycle a re  not a t  a l l  unreal is t ic ,  but a re  
generally considered t o  be achievable w i t h  present technology. 

The 

TABLE I 
Comparison of Pessimistic Nitrogen Cycle with Optimistic Helium Cycle I . 

Net e l ec t r i ca l  output 
Turbine i n l e t  temperature 
Over-all system LIP 
Regenerator effectiveness 
Reactor heat output 
Net cycle efficiency 

Nitrogen 
20 Mw 

13OO0F 
% 

8 6  

30 -3% 
66 ~w 

Helium 

14OO0F 
20 Mw 

7% 
93% 
49.5 
40 03% 

Availabi l i ty  of Turbine Equipment 
Studies2' indicate tha t  the power cycle is re la t ive ly  unaffected by 

the  nature of the working f lu id .  Helium, nitrogen, and carbon dioxide 
have a l l  been sham t o  be usable w i t h  only minor variations i n  cycle e f -  
ficiency, assuming, of course, that the turbomachinery and heat exchangers 
a re  properly designed f o r  the working f l u i d  selected. 
th i s  subject usually se lec t  helium f o r  the  working f l u i d  because of i t s  
low neutron cross section and ine r t  nature. These character is t ics  a re  
postulated t o  ease the  reactor design problems. 

The many papers on 
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Nitrogen has been selected as the working f l u i d  f o r  the power plant  
proposed herein f o r  exactly the opposite reason--that it eases the turbo- 
machinery design problems. 
f o r  use with nitrogen and could be adapted t o  the  Turret reactor with a 
minimum of delay and developmental expense. 
duce the  reactor control problem, would r e su l t  i n  smaller heat-transfer 
equipment, and would produce a higher net cycle efficiency. 
that Turret reactors would adopt the  helium cycle as soon as prac t ica l .  

nitrogen has been studied experimentally a t  Los A l a m o ~ . ~ ~  

run w i t h  e l ec t r i ca l ly  heated graphite tubes at  temperatures and gas flow 
ve loc i t ies  corresponding t o  those proposed f o r  Turret. 
drawn that Turret f u e l  elements would not be appreciably attacked during 
a t  least a one-month exposure, unless some unknown radiat ion e f fec t  occurred. 

If a t  some l a t e r  date helium turbomachinery should prove t o  be available 

Air-cycle machinery operating today is sui table  

The we of helium would re- 

It is  expected 

Corrosion-erosion of bare uranium-impregnated graphite by flowing 
The t e s t s  were 

The conclusion was 

and re l iab le ,  th i s  reactor concept can readi ly  be adapted t o  a helium cycle,  
The important change would be t h a t  the  reactor flow area, and therefore the  
over-all  reactor s ize ,  would be somewhat reduced. 

Neutron activation, normally considered t o  be a problem when using 
nitrogen i n  closed-cycle reactor parer plants,  is not important i n  t h i s  
scheme. 
working f l u i d  and, therefore, the  turbomachinery m u s t  be operated and 
maintained remotely. 
compared t o  the f i s s ion  product ac t iv i ty  which w i l l  be present,  

The assumption must be made that f i s s ion  products diffuse in to  the 

Neutron act ivat ion of nitrogen is only a minor ac t iv i ty  

3.2 Limitations and Disadvantages 
Use of Unclad Fuel Elements 
The bare f u e l  elements proposed a re  a t  once an advantage and a dis- 

advantage--they make f u e l  recovery and reimpregnation extremely cheap and 
simple, but they allow rapid diffusion of f i s s ion  products i n to  the gas 
stream. 
effect ive f o r  xenon and krypton, and probably f o r  iodine, but j u s t  where 

The gas clean-up equipment proposed is  f a i r l y  cer ta in  t o  be 

. '. 



the  par t icu la te  matter w i l l  lodge i n  the system is uncertain. 
amounts and pa r t i c l e  s i ze  a re  unknown, and the e f fec t  on turbine efficiency, 
maintenance, e tc  . , undetermined. The disadvantage of having t o  shield 
and remotely operate the  en t i r e  system i s  severe. Clad f u e l  elements, on 
the  other hand, would severely l i m i t  burn-up and make fue l  recovery expensive, 
The operation and maintenance of a contaminated turbine i s  a complication 
which cannot be r e a l i s t i c a l l y  evaluated without experience. 

Both the 

Temperature Limitation 
A t  present the graphite-nitrogen system seems t o  be s tab le  f o r  any 

temperature conditions fo r  which turbines a re  now available.  As improved 
turbine equipment allows higher operating temperature, a f u e l  temperature 
might be reached (near 2500°F) where the nitrogen-carbon reaction would, 
cause excessive fue l  element erosion. If h e l i u m  turbines become available 
by tha t  time, the temperature l i m i t  w i l l  again be raised. 

Scale-uE 
A t  the present time, closed-cycle gas turbine equipment has not been 

b u i l t  i n  s izes  over 12.5 Mw e lec t r i ca l  output. Manufacturers of t h i s  type 
of equipment contend, however, that there  a re  no par t icu lar  l imitations i n  
going t o  units of much higher capacity. 

Containment 
A Turret reactor would require a secondary containment s h e l l  of some 

kind since the en t i re  system contains radioactive gas a t  500 ps i .  This s h e l l  
might present a d i f f i c u l t  design problem since cer ta in  operations, such as 
fue l  charging, would have t o  go on inside it, 

Economics 
Although studies of the cost  of such a reactor power plant as i s  pro- 

posed appear very favorable, the actual  f a c t  i s  that very l i t t l e  knowledge 
r e l a t ive  t o  t h i s  system w i l l  be available unless a t e s t  i s  made, since the  

20 



necessary complexity of handling equipment is impossible t o  estimate i n  
advance. 

4. CONCLUSIONS 

The T u r r e t  reactor operating on a nitrogen cycle offers  promise of a 
power plant  which can be b u i l t  using technology and materials now available.  
The 66 Mw heat level ,  20 MrJ net e l e c t r i c a l  output version described herein 
is a s i z e  f u l l y  useful f o r  economic application. 

The adaptation of the reactor t o  a helium cycle offers  promise of h- 

proved economy as technology is developed. 

5. RECOMMENJXTIONS 

It is recommended that a small-scale complete reactor experiment be 

i n i t i a t e d  immediately. 
Before launching in to  the design of a 20 Mw, or larger ,  plant ,  some 

preliminary information should be obtained on the following items: 
a.  
b. 

c , Permissible burn-up. 

d. Activity leve l  throughout the en t i r e  system. 
e. Effectiveness of technique f o r  gas clean-up system. 
f . Maintenance d i f f i c u l t i e s  with the  radioactive turbomachinery. 

Rel iab i l i ty  of the f u e l  charging mechanism. 
Long-term s t a b i l i t y  of the  f u e l  under reactor conditions. 

A 1 Mw Turret reactor using a modified open-cycle gas turbine w i t h  

in tegra l  compressor could be obtained w i t h  minimum delay. The system would 
give no e l e c t r i c a l  output, but would provide the  information required t o  
design a complete 20 Mw e l e c t r i c a l  plant .  
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APPENDIX 
AQUEOUS IMPREGNATION OF GRAPHITE WITH URANIUM 

I n  tests made t o  determine the  quantity of uranium that  could be added 
t o  graphite by simple evaporation of solutions within the graphite pores, 
the following method was used. 

Graphite, heated t o  100°C, was added t o  a concentrated, boil ing,  uranyl 
n i t r a t e  solution. 
was 6OoC. 
a 7 mm hole along the axis. The volume of these samples averaged 8.0 k 0.3 m l  

as determined by immersion i n  mercury (which did not enter  the pores) .  

The solution was a t  1 2 0 ° C  and 585 mm. Its freezing point 
The graphite cylinders were 13 mm i n  diameter and 73 mm long w i t h  

After boil ing f ive  minutes, the  solut ion was allowed t o  cool  slowly t o  
6OoC. 
dipped i n  d i s t i l l e d  water, and drained. A f t e r  air-drying f o r  20 hours, they 
were placed i n  an air oven and heated a t  6 6 ' ~  for  another 16 hours. 
they were heated t o  8OO0C f o r  20 minutes i n  a stream of helium. 
cooled rapidly i n  a vacuum. 

Next, the samples were removed from the uranyl n i t r a t e  solution, 

Finally,  
They were 

The weight gains a re  sham below. 

Original Density, W t .  a f t e r  Gain as Gain as 
Sample Wt,,*g a/cc treatment, @; U,70R, @; u, a 
A 12,9696 1.62 E .9671 -0.0025 ---- 
(blank ) 

B 13 1453 1.64 15.2874 2.1421 1.81 
C 13.1816 1.65 15.2187 2.0371 1.72 
D E 08759 1.61 15 0765 2.2006 1.86 

Loading, 
a u/cc 
---- 
0.226 
0.216 
0 0233 

Av. 1.63 Av. 0.225 
*Weighed a f t e r  the samples were heated t o  8OO0C i n  a vacuum before impregnating. 

Upon sectioning and x-ray examination it w a s  found that the  uranium w a s  
evenly dis t r ibuted i n  these specimens. I n  other t e s t s  it w a s  found t h a t  the  
d is t r ibu t ion  of the uranium could be controlled t o  some extent by leaching 
a f t e r  the impregnation and before the  samples were dried. 
that  the quantity of uranium could be increased over the 0.225 g U/cc shown 
above by multiple loadings. 

It was a lso  found 



With d i lu t e  solutions l i g h t  loadings can be reached i n  one soaking. 
Values of 0.026, 0.025, and 0.078 and 0.080 g/cc were obtained w i t h  d i lu te  
solutions on graphite samples of different  densi t ies .  
f o r  the highly enriched Turret is 0.08 g/cc . 

The loading required 

Cylinders of up t o  1.7 in .  i n  diameter have been loaded w i t h  up t o  12 

weight per cent uranium oxide. 
t o  vary no more than kO.5 weight per cent. 

The d is t r ibu t ion  of uranium oxide w a s  found 
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