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NEUTRONIC  DESIGN FOR A LITHIUM-COOLED 

REACTOR FOR SPACE  APPLICATIONS 

by Char les  L. Whitmarsh,  Jr .  

Lewis  Research  Center  

SUMMARY 

The  neutronic  design is presented  for a lithium-7  (Li  )-cooled  reactor  concept  for 7 

space  application.  Performance  goals  are a power  output of 2.17  megawatts  thermal 
for 50 000 hours with a coolant  outlet  temperature of 1222 K (2200 R). 

The  reactor  core  consists of a cylindrical  arrangement of 247 fuel  pins  (93.2  per- 
cent  enriched  uranium  nitride (UN) clad  with  the  tantalum  alloy  T-111) of which 66 are 
in six control  drums  located  symmetrically  around  the  core.  Control is achieved  by ro-  
tation of fuel  into  and  out of the  stationary  core. In the  space  between  the  drums is a 
stationary  reflector  made  from  the molybdenum  alloy  TZM.  The core,  drums,  and  re- 
f lector  are contained  in a T-111  pressure  vessel.  End  reflectors of TZM a r e  provided. 
Nominal  dimensions of the  core are 19 centimeters  (48.3  in. ) radius  and 38 centimeters 
(96. 5  in.) length  with 9-centimeter-  (22.9-in. -) thick  radial  reflectors  and  5-centimeter- 
(12. "-in. -) thick axial reflectors. 

A fuel-loading  arrangement of 0. 355, 0. 377, and  0.42  core  volume  fraction of UN, 
respectively,  in  radial  zones  from  the  center out  to  the  drums  provided  sufficient ex- 
cess  multiplication  and a control  swing of 8.  51-percent Ak/k. Control  swing  require- 
ments  in  percent Ak/k were  1.47  for  fuel  loss,  1.09  for  temperature  defect,  0.95  for 
axial fuel  growth,  and  4.39  for  shutdown  margin. A control  curve  (reactivity  against 
drum  rotational  position)  was  calculated,  from which the  beginning-of  -life  drum  position 
of  118' from shutdown was  obtained. 

Radial  power  distributions  were  calculated  for  drum  positions  between beginning 
and  end of life.  These  distributions  indicated  that  fuel  loading  in  the  drum  pins  was 
limited by a design  criterion of 51-percent  creep  in the fuel  cladding.  Core  characteris- 
tics  such as neutron Lifetime, effective  delayed  neutron  fraction,  and  core  spectra  were 
calculated. In addition,  reactivity  effects of loss of coolant,  water  immersion,  fuel 
melting,  and  fuel bowing accidents  were  considered. 
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INTRODUCTION 

The  need for substantial  amounts of electric  power  for  space  missions  has  been 
widely  recognized.  At  Lewis  Research  Center,  programs are underway  to  develop the 
required  technology for a space  power  system  using a nuclear  reactor as the  heat  source. 
Early efforts were  devoted  to  consideration of various types of reactors  (refs. 1 to 3), 
although the  fast-spectrum,  liquid-metal-cooled  reactors  were  attractive  from  the start. 
Low weight  and  long life requirements  favored  the  fast-spectrum  cores  because of the 
inherent  small  size  and high fuel  density of this reactor  type. 

However,  the  amount of reactivity  to  be  controlled led to  studies of various  methods 
of providing  this  control  margin  (refs. 3 to 10).  Moving fuel,  external  reflectors  and 
moderators,  and  internal  reflectors  and  moderators  were  considered  for  control  sys- 
tems,  in  addition  to  fuel zoning to  augment  the  control range. 

In order  to  coordinate the various  nuclear  design  efforts  with  the  material  and 
thermodynamic  design  efforts, a reference reactor for  further  system  study  was  se- 
lected.  Basic  operational  requirements  for  the  reactor are that it provide  2.17  mega- 
watts of heat  for 50 000 hours with a coolant  outlet  temperature of 1222 K (2200 R) to a 
Brayton-cycle  power  conversion  system. After review of the  work  up  to  this  point  and 
consideration of the  operating  requirements of the  power  system, a liquid-metal-cooled, 
refractory-metal  reactor  with a rotating  fueled-drum  control  system  was  adopted a s  a 
reference  design. 

The  purpose of this report is to  present  the  results of the  neutronic  analysis of this 
reference  reactor  design.  Primary  efforts  were  devoted  to  fuel zoning, control  system 
analysis,  and  power  distribution  calculations.  Also  included are data on  accident 
analyses,  kinetics  parameters,  and  flux  spectra.  All data a r e  the  result of analyses 
based on  multigroup  transport  theory  calculations of static  reactor  models. 

The  design  philosopy  followed  herein  was  to  ensure  that  sufficient  reactivity  was 
available  to  exceed  minimum  requirements  in  order  to  allow  for  unforseen  reactivity 
requirements that may  occur  in  later stages of design. For example,  engineering 
fabrication  tolerances  generally  exceed  those  estimated by reactor  analysts. 

DESCRIPTION OF REACTOR 

The  reactor  consists of an  array of fuel  pins,  surrounded by a reflector  and a pres- 
sure  vessel, with single-pass  coolant  channels  (fig. 1). In  the  reference  design,  181 
fuel  pins are arranged in a six-pointed star shape  to  represent  the  stationary part of 
the core.  Sixty-six  additional  fuel  pins are distributed  in six movable  control  drums 
(fig. 2). The  fuel is uranium  nitride (UN) with the uranium  being  enriched  to  93.2  atomic 
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Figure  1.-Reactor  schematic. 
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Figure 2. - Cross section of reactor core. 



percent of uranium-235 (U235) and  the  fuel  cladding is T-111 (a tantalum  alloy).  The 
stationary  fuel is surrounded by a fixed  reflector of TZM  (a  molybdenum  alloy)  and s jx  
control  drums.  Each  control  drum  contains a reflector,  T-111 as a poison,  and  fuel. 
The  core is contained  in a 0.635-centimeter-  (0.25-in. -) thick, T-111 pressure  vessel. 

Fuel zoning has  been shown in a previous  study (ref. 7) to be  desirable  for  externally 
controlled,  creep-limited  reactors.  Therefore,  the  pins are grouped as follows:  zone I 
includes  the  central 73  pins,  zone II the  next  90  pins  (in  the  stationary part nearest  the 
core  center),  and  zone III includes  the  18  stationary  core  pins  located on the star points 
(three  pins  in  each point) and  the 66 drum  pins.  The  distribution of fuel  between  these 
zones  was  determined  in  the  design  calculations. 

The  stationary  pins are separated  into a triangular  lattice by a tubular  honeycomb 
structure of T-111  with  0.0254-centimeter-  (10-mil-)  thick  walls (fig. 3(a)).  The  honey- 
comb forms  0.102-centimeter-  (40-mil-)  wide  coolant  channels  around  each  fuel  pin 
through which 88  percent of the  Li  coolant  flows.  The  remaining  coolant  flows at a re- 
duced rate through  the  tricusp  region  between  the  honeycomb  tubes (ref. 10).  Total  cool- 
ant flow rate is 9.4  kilograms  per  second  (20.7  lb/sec). 
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Fuel-pin  construction  includes  an  active  zone of 37. 592 centimeters (148 in. ) filled 
with  10 fuel  pellets  and with expansion  regions at each  end (fig.  3(b)). Fuel  pellets are 
cylindrical  with  an axially concentric  hole  designed  to  provide space for  the  fuel to swell. 
This  geometry  produces a lower  fuel  temperature  than a solid  pellet  with  comparable 
swelling space arranged as a peripheral gap. Fuel zoning can  be  accomplished  by  vary- 
ing the  hole  diameter,  which  in  turn  varies  the  amount of fuel  in  the pin. The  expansion 
regions  and  central  hole  also  represent  space  for  fission  gas.  Locking  mechanisms at 
each end increase  overall length to  43.8  centimeters  (17.25 in. ). The fuel cladding is 
0.147-centimeter-  (58-mil-)  thick  T-111 with a 0.013-centimeter-  (5-mil-)  thick  tungsten 
(W) liner.  The pin outside  diameter is 1.912  centimeters  (0.75  in.).  The two locking 
mechanisms connect  to  grid  plates of T-111.  Adjacent  to  each  grid  plate is a 5.08- 
centimeter-  (2-in. -) thick TZM axial reflector. 

The  control  system  consists of six drums  spaced evenly  around  the  core  (fig. 2). 
Each  drum  contains 11 fuel  pins  and a segment of T-111  which acts  as a neutron poison. 
Reactivity is controlled by rotating  the fuel into  and  out of the  core.  The  drums are con- 
structed with  TZM and are  operated by individual  drive  motors  placed  external  to  the 
pressure  vessel.  Drum  fuel  pins  are  identical  to  stationary  fuel  pins  except  that coolant 
channels are  bored  into  the  drums  instead of being  formed by a honeycomb structure. 

A  single-pass  coolant flow is used  and  an  attempt  has  been  made  to  keep  the  number 
of different  materials to a minimum.  For  example,  T-111 was used  for  fuel cladding, 
structure,  pressure  vessel,  and  drum  pcison. Although no shield is shown in  the  figures, 
i t  is anticipated  that one will  be  required.  The  reactivity  effects of a closely coupled 
shield  have  been  accounted  for  in  the  calculations  described  in  the  next  section by ex- 
plicitly  including a 7.62-centimeter- (3-in. -) thick layer of lithium  hydride  (Li H) around 
the radial periphery of the reactor. 
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CALCULATIONAL  PROCEDURE 

All  criticality  calculations  were  made with the TDSN (ref. 11) and  the DOT (ref. 12) 
neutron  transport  programs.  The  cross  sections  for  these  calculations  were  generated 
with  the GAM program (ref. 13) for  energy  groups  above  0.414  electron  volt and  with the 
GATHER program (ref. 14) for  energy  groups below  0.414  electron  volt. All c ross  
sections  were  flux  weighted  over  the  spectrum  that would be  present  in  the  particular 
region of their use; for  example,  core  cross  sections  over a core  spectrum,  and so forth. 
For  the most  part 13 - and  4-group  energy  splits were used,  the  details  and  adequacy of 
which are described  in  references  4  and  8.  Computer running time was reduced  by not 
including a thermal  group (0 < E < 0.414 eV) in  these sets. The  thermal  group was con- 
sidered  unnecessary  because  the  lack of moderating  materials  in  most  situations cal- 
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culated  herein  precluded  the  existence of a significant  number of neutrons  in  that  energy 
range. Isolated  cases  requiring a thermal  group  utilized 14- and  5-group  energy splits. 

Transport  calculations  were  performed  with  code  options  ranging  from 1D S4Po 13 
group  to 2D S2P0 4 group  in  order  to effect a reasonable  tradeoff  between  accuracy,  com- 
puter  running  time,  and  computer  storage  limitations.  The  notation  scheme for code 
options  can  be  described as follows: 1D is a one-dimensional  approximation of the real 
geometry, S4 represents  the  angular  quadrature of fourth  order for solving  the Sn 
tranport  equations, Po represents  cross  sections which  contain a correction  to  approxi- 
mate  nonisotropic  scattering  based  on a calculational  scheme  using  only  the first term 
of a Legendre  polynomial  expansion  solution  to  the  transport  equation,  and 13 group is the 
number of discrete  energy  groups  for which  the  multigroup  transport  equation  will  be 
solved.  Reactivity  corrections  between  the  various  levels of calculational  sophistication 
were  determined  (table I). These  data are useful  in  estimating  higher  -order  (more 
accurate)  results  from  lower-order  calculations. In addition,  based  on  critical  experi- 
ment  analyses  (ref. 15), an  undefined bias of +2.9 -percent Ak/k exists in  the  criticality 
calculations  reported  herein.  This  bias is believed  to  be  caused by er rors   in   c ross  
sections of molybdenum. 

The  three  calculational  geometries  used are shown in  figure 4. Radial  regions  can 
be well  represented by either XY or R 8  models,  but  neither  can  adequately  represent 
axial regions.  The R Z  model  can  represent axial regions  but  requires that all radial 
regions  be  cylindricized, a considerable  distortion  from  real  geometry.  One-dimensional 
calculations  used  the  RZ  model  for  radial  zones  and  an  extrapolated  height  (core  height 

TABLE I. - COMPARISON OF CODE INPUT  OPTIONS 

IN CRITICALITY CALCULATIONS 

I Parameter  

I 

s2  - s4 
s2  - s4 
s2  - s4 
sa - s4 

4 Group - 13  Group 
RZb - XYc 
Red - XY 

Code input" I P e Z n t  

Percent 
A k/k 

1D Sa 4 group - 1D S4 4 group 
RZ S2 4 group - RZ S4 4 group 

-0. 50 -0. 60 

-. 65 -. 78 RB S4 4 group - XY S4 4 group 
-. 10 -. 12 RZ S4 4 group - XY S4 4 group 
-. 18 -. 22 1D S4 4 group - 1D S4 13  group 
.30  .36  XY  S2 4 group - XY S4 4 group 

-. 47 -. 57 RB S2 4 group - RB S4 4 group 
-. 86 -1. 04 

1 

J 

aAll  calculations  were  performed  on a drums-rotated-full-in  reactor  con- 

bTwo-dimensional  cylindrical  geometry  using  radial  and  axial  dimensions. 
CTwo-dimensional  geometry  using  Cartesian  coordinates  in  the  radial  plane. 
dTwo-dimensional  cylindrical  geometry  using  radial  and  azimuthal  dimen- 

figuration,  and all cross  sections  were Po transport  corrected. 

sions. 
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plus  reflector  savings)  to  approximate all axial zones.  The  procedure  followed  to  de- 
termine  the  reflector  savings was to  do  an XY calculation  with  an  assumed  reflector 
savings.  Then,  with  material  volumes  in  each zone preserved,  radial  dimensions  were 
adjusted  to  get  the  same  multiplication  factor k from a one-dimensional  radial  calcula- 
tion. An R Z  calculation  with  the  cylindricized radial geometry  and  real  axial  dimensions 
w a s  performed  to  obtain  the  correct  reflector  savings.  Material  mixtures for  these  cal- 
culations are itemized  in  tables 11 and 111. 

Reactivity  values  reported  herein were generally  based on two noncritical  reactor 
configurations.  Thus,  the  definition  for  reactivity  becomes 

Percent - - Ak - k2 - kl x 

klk2 

where kl is the  multiplication  constant of the  reference  configuration  and k2 is the 
multiplication  constant of the  perturbed  reactor. 

duced  in  an  average  fuel pin. The  calculational  model  used  for  these  calculations  was 
based on room-temperature  dimensions  and  material  densities  even though the  reactor 

Power  distributions are reported as P/F, the  ratio of local  power  to  the  power  pro- 
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Material 

U235N 
~i~ 
TZM 
T-111 
W 
Li% 

aTZM - 99.42  wt. % Mo, 0. 5 wt. % Ti, and  0.08  wt. % Z r ;  assumed  to  be  pure 

bT- l l l  - 89.2  wt. % Ta, 8 . 5  wt. % W, and  2.3 wt. % Hf. 
Mo i n  all calculations. 

TABLE 111. - MATERIALS  FOR ID RADIAL  AND  2D RZ MODELS 

Density, 

Fueled zone 

14.2 
a. 516 

10.2 
16.72 
19.3 

. a  

Inner 
reflector 

"" 

16.4 
83.6 
"" 

"" 

"" 

Volume percent  in- 
"" ~ . . ~ ". 

. .. 

"" - - - - - - - 
4.3 

--- 54.6 
--- 45.4 92.9 
100 ---- 

"" 

"" - - - - - - - 
"" - - - - - - - 

vessel 

-" 
"_ 
_ "  
100 
"_ 
"_ 

?lenum 

- 

" 

47 
" 

33 
" 

" 

Axial 
*eflector 

" 

3 
97 
" 

" 

-_ 

I 
3hield 

" 

10 
15 
" 

" 

70 

aDensity at 460 K. 
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TABLE N. - EFFECT OF CALCULATIONAL METHOD ON 

RADIAL POWER DISTRIBUTION I N  A  REACTOR WITH 

CONTROL DRUMS ROTATED FULL IN 

Pin  location 
" 

" . - "_ " 

0 -A 
1 -A 
2 -B 
2 -c 1 3-B 
3 -c 1 4 - c  
4 -D 

4 -E 
5 -c 
5 -D 
5 -E 

6 -E 
6 -F 
6 -G 
7 -F 

7 -G 
8 -H 
8 -I 
9 -I 

10 -K 
1 -4 
1-5 
1-6 

1-7 
2 -3 
2 -4 

"See fig. 18. 
~- . 

Reactor at room  temperature  IReactor at operating 

. 1  I 

Ratio of local  power  to  average  power 

1.24 
1. 23 
1 .21  
1 . 2 1  

1. 16 
1. 17 
1.11 
1. 13 

1. 13 
1.08 
1. 15 
1.07 

1. 05 
1 .07  
1. 07 

. 9 7  

.99  

.88  

. 9 0  

.86  

.74  
1.00 
. 9 7  
. 8 5  

. 7 3  

. 8 6  

. 7 5  

1 .25  
1 .25  
1.22 
1.22 

1. 17 
1. 19 
1.11 
1. 13 

1. 13 
1.08 
1. 14 
1. 07 

1 .05  
1. 07 
1.07 

. 9 7  

. 9 8  

.88  

.89  

. 8 6  

.73  

.99  

.97  

. 8 5  

. 7 3  

. 8 5  

. 7 5  

1.24 
1.24 
1.22 
1.22 

1. 17 
1. 18 
1.11 
1. 13 

1. 13 
I. 08 
1. 13 
1. 07 

1. 05 
1. 07 
1. 07 

. 9 7  

.98  

.88  

. 9 0  

.86 

. 7 3  

.99  

. 9 7  

. 8 5  

.73  

. 8 5  

.75  
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would be at operating  temperature when at power.  The  use of room-temperature  power 
distributions  to  represent  the  reactor at operating  temperature (-1220 K) is justified  by 
data  presented  in  table N. Also  shown in  table IV is the  negligible  effect of using  higher - 
order S4 calculations.  Insignificant  changes  (from S2 room-temperature  results) are 
noted in  either case. 

DESIGN REQUIREMENTS 

The  principal  constraints  for  the  design  are that sufficient  reactivity  be  available fo r  
1.09X10 megawatt  hours of operation,  that  sufficient  control  be  available fo r  safe shut- 
down at any  time,  that  l-percent  creep not be  exceeded  in  the  fuel  cladding,  and  that  the 
reactor  be  stable  under  operating  and  credible  accident  conditions. 

4 

Design  procedure  generally  represents  an  iterative  effort  between  requirements  and 
performance. Although the data in  this  section  in many cases  are  based on the  final 
core  loading, this does not  indicate a fortuitous  choice  but  merely  represents  the last 
iteration  in  the  study. 

Reactivity 

The  reactivity  required  for  operation is categorized as follows:  fuel  burnup,  tem- 
perature  defect,  fuel  swelling,  and shutdown margin.  Summation of these  items  provides 
the  minimum  reactivity  capability  requirement of the  control  system. 

hours is 4.77  kilograms of U235. This  assumes  that  each  fission  yields 200 million 
electron  volts  and  that no fissions  occur  in U238. (Calculation of the  reference  design 
indicated  that >99. 5  percent of the  fissions  were  in U235. ) Based on the  reference- 
design  fuel  loading of 181.9  kilograms U235 (206.7  kg UN), average  fuel  burnup by fission 
is 2.62  percent of the U235. In addition  to  fission,  fuel  atoms are destroyed  by  parasitic 
absorption of neutrons. For the  reference  design,  0.19  atom of U235 will  be  converted 
to U236 for  each  atom  that  fissions.  Thus,  total  fuel  loss is 3. 12 percent.  The  reactivit~ 
worth of a uniform  3.12-percent  change  in  fuel  loading was calculated  to  be  1.47-percent 
Ak/k. 

Fuel  loss. - Total  fuel  consumption  by  fission  to  produce  2.17  megawatts  for 50 000 

Temperature  defect. - The  reactivity  loss as the  result of increasing  the  reactor 
temperature  from  cold-critical  to  full-power  operation is called  the  temperature  defect. 
Since  coolant  flow  requires a temperature of at least 460 K, this  was  taken as the  base 
temperature  for  the  cold-critical condition.  The  temperature  defect is caused  by  in- 
creased  dimensions,  decreased  material  densities,  and  Doppler  broadening of neutron 

~~ ". " 
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absorption  resonances.  Comparison of criticality  calculations at the cold  and hot  con- 
ditions  indicates  that  the  reactivity  lost  from  core  and  fuel  expansion is 0. 58-percent 
Ak/k and  from  coolant  expansion is 0.26-percent Akk. Material data for  these  calcula- 
tions are itemized  in  table V. Free expansion of all components  was  assumed.  The 
Doppler effect was  estimated  from  an  empirical  expression developed from data in ref - 
erence  16  for  the  reference-design  core  materials: 

* = 0. 000217T-1 - 0.000728T 
dT 

-0.8 

where dp/dT is the  Doppler  coefficient of reactivity  in  units of (Ak/k)/K, and  T is 
the  temperature  in  degrees K. The  numerical  coefficients  in  this  formula  have  been 
arbitrarily  reduced by a factor of 4 from the calculated values to  account  for a harder 
flux  spectrum  and  to  more  closely  approximate EBR-11 data. Integration  between the 
temperature  limits of 460 and 1200 K results  in a 0.25-percent Ak/k reactivity  loss due 
to Doppler  effect.  Thus,  the  total  temperature  defect is -1.09-percent Ak/k. 

TABLE V. - MATERIAL DATA FOR  TEMPERATURE 

DEFECT CALCULATIONS 

Component 

." . 

Coolant 
Fuel 
Radial  reflector 
Axial reflector 
Pressure  vessel  

Naterial 

~i~ 
UN 
TZM 
TZM 
T-111 

~ 

Average  tem. 
perature at 
full  power 

TpF 
1194 
1228 

2150 

2150 1194 
2160 1200 
2160 1200 
2210 

Average  thermal ex- I 

(a) 
8.1X10-6 (ref. 22) ::: (ref.  23) 1 
7 . 0  (ref.  24) 

aExpansion  was  obtained by the  density  change  calculated  from 
density = 0.562 - 0. OOOlT where  density is in  g/cm  3  and  T 
is the temperature  in  degrees K (ref. 25, p.  4) .  

Fuel swelling. - Irradiation  damage  and  fission  product  buildup  cause the UN fuel to 
swell.  The fuel pin is constructed  to  restrain radial expansion  and  to  allow axial expan- 
sion.  The  extent of this swelling  was  calculated as a function of fuel  burnup with a modi- 
fied version of the CYGRO computer  program  (ref.  17).  These data are reported as per- 
cent change in fuel length  (appendix A, fig.  15).  Based  on  the  power  distribution of the 
reference  design, the axial growth of individual  pins  varied  from  4.7  percent  in  the  cen- 
ter of the core  to  0.2  percent  in  certain  drum pins.  To  account for  this in  the  corre- 
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sponding criticality  calculation, fuel zones  were  grouped  according  to  percent  expansion. 
Details of this  analysis are included  in  the  appendix.  The  resulting reactivity loss was 
0.95-percent  Ak/k  for  an  average pin growth of 1.013  centimeters. 

Shutdown margin. - The shutdown criterion is that  the  reactor  must  be  able  to  attain 
k = 0.99 when two control  drums are stuck  in their most  reactive  position  (full-in o r  180' 
from shutdown). Thus, if the  assumption is made  that  the  reactivity  worth of a drum is 
independent of the  position of any  other  drum, 

". 

(')shutdown 
= 1.01 + L [(y) + e) ] 

3  shutdown excess 

Based on the  previously  determined  excess  reactivity  requirements of 3.51-percent 
Ak/k plus  an  estimated contingency of 0. 5-percent  Ak/k,  the  required shutdown margin 
is 3. 52-percent  Ak/k.  This contingency was included  to  account  for  calculational  un- 
certainties,  fabrication  tolerances,  and  design  conservatism. 

Total control swing. ~ . - - Thus,  the  excess  reactivity of 4.01-percent  Ak/k  and  the 
shutdown margin of 3. 52-percent  Ak/k  indicate a total  swing of 7. 53-percent Ak/k is 
required.  The  corresponding kexcess is 1.0418 (or a calculated  kexcess of 1. 0720 
to  include  the  undefined bias). These data represent  minimum  values  that  the  control 
system  and  the  reactor  must  attain. 

Reactivity Control 

Considerations  from the  standpoint of reactor  control  are  stability  and shutdown 
capability.  Reactor  stability  generally  requires  negative  temperature  and  power  coeffi- 
cients of reactivity.  The  reactivity change  with increasing  temperature  was  previously 
shown to  be  negative. A stability  study of the  reference  design was  reported  in refer- 
ence 18, in which limits on reactivity  addition were calculated  for  various  operating 
conditions. 

The  use of Li as a coolant,  with its low absorption  cross  section,  avoids  the  posi- 7 

tive  reactivity  effect due to coolant  expansion  sometimes  encountered  in fast reactor 
systems. A positive  reactivity  effect could occur  from pin bowing. However,  such  bow- 
ing can  be  minimized by mechanical  design.  Since a fast-spectrum  reactor will  have a 
neutron  lifetime of the  order of seconds,  the  necessity  exists  for a rapid  shutdown 
mechanism.  The  use of rotatable  fueled  drums  for a control  system  should  achieve  this 
purpose. 
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Power Distribution 

Because  creep of the fuel cladding is one of the principal stress limitations  in  long- 
lived, high-temperature  reactors, power  distributions are of particular  importance. 
Power  generation  determines clad temperature  and is directly related to  fuel  burnup, 
which in  turn  produces  fuel  swelling.  The  creep-producing stress is caused  by fuel 
swelling,  and  the  resistance  to  creep is a function of temperature.  Based on the refer- 
ence  fuel-pin  design, the allowable  burnup  required  to  produce  1-percent  creep  can be 
calculated as a function of the  fuel  concentration  in a pin. These data were obtained from 
CYGRO code calculations,  the details of which are presented  in  the appendix.  Based on 
the  fuel  loading  in the reference  design, the burnup data were converted  to  allowable 
radial power  ratio  against  fuel  volume  fraction  (fig. 5). The axial peak-to-average 

1.6 

1.5 

0 .- 3 1.4 

s I 
B 

m, 
% 1.3 
Y 
s 
8 

a, 
ol 

- 
0 

m 
- - ._ 

1.2 
C Y  

1. 1 

1.0 

Fuel  volume  fraction 

Figure 5. - Allowable  radial power ratio to l i m i t  
fuel  cladding  creep to 1 percent in 50 000 
h o u r s  of  operation at 2.17 megawatts thermal. 
Number  of  fuel  pins, 247; average b u r n u p  in 
core,  2.44  percent;  average fuel  volume 
fract ion in core, 0.385; axial  peak-to-average 
power  ratio, 1.23; T-111  clad  thickness, 0.147 
centimeter  (58  mils);  tungsten  l iner  thickness, 
0.013 centimeter (5 mils). 
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power ratio  was  incorporated  into  the  curve in figure 5 because its value is insensitive  to 
radial position  and  to  add  some  conservatism  to  the  numbers.  Fuel  zoning  will  depend  on 
allowable  power  ratios  from  figure 5 and  the  amount of control  swing  required  in  the 
drums. 

DESIGN  CALCULATIONS 

Design  requirements  for  criticality  and  control  swing  were  utilized  to  determine  an 
acceptable  fuel  loading.  Operating  characteristics of this  core  configuration were then 
determined. 

Reactivity 

To  meet  the  required  control  swing,  multiplication  constant,  and  power  ratio, a core 
loading of 0 .3  55 volume  fraction of UN in zone I (central 73 pins),  0.377  volume  fraction 
of UN in zone I1 (adjacent 90 pins),  and 0.42 volume  fraction of UN in  zone III (remaining 
18 stationary  core  pins  and 66 drum  pins)  was  calculated. Both the kexceSS of 1. 0885 
and the control  swing of 8 .  51-percent Ak/k listed  in  table VI were  greater  than  the  re- 
quired  values of 1.0720 and 7.53  percent,  respectively. Of the  total  control  swing, 
2.64-percent A k / k  was caused by  the  T-111  poison  segment  and  5.87-percent Ak/k by 
the  movement of fuel. 

TABLE VI. - REACTIVITY OF 0.355,  0.377,  0.42 

VOLUME FRACTION URANIUM NITRIDE 

CORE LOADING 

Calculational  modela 

XY S4Po 4 group 

XY S2Po  4 group 

RB S4Po  4 group 

kshutdown 

""" 

0.9950 

1.0047 

""" 

~ 

kexcess 

1.0907 

1.0871 

1.0985 

1.0885 3 

Control  swing, 
percent Ak/k 

"" 

8. 51 

8 . 5 1  

"" 

aAll  calculations  used a reflector  savings of 11.738 cm. 
bNot calculated  directly  but  synthesized  from  data  in 

table I. This  was  considered  to  be  the  best  value 
for k.  
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The  calculations  made  to  establish  fuel zoning indicated  that  the UN concentration 
was  limited  in  the  central  fuel  pins  by  control swing and  in  the  drum  pins  by radial power 
ratio.  As  the  fuel  concentration  in  central  pins is increased,  the  relative  amount of fuel 
in  the  drums  becomes  smaller,  thereby  decreasing  drum  worth. And for  the  previously 
described loading,  any increase  in fuel concentration of the drum  pins would have re- 
sulted  in a power generation rate that would have  exceeded the l-percent-creep  criterion. 
Considering  the  steep  slope of figure 5, it would appear  to  be  quite  difficult  to  exceed 
0.42 UN volume  fraction  by  much  and still meet  the  l-percent-creep  criterion. 

Part of this  extra  control swing will  be  required  for shutdown because of the greater 
reactivity  worth per drum  in  the  reference  design. In  addition,  calculations  were per- 
formed on  the following reactor  configurations  to  check  the  stuck-drum  criterion: (1) two 
opposite drums  rotated  in  and  the  other  four out,  and (2) two adjacent  drums  rotated  in 
and  the  other  four out. The results, listed  in  table VII, show that  the  reactivity  worth of 

TABLE VII. - REACTIVITY WORTH O F  TWO 

CONTROL DRUMS ROTATED FULL IN 

Configuration 

All six drums  rotated  in 

Two opposite  drums  rotated  in; 
four drums  rotated  out 

Two adjacent  drums  rotated  in; 
four  drums  rotated  out 

Worth of two drums, 
percent Ak/k 

2 . 8 4  

3.  16 

3. 38 

a drum is dependent on the  position of the  other  drums.  The  most  severe  case, two ad- 
jacent  drums  in,  indicates  that  the  shutdown  margin  must  be  increased by 0. 54-percent 
Ak/k above  the  value  predicted  by  one-third of the  total  drum  worth.  Thus, the  shutdown 
margin  required for the  previously  described fuel loading is 4.39-percent  Ak/k.  Incor- 
poration of these data into  the  total  control swing reduces  the contingency  (uncertainty 
allowance) to  0.61-percent  Ak/k  (table VIII). One  component of the  contingency is the 
fuel-loading  tolerance which, however, has  not yet been  established  quantitatively. 

lifetime  (assuming  that  other  criteria,  such as creep,  are not exceeded).  Life  extension 
would require  an  additional  0.07-percent  Ak/k per 1000 hours  based on fuel loss and 
swelling  requirements. 

Any extra reactivity  in  the  control swing  can either  be  shimmed out or used  to  extend 
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TABLE Vm. - REACTMTY COMPONENTS 

O F  CONTROL SWING 

Component 

Fuel  burnup 

Temperature  defect: 
Coolant  expansion  (0.26) 
Fuel  and  structure  expansion (0. 58) 
Doppler  (0.25) 

Fuel  swelling 

Uncertainty  allowance 

Total  excess  reactivity 

Shutdown margin 

Total control swing 

Reactivity, 
Iercent Ak/k 

1.47 

1.09 

. 95  

. 6 1  

4.12 

4.39 

8. 51 

Extra k from  the  previously  described  fuel loading can  be  reduced  by  replacing  fuel 
pellets  with W spacers.  Maximum  worth of -1.53-percent Ak/k per axial centimeter 
of fuel  occurs at the  center of all 247 pins  (fig. 6). Fuel  replacement at each  end of the 
pins  was  worth  about a factor of 3  less.  The axial peak-to-average  power  ratio was un- 
affected by end fuel  removal  and  was  reduced  about 7 percent by central  removal of 
10 percent of the  fuel.  This  technique  can  be  used  to  adjust  the f i n a l  core loading  prior 
to  assembly. 

5 I / Fuel  removal  from 

L Y  
Fuel  removal  from 
ends  of  pin 

I I I 
35 34 33 32 31 30 

0 L 
38 37 36 

Length  of  stat ionary  fuel,   cm 

Figure 6. - Reactivity  worth of tungsten  spacers  inserted  into  al l   fuel 
pins. 
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It is assumed  that  the  reduction of the  1.65-percent Ak/k excess can  be  achieved 
without a significant loss in  control swing. When fabrication  tolerances are included in 
the  analysis  for  the f i n a l  core loading, k will  probably  be  reduced.  Additional  reduction 
could result  from  fuel  removal. If necessary,  selective  fuel  removal could be  used to 
enhance  control  swing;  for  example,  fuel  removal  from  the  stationary  core would in- 
crease  the  relative  amount of fuel  in  the  drums  and  thus  increase  control swing. 

Reactivity Control 

Control  system. - A reactivity  control  curve  was  constructed  from  criticality  cal- 
culations of a reactor  with all control  drums  rotated  to  some  fixed  position  between 0' 
and 180' from shutdown. These  results are plotted  in  figure 7. The  close  approximation 
to a sin 8/2 function  was  noted,  where 8 is the  degrees of rotation  from shutdown. 
Based on previously  described  reactivity  requirements,  drum  positions  for  cold  critical 
and  hot  critical  (beginning of life)  were  calculated  to  be 102' and 118' from shutdown, 
respectively.  The  highest  sensitivity  (~0.15-percent Ak/k per  degree)  occurs  in  the 
70' to 110' range,  with  decreasing  values as the end points of drum  movement are 
approached. 

2 

During  reactor  operation,  reactivity is lost by fuel  loss  and  fuel  growth.  Reactivity 
from  fuel  loss is linear with EFPH (effective  full-power  hours) at the rate of 0.294- 
percent Ak/k per  10 000 hours.  However,  fuel  growth is relatively low for  the first 
20 000 hours  and  increases  to a constant  rate  after  35 000 hours (appendix A, fig.  16). 
Incremental  data  for  reactivity  use  during  operation are tabulated  in  table M to  provide 

/ 
Cold dr i t ical  

/ 

. 2 t ~  
/ 

/ /' 
/ 

I I I I I I I 
0 20 40 60 80 100 120 140 160 180 

Rotation  from  shutdown, deg 

Figure 7. - Control  curve  for  six  drums  rotated  clockwise in unison. 
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TABLE IX. - REACTIVITY REQUIREMENTS DURING  CORE LIFE 

Reactivity  worth of 
fuel  swelling, per- 
cent Ak/k 

Reactivity  worth 
of fuel  burnup, 
percent Ak/k 

Total  reactivity re- 
quirement,  percent 
Ak/k 

Cumulative  reactivity 
requirement  from  be- 
ginning of life, per- 
cent Ak/k 

Fractional  control I m w  

I l Drum position,  de- 

0 to  10 OO( 

0.028 5 

.294 

,3225 

,3225 

,0379 

118 to 
124 

Time  interval, a h r  
~ 

10 ooc 
to 

10 ooc 

?. 04 7! 

,294 

,3415 

,664 

.078 

24 to 
130 

~ 

_ _ _ _ ~  

20 OO( 
to 

25 OO( 

0.057 

. 147 

,204 

,868 

. 102 

30 to 
133 I grees  from shutdown I 

aEffective  full-power hours  (EFPH) of operation. 

25 OO( 
to 

30 OO( 

0. 104! 

.147 

.251C 

1.1195 

,134 

133 to 
138 

30 001 
to 

40 OO( 

0.351 

,294 

.645! 

L .  765 

,2074 

138 to 
153 

40 OO( 
to 

50 OOC 

0.361 

,294 

.655 

2.42 

.2843 

153 to 
180 

a basis  for  determining  drum  position as a function of core  life (fig. 8). Thus,  only 
24 percent of the  drum  rotation  occurs  during  the first half of core  life. 

Kinetics  properties. - Two items,  prompt  neutron  lifetime  and  effective  delayed 
neutron  fraction,  although  generally  considered  to  be  kinetics  properties  can  be  cal- 
culated  with  static  reactor  models.  Thus,  prompt  neutron  lifetime  was  calculated  with 
the TDSN neutron  transport code  using  the  l/v  absorber  technique,  which  states  that 
the  lifetime is directly  proportional  to  the  reactivity  difference  between  reactors with 
and  without a pure  absorber  material.  The  perturbation  method was also  used  to  calcu- 
late neutron  lifetime,  using  the PERTRAN code  (ref. 19). The  calculated  value is 
4X10-8 seconds,  which  represents a consensus of several  calculations  using  different 
models  (table X). 

Using a perturbation  technique  (ref. 20), a value of 1.014  was  calculated  for  the  ratio 
of effective  delayed  neutron  fraction  to  absolute  delayed  neutron  fraction Peff/P. 
Based on an  absolute  yield of 0.0165  delayed  neutrons  per  fission  for fast fission  in U 
(ref. 21, p. 102) and 2. 516 total  neutrons  per  fission  (calculated  for  the  reference  de- 
sign), p equals  0.0066.  The  corresponding  value  for peff is 0.0067. For comparative 

235 
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TABLEX.  -CALCULATEDVALUESOF 

PROMPT NEUTRON LIFETIME 

Calculation  model 

1D S4Po  4-group  transport 

1D  S4Po  13-group  transport 

RZ  S4Po  4-group  transport 

1D P1 4 -group  perturbation 

180 

170 

160 
V 

c 
3 

VI 

c 

E 
c 2 150 

E 
P 
=’ 140 

B 
E 
2 130 
n 

VI 
pl 

V 

0 .- c 
VI 

120 

110 

Prompt  neutron 
lifetime, 

I I u 
10 20 30 40 50x103 

Core life, h r  (EFPHI 

Figure 8. - Drum position during  core life. 
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purposes  the  experimental  lifetime  and peB values  for TOPSY, a natural-uranium- 
reflected highly enriched  sphere, are 1. 8X10-8 seconds  and  0.0072,  respectively  (ref. 21, 
p. 180). 

Reactor  accidents. - A somewhat  cursory  examination  of'reactor  behavior  in  special 
situations  was  made by calculating  the  reactivity  changes  resulting  from  several  accidents. 
The  results,  itemized  in table XI, indicate no potentially  uncontrollable  problems. Loss 
of the Li coolant  caused a 1.52  -percent-Ak/k  loss  in  reactivity. Water immersion, 
which  could occur  during  cross-country  transportation or  as the result of an  aborted 
launch,  caused a 0.49-percent-Ak/k  increase.  This  increase is within  the shutdown capa- 
bility of the reactor. Fuel melting  in  the  seven  central  pins would increase  reactivity by 
0.31-percent  Ak/k.  The  consequence of this is undefined because  it is not known what 
initial conditions will exist  to  cause the  overheating.  Fuel-pin bowing under  the  worst 
combination of assembly  tolerances would increase  reactivity by 0.21  -percent  Ak/k. 
This,  again, is within  the limits of the  control  system. 

7 

TABLE XI. - REACTIVITY EFFECT 

OF VARIOUS ACCIDENTS 

Accident 

Loss  of coolant 

Water  immersion 

Fuel  melting 

Fuel-pin bowing 

Reactivity 
change, 

bercent Ak/k 

-1. 52 

+o. 49 
. - " - -. - 

+O. 3 1 
- ~ 

. . . . . . " . . 

+o. 2 1 

.. ". 

__ 
Remarks 

~ .. - .. " ". - - - -__- 

Unshielded  configura- 
tion  used  to  get  maximum 
effect 

Seven  central  fuel  ele- 
ments  melted  and  fuel 
slumped  to  the axial 
center 

Lateral  movement  limited 
to 0. 015 cm (6  mils) by 
mechanical  design 

..~ ~ ~ "" ." 

"~ "" 

-. . . "" ~ 

Power Distribution 

Axial. - The axial power  distribution has the  typical chopped cosine  shape  (fig. 9) 
and  can be represented  very  closely by the  function  cos  ?rz/l. 44L, where z is the axial 
variable  between -L/2 and +L/2 and L is the reactor  height.  The  peak-to-average 
power ratio is 1.23. Although this  shape  was  calculated along  the axial centerline,  little 
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Figure 9. -Ax ia l  power distribution  at  core  center. 

variance w a s  noted at other  radial  positions. For example,  the  peak-to-minimum  awer 
ratio  varied  from 2. 00 along  the  centerline  to 1. 95 in  the  drum  fuel.  Thus,  it SeeiAS 
reasonable  to  assume a constant axial shape  throughout  the  following  analysis of different 
radial  configurations.  Implicit  in  the  power  distribution  analysis is the  assumption  that 
separability  into axial and  radial  functions is valid. 

Radial. - Because of fuel  movement  caused  by  drum  rotation,  the  radial  power dis- 
tribution  changes  significantly  during  core  life.  Radial  power  maps  representing  the 
power  generation  in  each pin (presented as local-to-average  power  ratio) a r e  included  in 
figure  10  for  eight  drum  positions  between  beginning  and  end of life.  Changes  in  radial 
power  between  the  stationary  pins  and  the  drum  pins  during  core  life  were  quite  different. 
Power  in  the  stationary  pins  was  influenced by flux  shape  and  fuel  loading,  neither of 
which  changed  much. For the  drum  pins,  however,  an  additional  factor  was  the  position 
change  which  significantly  affected  the  flux  environment,  thereby  changing  power  genera- 
tion.  Thus,  maximum  power  occurs  in  the  center pin and  gradually  decreases  from l. 33 
at the  beginning of life  to  1.24 at the end of life.  Other  pins  in  the  stationary  section of 
the  core  generally  show  smaller  power  variations  but still show the  constantly  decreas- 
ing  trend  during  core  life.  Drum  pins,  however, show greater power  changes  and  have 
powers  that  vary  inversely  with  the  separation  distance  between  the pin and  the  center 
of the  core. 

"" 

Creep  analysis. - - For u s e  in  determining  long-time  creep  behavior,  time-averaged 
power  ratios  are  more  appropriate.  These  values (fig. 11) were obtained  by  comparing 
the  power  distributions  in  figure 10 to  drum  position as a function of time.  The  peak 
power in  each  fuel  zone is compared  in  figure 12 to  the  l-percent-creep  criterion.  Cal- 
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(a) Beginning-of-life  drum  position (118" from  shutdown). I (b) A l l  drums rotated lao from  shutdown. 

(c)  Al l  drums rotated 13" from  shutdown. ' (d) Middle-of-life  drum  position (135" from  shutdown). 



I 

(e) A l l  drums rotated 140" from  shutdown. (0 Al l  drums rotated 1%" from  shutdown. 

I 
(g) All drums rotated 165" from  shutdown. ' (h) End-of-life drum  position (180" from  shutdown). 

Figure 10. - Radial power distribution  (local-to-average power ratio). 



Figure 11. - Radial  power  ratios  averaged  over 50 OOO effective 
full-power hours of  reactor  operation. 
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Figure 12. - Calculated  radial  powers of t h e  peak p i n  in 
each  fuel  zone  compared  to  the  creep  limited  power. 
Average  burnup, 2.44 percent  total  uranium;  average 
fuel  fraction, 0.385; axial  peak-to-average  power, 1.23. 
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culated  power  ratios  were  1.30,  1.16,  and  0.88  in  stationary  core  zones I, 11, and IU, 
respectively,  and  0.98  in  the  control  drums.  Each is shown to be less than  the  allowable 
radial power  ratio  with  the  nearest  approach  being  drum  pin 1-2 (see appendix B, fig.  18 
for pin  numbering  scheme) at 2 percent  less than  allowable.  Drum  pin 1-2 then is the 
critical pin in  this zoning arrangement  because  any  attempt  to  increase  fuel  in the sta- 
tionary  pins would decrease  the  control swing. Additional  fuel  cannot  be  added  to  the 
drum  to  compensate  without  exceeding  the  creep  criterion. 

Four-zoned  core. - To  provide  more  conservatism  in  the  creep  design, a four-zone 
fuel  arrangement  might  be  considered.  Because of the  relatively high  power  produced 
in  drum  pins 1-1 to  1-4,  the  fuel  loading  in  those  pins  was  reduced to 0.41  volume frac- 
tion of TJN. The effect on  power  distribution  and  reactivity  was  calculated  using a reactor 
model  with drums  in  the end-of -life  position.  Time-averaged  radial  power  ratios  were 
obtained by extrapolation,  assuming  the  same  trends as in  the  reference  design.  Radial 
power  data for  the peak  pins in  the  stationary  core  and all drum  pins are listed  in 
table XII. These  data, when compared  to  the  1-percent-creep  curve,  indicate  the  power 
in  the  critical  drum pin is now 10  percent  less  than  the  allowable (fig.  13). Also shown 
is a more  even  degree of conservatism  between  the  zones.  The  reactivity loss in  going 

TABLE XII. - RADIAL POWER  RATIOS IN SELECTED 

PINS O F  A FOUR-ZONED  REACTOR 
- 

Pin 
location 

" ~ " 

Center 
Zone 11 
Zone 111 

Drum 
. " 

(0.41 UN) 

Drum 
(0.42 UN) 

Pin 

0 -A 
5 -B 
9 -I 

1-1 
1-2 
1-3 
1 -4 

~ 

-I I 

1-5 
1-6 
1-7 
2 -1 
2 -2 
2 -3 
2 -4 

Local-to-average  power  ratio 1 
i t  end of I 

~~~ 

1.26 
1.14 
.87 

0. 71 
.84 
.95 
.98 

0.97 
.86 
.73 
.74 
.85 
.86 
.76 

~ 

iverage  over  lifea 

1.32 
1. 16 
.89 

0.93 
.97 
.93 
.83 

0.74 
.61 
.47 
.85 
.84 
.72 
. 59 

aEstimated by assuming  the  same  differential  be- 
tween  end of life and  average  that  existed  in  the 
reference  design. 
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Figure 13. - Peak power  ratios in four-zoned 
core. Number  of  fuel  pins, 247; average 
b u r n u p  in core, 2.44 percent;  average  fuel 
volume  fract ion in core, 0.384; axial  peak- 
to-average power ratio, 1.23; T-111  clad 
thickness, 0.147 centimeter (58 mils) ;   tung- 
sten  l iner  thickness, 0.013 centimeter 
(5 mils). 
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to the  four-zone  arrangement is 0.10-percent  Ak/k  in kexceSS, and a somewhat  smaller 
loss in  control swing.  Thus, a significant  improvement  in  power  distribution  can  be  had 
for a nominal  cost  in  reactivity. 

Although the  four -zoned fuel  distribution is not  incorporated  into  the  present refer- 
ence  design,  the  data are presented  herein  for  subsequent  consideration. 

Reactor  Characteristics 

Ancillary  data  generated  in  the  various  design  studies are presented  in  this  section. 
Core  spectrum. - The  average  flux  spectrum  histogram  for  the  fueled  portion of the 

reactor is shown in  figure 14. Data  were  obtained  from a 13-group  calculation of an  end- 
of-life  reactor  model.  The  magnitude of the  average  flux is 1. 02X1014 neutrons/(cm ) 2 

(sec)  with a peak-to-average  ratio of 1.65, which occurs at the  core  center.  The  median 
f lux  energy of this  spectrum is 0 .44  MeV and  the  median  fission  energy is 0.36 MeV. 
These  data  clearly show the  expected fast spectrum  for  the  reference  design. 

Design  coefficients. - A number of reactivity  effects  have  been  tabulated  which are 
useful  in  estimating  the  import of certain  design  changes.  The data have  been  fitted  to 

I L1 I I I 
6 8 10 12  14 16  18 

Lethargy (Eo = 10 MeV) 
I I I l l  I I l l  

~. ~ 3.68 .82 

14.9 1.35 . 5  .18 .04 ,015 .005 
Energy,  MeV 

Figure 14. -Average  flux  spectrum.  Average  flux, @ = $ p(u) A u  = 1. ob1014 

neutrons/(cm2)(sec); 2. 17-megawatt-thermal  fast  reactor;  fuel  loading: 0.355,  0.377, 
0.42  core_volume  fraction  of  uranium  nitride;  number  of  fuel  pins, 247; average 
energy, E = 0.44 MeV. 

u= . 4  
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TABLE XIII. - DESIGN COEFFICIENTS 

Property 

Coolant  density 

Fuel   mass  

Fuel  length 

Core  diameter 

Operating  lifetime 

Isothermal  temperature 

Zoefficient 

0.018 

.47  

. 17 

. 3 1  

.0328 

.0176 

Formula 

Ak 0.47 - AM 
k M 

-= 

0.17 - AL 
k  L 

- 0.0328 - At 
" 

k t 

%= 0.0176 - AT 
k T 

. ^I 

the  form Ak/k = C X (AF/F)  where C is the  design  coefficient  and A F / F  is the  rela- 
tive  change  in  some  property  (see  table XIII for  properties).  Obviously,  these  formulas 
have  oversimplified  the  relations  between  design  parameters  and  reactivity,  and  there- 
fore  their  use  should  be  restricted  to  small  changes  from  the  reference  design. 

SUMMARY OF RESULTS 

Neutronic  design  calculations on a small,  liquid-metal-cooled,  fueled-drum- 
controlled  reactor  required to operate  for 50 000 hours at 2.17  megawatts  thermal with 
a coolant  outlet  temperature of 1222 K (2200 R) yielded  the  following  results: 

1. A radial  fuel zoning arrangement of 0.355  volume  fraction of uranium  nitride (UN) 
in  the  central 73 pins, 0. 377 volume  fraction UN in  the  intermediate  stationary  core zone 
of 90 pins,  0.42  volume  fraction UN in  the  remaining 18 peripheral  stationary  core  pins, 
and  0.42  volume  fraction UN In the 66 drum  pins was used.  The  arrangement  provided 
a contrcl swing of 8. 51 -percent Ak/k and a multiplication  constant of 1.0885, both of 
which a r e  adequate  to  operate  the  reactor. 

2 .  Fuel loading was limited  in  the  drum  pins  by  the  1-percent-creep  limit  established 
for  the  fuel  cladding  and  in  the  stationary  core by the  required  control swing. 
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3. The  control  swing  was  composed of 1.47-percent Ak/k for  fuel  burnup,  1.09- 
percent Ak/k for  temperature  defect,  0.95-percent Ak/k for  axial fuel  swelling,  0.61- 
percent Ak/k for contingency,  and  4.39-percent  Ak/k  for  shutdown  margin. 

4. The shutdown margin  includes  an  allowance  to  ensure  l-percent Ak subcriticality 
when two drums are stuck  in  their  most  reactive  position.  Adjacent  stuck  drums  were 
shown to be worth 0. 54-percent Ak/k more  than would be  predicted on  the  basis of unit 
drum  worth. 

six control  drums  indicates that cold-  and  hot-critical  drum  positions are 102' and 118' 
from shutdown,  respectively. 

5. The  reactivity  response  curve  (control  curve)  for  simultaneous  movement of all 

6. Peak-to-average radial power  ratios  (averaged  over  core  life)  were  1.30,  1.16, 
and  0.88  in  stationary  core  zones I, 11, and III, respectively,  and  0.98  in  the  control 
drums. 

7. Peak-to-average axial power  ratio  was  1.23  and its shape  could  be  predicted by 
the  function  cos  xz/1.44L. 

8.  Accident  analyses  indicated  the  following  reactivity  effects: -1. 52-percent  Ak/k 
from  loss of coolant,  0.49-percent  Ak/k  from  water  immersion,  0.31-percent Ak/k from 
melting of seven  central  fuel  pins,  and  0.21-percent Ak/k from  fuel-pin bowing. 

9. A  prompt  neutron  lifetime of  4X10-8 second  and  an  effective  delayed  neutron  frac- 

10.  Average  core f l u x  was 1. 02X1014 neutrons/(cm  )(sec)  with a median  energy of 
tion of 0.0067  were  calculated. 

2 

0.44 MeV. Median fission  energy  was  0.36 MeV. 

Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  September  10, 1970, 
120-27. 
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APPENDIX B 

FUEL CLADDING CREEP ANALYSIS 

The CYGRO program  was  also  used to calculate  radial  fuel  swelling  for  the  creep 
analysis.  Clad  deflection (or creep)  was  calculated as a function of burnup  with  fuel 
loading as a parameter.  The  1-percent-creep data were  then  crossplotted to obtain  fuel 
burnup  against  fuel  volume  fraction (fig. 17). A more  useful  form is to express  burnup 
as radial power ratio, which can  be done  by 

where 

B 

VFf 

- (P/P > Z  

B 
- 
VFf 

B X VFf 
" 

X B X VFf 

Z 

burnup of a specific pin, percent 

fuel  volume  fraction  in a specific pin 

axial peak-to-average  power  ratio 

average  burnup  in  core,  percent 

average  fuel  volume  fraction  in  core 

The  data  in  figure  17  were  determined  specifically  for  0.44-percent  creep. How- 
ever,  lack of knowkedge of the  creep  behavior of T-111  in  the  range of interest  has 
prompted  the  use of the  calculated  stresses as 1-percent-creep  limits.  This  procedure 
should  provide  some  additional  conservatism  in  the  reactor  design. 

- 
LL 

a 
3 

2 I I 
.35 .36 . 3 7  .38 . 39  .40 .41 .42 

Fuel  volume fraction 

Figure 17. - Fuel burnup required to produce I-percent creep in fuel  cladding. 

34 



APPENDIX C 

RADIAL POWER MAP 

To define pin locations,  the  numbering  scheme  in  figure 18 was  used. Only a 60’ 
sector  was  required  because of geometric  symmetry. 

I \ \ 
L Z o n e  I ‘“Zone 11 LZone I11 

\ 

Figure 18. - Numbering scheme for  fuel-pin  locations. 
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APPENDIX D 

MATERIAL WORTHS 

In  the  course of the  various  design  studies a number of miscellaneous  material 
reactivity  worths  were  calculated.  These data are itemized  in  table XV. 

TABLE XV. -MATERIAL REACTMTY WORTHS 

Material 
~ "" - 

~ . - . . . - " . - . . 

7. 64-cm L i  H radial  shield 
Replacement of void  with T-111 

Replacement of Mo  with Li7 in  

6 

fuel  cladding,  per kg 

reflector  region,  per  percent 
material  

Replacement of T-111 with Mo 
in  the  control  drums 

Replacement of T-111 with 
W-25Re in  fuel  cladding 

Axial reflector  reduction, cm: 
10.16 to 7.62 
7.62  to  5.08 

~" - 

- 

Change in  
reactivity,a 
Iercent Ak/k 
. 

-0.26 
-. 017 

-. 06 

+. 31 

+ l .  57 

-. 35 
-. 54 ~ _ _  

aReactor  configuration  with all drums  rotated  in. 
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