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ABSTRACT 

The PITR-Phoenix Fuel Experiment was a burnup exper iment i n  t h e  

M a t e r i a l s  Tes t ina  Reactor (FITR) w i t h  a plutonium-a1 uminum a l l o v  f u e l e d  

core, f o l l o w i n q  a comprehensive s e t  o f  c r i t i c a l  experiments. Th is  expe r i -  

ment u t i l i z e d  Phoenix f u e l ,  a m i x t u r e  o f  p lu ton ium iso topes  w i t h  a r e l a -  

t i v e l y  h i g h  con ten t  o f  2 0 0 ~ u .  

The work descr ibed  i n  t h i s  r e p o r t  inc ludes  t h e  l oad ing  o f  t h e  MTR t o  

c r i t i c a l  w i t h  t he  Phoenix f u e l  core;  t he  zero power measurements o f  shim 

r o d  and r e g u l a t i n g  r o d  worths,  power d i s t r i b u t i o n s  throughout  t he  core, 

k i n e t i c  parameters, and r e a c t i v i t y  worths o f  l o s s  o f  coo lan t  and l o s s  o f  

f u e l  p l a tes ;  and t he  v a r i a t i o n  o f  some o f  t he  above parameters as t he  

burnup o f  t h e  core  proceeded. The burnup h i s t o r y  o f  t h e  MTR-Phoenix core 

i s  a l s o  presented. The r e s u l t s  a r e  compared, where poss ib le ,  w i t h  r e s u l t s  

ob ta ined  i n  t he  PRCF-Phoenix exper iment and w i t h  c a l c u l a t i o n s .  
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I. INTRODUCTION 

The Phoenix Fuel Program a t  Pacific Northwest Laboratories (PNL) has as 

i t s  primary objective the exploration and evaluation of the longer lifetime 

potential inherent in the use of the isotope 2 4 0 ~ u  as a burnable poison in 

nuclear reactor cores. The unusual property of 2 4 0 ~ u  as a burnable poison 

i s  that  i t  converts to  the f i s s i l e  isotope 2 4 1 ~ u  upon absorbing a neutron. 

This i s  known as the Phoenix effect .  Unlike 2 3 8 ~ ,  which i s  not produced 

d u r i n g  i r radiat ion,  2 4 0 ~ u  i s  formed direct ly  by non-fissioning neutron 

capture by the f i s s i l e  isotope 2 3 9 ~ u .  The potential i s  therefore present 

for a reactor core design exhibiting a long endurance w i t h  re lat ively small 

react ivi ty  change over the l ifetime of the core. 

Early survey work'' ) singled out a small, high power density, water 

moderated core as the most l ikely vehicle for  the Phoenix effect .  Since the 

ultimate demonstration of the Phoenix ef fec t  would require a fu l l  scale 

core depletion experiment, and since the desired high power density, low 

core volume c r i t e r i a  were most nearly sa t i s f ied  by the Materials Testing 

Reactor (MTR) type core, a burnup experiment was designed for  the MTR i t s e l f .  

A ser ies  of experiments was undertaken a t  PNL to provide support for 

the eventual burnup experiment in the MTR and to obtain more general integral 

information for  pure plutonium systems. This campaign was conducted in 

four stages w i t h  decreasing generality as the MTR experiment became more 

firmly established: 

1)  Measurements of the in f ln i t e  mu1 t ipl icat ion factor ,  km, of 

arrays of borated polyethylene and A1-Pu alloy discs 

i n  the Physical Constants Testing Reactor (.PCTR). (2 



2) C r i t i c a l  approach experiments w i t h  smal l  c y l  i n d r i  c a l  a r rays  

o f  cans con ta in i ng  po lye thy lene  and A1-Pu f u e l  d i scs  i n  

t he  C r i t i c a l  Approach Fac i  1 i ty (CAF) . (3) 

3) C r i t i c a l  experiments i n  a mockup assembly designed t o  

resemble t h e  MTR r e f l e c t o r  and p r o j e c t e d  Phoenix core 

i n  the  P l  u t o n i  um Recycle C r i t i c a l  Fac i  1 i ty (PRCF) . (4 )  

4)  S t a r t u p  c r i t i c a l  exper iments i n  t he  MTR w i t h  t h e  Phoenix 

core  p r i o r  t o  beginn ing t h e  burnup experiment. 

The da ta  f rom each o f  these experiments have been analyzed (5) in 

t u r n  - each s tep  l ead ing  t o  f u r t h e r  ref inements i n  t he  a n a l y t i c a l  methods. 

These methods were used t o  per form a p r i o r i  c a l c u l a t i o n s  f o r  t he  MTR 

experiment,  as r e p o r t e d  i n  Reference 5. 

The work descr ibed  i n  t h i s  r e p o r t  inc ludes  t he  l oad ing  o f  the  MTR t o  

c r i t i c a l  w i t h  t he  Phoenix fue l  core;  t h e  zero power measurements of  c o n t r o l  

sys tern worths , power d i s t r i b u t i o n s  throughout  t he  core, k i n e t i c  parameters 

o f  t he  core, and l o s s  o f  coo lan t  - l o s s  o f  f u e l  p l a t e s  r e a c t i v i t y  worths;  

and t h e  v a r i a t i o n  o f  some o f  t he  above parameters as t he  burnup o f  t h e  core 

proceeded. The r e s u l t s  a re  compared, where poss ib l e ,  w i t h  r e s u l t s  ob ta ined  

i n  t h e  PRCF-Phoenix experiment, and w i t h  c a l c u l  a t ions .  

1 1  GENERAL DESCRIPTION OF MTR-PHOENIX FUEL CORE 

The MTR was a heterogeneous reac to r ,  1 i q h t  water  cooled and 

moderated, which used be ry l  1 iurn and q raph i  t e  as a r e f 1  ec to r .  The f u e l  

assembl i e s  were p l a t e  type  and were f a b r i c a t e d  from a1 uminum. The co re  

measured approx imate ly  9 inches n o r t h  t o  south by 28 inches e a s t  t o  west 



by 24 inches high. Surrounding t he  core was a  h e r y l l i m  r e f l e c t o r  which was 

39 318 inches h i qh  and extended o u t  t o  a  diameter o f  54 inches. Beyond 

t h i s  was a g r a p h i t e  r e f l e c t o r  zone, which measured 12 f ee t  n o r t h  t o  south 

by about 15 f e e t  eas t  t o  west by ,9 f e e t  4 inches h iqh.  The bottom o f  t he  

g r a p h i t e  was l o c a t e d  4  f e e t  below the  core h o r i z o n t a l  c e n t e r l i n e .  

The Phoenix core  cons is ted  o f  19 f u e l  elements and 8  f u e l - f o l l o w e r  

sh im-safety  rods l o c a t e d  i n  the  c e n t r a l  3 rows o f  the  5 x  9 l a t t i c e  i n  the 

MTR, as shown i n  F igure  1. Th is  represented a  s h i f t  i n  p o s i t i o n  from t h e  

s tandard MTR uraniuni core, a l s o  shown i n  F igure  1. 

The Phoenix f u e l  e l e m e n t , i l l u s t r a t e d  i n  F igure  2, was s i m i l a r  i n  des ign 

t o  t h e  s tandard MTR f u e l  element i n  t h a t  a l l  ex te rna l  dimensions were t h e  

same f o r  both. The Phoenix element cons is ted  o f  s i x t e e n  0.080-inch t h i c k ,  

e q u a l l y  spaced p l a t e s  curved t o  t he  MTR con f i gu ra t i on .  Each p l a t e  conta ined 

a  0.040-inch t h i c k  a l l o y  core  composed o f  21 w t %  p l u ton iwn  and 79 wtX 

a l m i n u n .  Cladding was 6061 aluminum 0.020 inches t h i c k .  

F i v e  o f  t h e  elements were m o d i f i e d  t o  con ta in  f l u x  mon i to rs  i n s e r t e d  

down t h e  i n s i d e  corner  beside t h e  s i d e  p l a t e  and between the  second and 

t h i r d  f u e l  p l a t e s  from the  concave s i d e  and extending t h e  f u l l  l e n g t h  o f  . 

t h e  p l a tes .  These f l u x  moni tors ,  i l l u s t r a t e d  i n  F igu re  3, were Phoenix 

f u e l  wi res,  co-extruded w i t h  1100 s e r i e s  a1 uminum c lad,  w i t h  end pieces 

welded on. The f u e l  con ten t  o f  each mon i t o r  was nomina l l y  0.4 grams, and 

had the same i s o t o p i c  composi t ion as t he  fue l  p l a tes .  The two ad jacen t  f u e l  

p l a t e s  i n  t h e  f l u x  mon i t o r  assenibly had narrower f u e l  cores than the  s tandard 

p l a tes ,  as shown i n  F igure  3. 

The i s o t o p i c  composi t ion o f  t h e  Phoenix f u e l  a t  t he  s t a r t  o f  i r r a d i a -  

t i o n  i s  l i s t e d  i n  Table I .  
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FIGURE 1. MTR Lattice Loadings for Standard and Phoenix Cores 
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TABLE I 

PLUTONIIM ISOTOPIC CONCENTRATIONS IN PHOENIX FUEL 

Atom w t % .  

The cores of the standard fuel plates contained 24.4 t 1 .2  grams of plutonium 

while those for the narrow core plates contained 21.0 + 1.1 grams of 

plutonium. The finished Phoenix fuel element contained 390 rt 5 grams of 

plutoniun and the flux monitor element contained 384 + 5 grams of plutonium. 

The Phoenix shim safety (control)  rods were physically similar to the 

standard MTR shim control rods with the major exception of thicker fuel 

plates in the fuel section. An assembly drawina i s  shown in Fiqure 4. 

Except for the fuel section, a l l  remaininq components (armature assembly, 

upper and lower a1 uminum sections, cadmium inser t  section, shock section, 

and associated hardware) were standard MTI? components. 

The fuel section of the Phoenix shim safety rod consisted of thirteen 

0.080-inch thick plates of standard MTR configuration spaced with 0.110-inch 

water channels. The fuel plates uti l ized the same 0.040-inch thick alloy 

core composed of 21 w t %  pl utoniurn and 79 w t %  a1 uminum as those in the 

regular fuel elements. The i n i t i a l  plutonium isotopic concentrations were 

those l i s ted  in Table I .  The plutonium loading was 22.9 2 1.1 grams per 

plate,  or 298 + 4 grams for the fuel section of one shim safety rod. 
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I I I. INITIAL STARTUP AND ZERO PONER EXPERIMENTS 

A. Fuel Loadings 

The f i r s t  s t e p  o f  t h e  Phoenix exper iment  i n  the  MTR was t h e  load-  

i n g  o f  s u f f i c i e n t  f u e l  elements t o  form a c r i t i c a l  a r r a y  w i t h  a l l  t h e  shini- 

s a f e t y  rods n e a r l y  wi thdrawn. A l l  non-fueled p o s i t i o n s  i n  t h e  5 x  9 a r r a y  

conta ined ber ,y l l  ium r e f 1  e c t o r  p ieces.  I n i t i a l l y  f o u r  sh im-safety  rods w i t h  

Be f o l l o w e r s  were p o s i t i o n e d  i n  l a t t i c e  p o s i t i o n s  L-22, L-42, L-28, and 

L-48*. An antimony gamma source ( p r o v i d i n g  neut rons from t h e  Re) was 

i n s t a l  1  ed i n  p o s i t i o n  L-32 f o r  t he  approach- to-cr i  t i c a l  measurements. 

The l oad ing  sequence o f  t h e  Phoenix f u e l  i s  summarized i n  Tab le  11. 

The l oad ing  was conducted i n  such a manner as t o  m a i n t a i n  a  n e a r l y  complete 

Be r e f l e c t o r  about t h e  loaded f u e l .  I n  t h e  f i r s t  o f  these s teps sh im-safety  

rods w i t h  a t tached  Ptioenix f u e l  f o l l o w e r s  were i n s t a l  l e d  i n  p o s i t i o n s  L-24, 

L-44, L-26, and L-46. The rea f t e r ,  a1 1  s teps o f  bo th  t h e  approach- to-cr i  t i c a l  

exper iment  and t h e  pos t - c r i  ti c a l  1  oading cons i s t ed  o f  f u e l  element i n s e r t i o n s  

and t h e  removal and r e s h u f f l i n g  o f  Be l a t t i c e  p ieces.  

For each c o n f i q u r a t i o n ,  count  r a t e  da ta  were ob ta ined  a t  f o u r  r o d  

bank he igh ts :  0, 12, 21, and 30 inches o f  w i thd rawa l  (30 inches i s  t he  

f u l l y  wi thdrawn p o s i t i o n ) .  These da ta  were used t o  c o n s t r u c t  p l o t s  o f  

r e c i p r o c a l  m u l t i p l i c a t i o n  (1/?4) as a  f u n c t i o n  o f  t o t a l  f u e l  content .  The 

p l o t  ob ta ined  w i t h  t h e  rods  30 inches wi thdrawn was used t o  p r e d i c t  t h e  

i n i t i a l  c r i t i c a l  l oad inq .  I t  was a l s o  compared w i t h  p l o t s  f o r  each o f  t h e  

o t h e r  bank he igh t s  t o  v e r i f y  t h a t  t h e  shim s a f e t y  r o d  system had adequate 

shutdown capabi 1  i ty. 

* 
L a t t i c e  p o s i t i o n s  a r e  i n d i c a t e d  i n  F i gu re  1. 



TABLE I 1  

FUEL LOADING SCHEDULE FOR MTR-PHOENIX CORE 

Element o r  To ta l  
Fuel LB Piece L Piece Moved Shim I n s e r t i o n  Incremental  Pu Content 

Loading Discharqed L a t t i c e  Pu A d d i t i o n  o f  Core 
Step From From - - To Designat ion P o s i t i o n  (9)  (9 

---- ---- ---- Shim PIP-5 L-24 298.0 

1 ---- ---- ---- Shim NP-3 L-26 297.8 ---- ---- ---- Shim NP-2 L-44 298.0 --_- ---- --_- Shim NP-6 L-46 298.1 1191.9 

2 ---- ---- ---- Ele. MP-22 L- 35 393.3 1585.2 

L- 38 1 L-57 
L-25 L-38 Ele.  MP-6 L-25 392.3 
L-45 L-57 E l  e. MP-3 L-45 389.7 2367.2 

4 L-58 L-34 L-58 Ele. MP-4 L-34 394.4 2761.6 

5 L-18 L-36 L-18 Ele. MP-2 L-36 393.2 3154.8 

* 
7 L- 32 L-33 L-32 Ele. MP-12F L-33 386.6 3930.6 

L- 31 { L-49 
L-23 L-31 Ele. PIP-11F L-23 380.3 
L-47 L-49 Ele. MP-9 L-47 392.4 4703.3 

L-52 
* 9 {  L-39 

L-43 L-52 Ele. MP-7 L 43 394.6 
L-27 L-39 Ele. MP-8 L-27 393.8 5491.7 

L-21 L-32 L-21 Ele. MP-1OF 
L-29 L-38 L-29 Ele. MP-14F 

Shim NP-7 Discharge rods w i t h  Be Shim NP-l fo l  lowers from L-22, Shim NP-8 L-48, L-42, and L-28 Shim NP-4 

*12 { L-11 L-31 L-11 Ele.MP-19 
L-19 L-39 L-19 Ele. MP-13F 

L- 51 L-21 L-51 Ele. MP-23 
L- 59 L-49 L-59 Ele. MP-18 

L-29 Discharge Ele. MP-16 , 

L-41 ---- ---- Ele. MP-17 

* 
C r i t i c a l  con f igura t ions  l i s t e d  i n  Table 111. 
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C r i t i c a l i t y  was achieved w i t h  a  core  l oad ing  of  seven s t a t i o n a r y  

f u e l  elements, four  f u e l - f o l  lower  shim-safety rods, and f o u r  b e r y l  1  i um- 

f o l l o w e r  sh im-safety  rods as shown i n  F igu re  5. The c r i t i c a l  r o d  bank 

h e i g h t  f o r  t h i s  c o n f i g u r a t i o n  was 28.853 inches. From rod  c a l i b r a t i o n  

da ta  (see f o l l o w i n g  s e c t i o n )  i t  was determined t h a t  k  = 1.002 f o r  a l l  

e i g h t  sh im-safety  rods  f u l l  out .  Th i s  compares w i t h  a  c a l c u l a t e d  va lue 

of  k  = 1 .016 as r e p o r t e d  i n  r e fe rence  5 .  

P o s t - c r i  t i c a l  f u e l  load ings  were a1 so made accord ing t o  t h e  schedule 

i n  Table 11. Fo l l ow ing  each f u e l  l oad ing  s tep,  t h e  r e a c t o r  was made 

c r i t i c a l ,  t h e  banked rod  p o s i t i o n s  recorded, and t he  adequacy o f  the  shut -  

down marg in  v e r i f i e d .  These a d d i t i o n a l  c o n f i g u r a t i o n s  a r e  shown i n  

F igu re  5. The banked r o d  p o s i t i o n  and t h e  i n f e r r e d  rods-out  r e a c t i v i t y  

f o r  each s tep  a r e  l i s t e d  i n  Table 111, 

TABLE I 1  I 

CRITICAL CONFIGURATIONS FOR MTR-PHOENIX CORE 

No. o f  No. o f  No. o f  C r i t i c a l  I n f e r r e d  Cal cu l  a ted  ( 5 )  

Fuel S t a t i o n a r y  Fuel - Be ry l  1  i urn- Rod Rods Rods 
Loading Fuel Fo l  1  ower Fol  lower  Bank Out Out 
Step* Elements Shims Shims He igh t  k e f f  k e f f  

* 
Refer t o  Tab le  I 1  



C A L C U L A T E D  K e f f = 0 . 9 7 4 3 ,  

O B S E R V E D  K e f f < l .  00 

C A L C U L A T E D  K e f f = 0 . 9 9 7 7 ,  

O B S E R V E D  K e f f < l  .OO 

C A L C U L A T E D  K e f f = l  . 016 ,  

O B S E R V E D  K e f f = l  . 0 0 2 *  

C A L C U L A T E D  K e f f = l  . 1 1 3 ,  

O B S E R V E D  K e f f = l .  104*  

P I  S H I M  F O L L O W E R  F U E L  

* E S T I M A T E D  FROM E X P E R I M E N T A L  ROD WORTHS 

FIGURE 5. MTR-Phoenix c r i t i c a l  Loading Sequence 



B. Rod C a l i  b r a t i o n s  

R e a c t i v i t y  c a l i b r a t i o n s  were performed on a1 1  e i g h t  f u e l - f o l  l ower  

sh im-safety  rods i n  t h e  MTR-Phoenix core. Qne e x t e r i o r  r o d  (L-48) and 

one i n t e r i o r  r od  (L-46) were c a l i b r a t e d  over  t h e i r  f u l l  30-inch t r a v e l .  

The r e l a t i v e  worths of  t h e  remain ing s i x  rods were determined by measuring 

t h e  r e a c t i v i t y  wor th  of  1  t o  2  inches o f  wi thdrawal  f o r  each rod. 

The technique used f o r  these c a l i b r a t i o n s  employed t he  movement 

o f  t he  r o d  i n  c a l i b r a t i o n ,  t he  measurement o f  t he  assoc ia ted s t a b l e  

r e a c t o r  per iod,  and t h e  i n t e r p r e t a t i o n  of  t h a t  p e r i o d  i n  terms o f  r e -  

a c t i v i t y  us ing  t he  i nhou r  equat ion. A1 1  r o d  ca l3b ra t i ons  were performed 

one r o d  a t  a  t ime, i n s e r t i n g  a l l  remaining sh im-safety  rods as a  bank 

(+ 1.5 i n ,  o f  t h e i r  mean p o s i t i o n )  t o  r e - e s t a b l i s h  c r i t i c a l i t y .  The mean 

p o s i t i o n  o f  these banked shim-safety rods  was n o t  pe rm i t t ed  t o  be l e s s  

than 12.5 inches. 

The shim-rod d i f f e r e n t i a l  worths, measured a t  a  h e i g h t  o f  18 

inches, a r e  l i s t e d  i n  Table IY, 

TABLE I V  

INITIAL SHIM ROD DIFFERENTIAL WORTHS 

Shim Rod 

L- 22 

L-42 

L- 24 

Worth ($ / in . ) *  

61.8 2 1.4 

61.6 + 1.4 

91.0 + 2.0 

* A l l  r e a c t i v i t y  worths measured a t  a  h e i g h t  of 18  inches. 



The t o t a l  i n teg ra ted  worth f o r  the i n t e r i o r  rod  L-46 was determined t o  

be $16.5, o r  44.6 m i l l i - k .  The i n teg ra ted  worth f o r  the e x t e r i o r  rod  

L-48 was $9.5, o r  25.7 m i l l i - k .  The t o t a l  wor th of the e n t i r e  8-rod bank 

was i n f e r r e d  t o  be $1 01 , o r  274 m i l  1  i - k .  The i n teg ra ted  wor th  o f  the  

8-rod bank appears i n  Figure 6. 

The phenomenon o f  r e a c t i v i t y  worth reversa l  which was observed i n  

the  PRCF-Phoenix ~ x ~ e r i m e n t ' ~ )  was a l so  noted i n  the  MTR. This phenomenon 

i s  be1 ieved t o  r e s u l t  from moving the lower end o f  the f u e l  f o l l o w e r  ou t  

o f  t he  reg ion  o f  h igh  thermal neutron f l ux  j u s t  below the  core, w h i l e  the  

upper p a r t  o f  the f u e l  f o l l ower  i s  being moved i n t o  the reg ion  a t  t he  top  

of the core where the f l u x  i s  severely  depressed by the  banked shims. The 

i n teg ra ted  worth o f  L-46 reached $17.4 (47.0 mk) before the  reversa l  

lowered i t  t o  $16.5, w h i l e  L-48 reached a  peak i n teg ra ted  worth o f  $9.95 

(26.9 mk). 

The r e g u l a t i n g  rod  f o r  the  MTR-Phoenix core was loca ted i n  t h e  

r e f l e c t o r  i n  l a t t i c e  p o s i t i o n  L-13 (see F igure  1) .  This  r o d  i s  designed 

t o  be moved by a  servo system t o  prov ide  automatic c o n t r o l  o f  the  r e a c t o r  

power. The r e a c t i v i t y  worth o f  the  regu la t i ng  rod  was requ i red  t o  be smal l  

enough t h a t  r a p i d  withdrawal o f  t he  rod  could n o t  cause a  t r a n s i e n t  which 

would damage the  core and l a r g e  enough t h a t  the  rod  cou ld  con t ro l  r e a c t o r  

power dur ing  r o u t i n e  operat ion. These requirements were met by s e t t i n g  an 

upper l i m i t  o f  $1.20 and a  lower l i m i t  o f  $0.30 on the r e g u l a t i n g  rod  

worth. 

The r o d  tes ted  i n i t i a l l y  had 0.040-inch cadmium sheets arranged 

on a  1.195-inch diameter, covered by a  s t a i n l e s s  s tee l  sleeve. The t o t a l  



S H I M - S A F E T Y  R O D  B A N K  H E I G H T ,  I N C H E S  

FIGURE 6. Reactivity Worth of Shim-Safety Rod Bank 



worth of th is  rod was measured to be $1.65, which was excessive. A second 

rod was bui l t  with a 1 .llO-inch diameter and an aluminum sleeve. The total  

worth of th is  rod was $1.60. Finally, a rod was constructed with the 

cadmium sheets on a 0.50-inch diameter. The total  worth of th is  rod was 

measured to  be $1.02, so th is  rod was employed throughout the burnup of 

the IITR-Phoenix core. 

C. Power Distribution Measurements 

Power and fission-rate distribution data for the MTR-Phoenix core 

were obtained in a ser ies  of f ive irradiations (flux runs). These data 

were important in detemining the maximum reactor power 1 eve1 as well as 

providi ng experimental data for comparison w i t h  cal cul a t i  ons. The 
235 djstributions were determined by gamma scanning U pins, P u  wands, and 

removable fuel plates. 

Two demountable MTR-Phoenix fuel elements were available for  use 

in these low-power irradiations.  A1 ternate fuel plates were removable from 

each of these elements. These plates were gamma scanned following i r -  

radiation to obtain individual fuel plate power distributions.  The power 

generation in the element was then inferred by plotting these measured 

plate powers as a function of position in the element and assigning powers 

to  the fixed plates by interpol ation. 

Relative powers from element to element were determined from the 

ac t iv i ty  of 2 3 5 ~  wires which were taped to plast ic  wands located in water 

channel No. 8 of each element. A t  l eas t  four 2 3 5 ~  wires were used in each 

element, Data from the various irradiations were i nter-normal i zed using 

the axial f ission-rate distribution measured in L-34 with 2 3 5 ~  wires in 

each i r radiat ion.  



A comprehensive analysis of the results of a l l  the fuel plate 

gamma scans and 2 3 5 ~  pin ac t iv i ty  data was made t o  derive a detailed power 

map for the MTR-Phoenix core. This analysis required the correlation of 

the experimental data from throughout the core and the determination of 

the unique power shapes for each box for a l l  core positions. The percent 

Qf core power for each fuel element i s  presented in Fiqure 7, along with 

the uncertainties on each value. The methods used for determininq the 

box power for each fuel element, as 1 isted in Figure 7 ,  are summarized 

in Table V. 

TABLE Y 

DETERMINATIOli O F  FUEL ELEMENT POWERS 

Fuel Element Determi ned Method 

Fixed Elements : 

L-31, 35, 36, 37, Measured P u  fuel plate 
39, 45, 47, 49 gamma scanni ng 

L-21, 23, 27, 29 
34, 36, 41, 43 1 Measured 
47, 49 1 

Estimated of adjacent and 
cal fixed elements 

Estimated a ted from 
fixed elements 

Shim-Fol 1 ower Elements: 

L-46 Measured P u  wand gamma scanning 

L-22, 24, 26, 28 Estimated Average of adjacent fixed 
42, 44, 46, 48 elements a l l  ratioed to 

measured power in L-46 



FIGURE 7. Percent Power per Fuel Element in the MTR-Phoenix 
Core 



The MTR-Phoenix core power map shown in Figure 7 was reduced to 

quarterncore symmetry to compare i t  w i t h  the power map from the PRCF- 

Phoenix core. (4' This comparison appears in Figure 8, where the values 

are qiven in percent power per element. One can see from the figure tha t  

the power distribution in the MTR i s  somewhat more peaked toward the 

center of the core than i t  was in the PRCF. The effect  of the better s ide 

reflector in the MTR may also be seen. End leakage was hiqher in the MTR; 

side leakage was higher in the PRCF. 

A large body of data was obtained from the gamma $canning of 

removable fuel plates. Shown in Figure 9 are the results of full-width 

axial scans of two platgfrom the element irradiated i n  position L-45. 

The outside plate (No. 16) i s  seen to have a more peaked power distribution 

(normalized to the core average power) than the inside plate (No. 8).  The 

peak power on plate No. 16 i s  2.64 times the core average. 

The results of a l l  the full-width axial plate scans performed i n  

th i s  experiment appear in an appendix to this  report. 

Fiqure 10 shows the plate-to-plate power distributions in a l l  

eiqht core positions for which gamma scanning was done. All data are 

presented as plate average power normalized to core average power. 

Power distribution data were needed in the shim-safety rod in 

position L-46 to insure tha t  burnout would not be inadvertently obtained 

in a fuel-fol lower section during full-power operation. A spare shim- 

safety rod was modified to allow positioning of 2 3 5 ~  wires i n  the water 

channels of the fuel-follower section. Those wires were inserted in 

plast ic  wands, as shown in Figure 11. 



P E R C E N T  POWERS:  
1 .  C A L C U L A T E D  F O R  M T R - P H O E N I X  C O R E  
2 .  M E A S U R E D  I N  M T R - P H O E N I X  C O R E  
3. M E A S U R E D  I N  P R C F - P H O E N I X  C O R E  

FIGURE 8.  Quar ter  Core Power Map Comparison: MTR-Phoenix 
Core and PRCF-Phoenix Core 
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Position L-45 
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P L A S T I C  
WAND 

W A T E R  
C H A N N E L  
N U M B E R S  

FIGURE 11. Cross-Sectional Diagram of MTR-Phoenix Fuel- 
Follower Section Showin Location of Plastic 
Wands for Positioning 2 3 5 ~  wires 



A problem arose i n  connec t ion  w i t h  t he  2 3 5 ~  a c t i v a t i o n  r e s u l t s  

and necess i t a ted  an a d d i t i o n a l  i r r a d i a t i o n .  The a x i a l  scan o f  a  
235" 

p i n  i r r a d i a t e d  i n  channel No. 8 of t he  fue l  element i n  p o s i t i o n  L-45 

y i e l d e d  r e s u l t s  d i f f e r e n t  from those ob ta ined  from an a x i a l  scan o f  p l a t e  

No. 8  i n  t h i s  element. These r e s u l t s  a re  shown i n  F igure  12. Ca l cu la t i ons  

f a i l e d  t o  account f o r  t h i s  discrepancy. S ince power d i s t r i b u t i o n  

measurements i n  t h e  sh im- fo l  lower  had been made e x c l  u s i v e l y  w i t h  2 3 5 ~ ~  

wi res,  these r e s u l t s  became suspect. Accord inq ly ,  an i r r a d i a t i o n  was 

performed w i t h  severa l  p lu ton ium f l u x  wands i n s e r t e d  i n  t h e  water  channels 

o f  t h e  f u e l - f o l l o w e r  sec t ion .  The r e s u l t s  o f  these measurements a r e  shown 

i n  F igure  13. 

A t  t he  same t ime a  p lu ton ium f l u x  wand was i r r a d i a t e d  i n  p o s i t i o n  

L-45. The r e s u l t  o f  t h i s  measurement appears i n  F igu re  12. I t  can be 

seen t h a t  t h e  Pu wand da ta  agree much more c l o s e l y  w i t h  t h e  Pu p l a t e  da ta  

than  w i t h  t h e  2 3 5 ~  p i n  data.  Hence, t h e  Pu wand da ta  were used t o  determine 

power d i s t r i b u t i o n s  i n  t he  shim f u e l - f o l  1  ower. 

The peak power i n  t he  MTR-Phoenix core  was i n f e r r e d  from t h e  da ta  

t o  occur  on p l a t e  No. 1  o f  t h e  shim f u e l - f o l l o w e r  i n  p o s i t i o n  L-46. The 

r a t i o  o f  t h i s  peak power t o  t h e  co re  average was 4.28 t 0.52. Th i s  peak 

l i m i t e d  r e a c t o r  power t o  24 MW, based on hea t  removal cons idera t ions .  

D. Void and Loss-of-Fuel Measurements 

Measurements were made o f  t h e  r e a c t i v i t y  e f f e c t s  assoc ia ted  w i t h  

vo id  f o rma t i on  and l o s s  o f  f u e l  p l a t e s  i n  t h e  h i ghes t  wor th  element i n  

t h e  core. These experiments were designed t o  p rov ide  a  c o r r e l a t i o n  w i t h  

t h e  ex tens i ve  s t u d i e s  o f  these v o i d  and f u e l  removal e f f e c t s  conducted 
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FIGURE 13. Axial Scans of Pu Wands Located in Water Channels of Shim 
Fuel-Follower in Position L-46 
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i n  t h e  P R C F , ' ~ )  as we1 1  as t o  c o n f i r m  t h e  c a l c u l a t e d  e f f e c t s  r e p o r t e d  i n  

t h e  s a f e t y  a n a l y s i s  r e p o r t .  ( 7 )  For  t h e  MTR-Phoenix core ,  t h e  r e a c t i v i t y  

e f f e c t s  were s i m u l a t e d  i n  a  demountable fue l  e lement,  and a  c r i t i c a l  r u n  

was made b o t h  w i t h  and w i t h o u t  t h e  s i m u l a t e d  e f fec t .  The r e a c t i v i t y  

change due t o  t h e  s i m u l a t e d  e f f e c t  was c a l c u l a t e d  f rom t h e  change i n  

c r i t i c a l  p o s i t i o n  o f  a  p r e v i o u s l y  c a l i b r a t e d  sh im-sa fe ty  rod .  

I n  o r d e r  t o  s t u d y  v o i d  fo rmu la t ion ,  a  f u l l  channel w i d t h  t e f l o n  

s t r i p  ( f u l l  c o r e  l e n g t h )  was p o s i t i o n e d  i n  channel No. 8  o f  a  demountable 

element,  w i t h  t h e  e lement  i n s e r t e d  i n  p o s i t i o n  L-35. T h i s  was t h e  channel 

i n  t h e  v e r y  c e n t e r  o f  t h e  Phoenix core, and was t h e r e f o r e  expected t o  have 

t h e  1  arges t r e a c t i v i t y  wor th .  The measured r e a c t i v i t y  e f f e c t  o f  t h i s  

" v o i d "  was -18.7 + 26. The measured e f f e c t  i n  t h e  same channel o f  t h e  

PRCF-Plioenix c o r e  was -23.6 k 26, so t h e  r e s u l t s  a r e  seen t o  be comparable. 

S ince  t h e  tempera tu re  e f f e c t  on r e a c t i v i t y  i n  t h e  MTR-Phoenix 

co re  was due i n  l a r g e  p a r t  t o  t h e  r e d u c t i o n  o f  c o o l a n t  wa te r  d e n s i t y ,  i t  

i s  p o s s i b l e  t o  i n f e r  a  tempera tu re  c o e f f i c i e n t  o f  r e a c t i v i t y  f rom t h e  

measured e f f e c t  o f  a  c o o l  a n t  vo id .  The i n f e r r e d  temperature  c o e f f i c i e n t  

o f  r e a c t i v i t y  f o r  t h i s  c o r e  was -1.3$/"C, s l i g h t l y  s m a l l e r  t h a n  t h e  v a l u e  

o f  -1.85$/"C p r e d i c t e d  i n  t h e  s a f e t y  a n a l y s i s  r e p o r t .  

The r e a c t i v i t y  e f f e c t  o f  f u e l  p l a t e  removal a l s o  r e q u i r e d  t h e  

use o f  a demountable element. The e f f e c t  s t u d i e d  was t h e  l o s s  o f  p l a t e  

No. 8 from an e lement  i n s t a l l e d  i n  p o s i t i o n  L-35. The r e a c t i v i t y  change 

due t o  removing t h i s  p l a t e  was measured t o  be t 3 3 . 4  + 26. The comparable 

measurement i n  t h e  PRCF y i e l d e d  a  r e a c t i v i t y  change o f  t34 .0  + 26, so t h e  

two cases show remarkab le  agreement. The p o s i t i v e  e f f e c t  o f  r e p l a c i n g  a  



f u e l  p l a t e  w i t h  wate r  i s ,  o f  course, due t o  the  f a c t  t h a t  t h e  Phoenix 

i s  ve ry  undermoderated. I n  the  PRCF p o s i t i v e  incrementa l  worths were 

ob ta ined  up t o  and i n c l u d i n q  t h r e e  p l a t e s  removed. Removal o f  a  f o u r t h  

p l a t e  had a  s l  i q h t l y  nega t i ve  incrementa l  worth.  

A measurement was made o f  t h e  e f f e c t  o f  rernovinq p l a t e  No. 16 

j n  p o s i t i o n  L-45. Th is  was a  p l a t e  which c a l c u l a t i o n s  had i n d i c a t e d  as 

a  l i k e l y  cand ida te  f o r  t he  core  h o t  spot ,  so t h e  e f f e c t  o f  i t s  removal 

was o f  some i n t e r e s t  from t h e  v iewpo in t  o f  sa fe t y .  The r e a c t i v i t y  change 

due t o  removing t h i s  p l a t e  was measured t o  be -1.7 + 2d. 

E. K i n e t i c s  Measurements 

Reactor no i se  measurements were made w i t h  l ow- f l ow  and zero-power 

r e a c t o r  ope ra t i ng  cond i t i ons  t o  deterni ine t he  va lue o f  t h e  r a t i o  B / a  - 
the  e f f e c t i v e  delayed-neutron f r a c t i o n  d i v i d e d  by t he  prompt-neutron 

1  i f e t ime .  No ise  da ta  were recorded us ing  bo th  ' ~ e  and f i s s i o n  chambers. 

The s i g n a l s  from t h e  chambers were recorded on magnet ic tape d u r i n g  t h e  

measurement, and subsequent ly analyzed t o  determine power s p e c t r a l  d e n s i t y  

from which t h e  r a t i o  B/a  was obta ined.  

The b e s t  r e s u l t s  were ob ta ined  from a  s i x t y -m inu te  reco rd ing  o f  

3  t h e  He neu t ron  de tec to rs .  The cross power no ise  spectrum ob ta ined  i s  

shown i n  F igu re  14.(*)~he cross s p e c t r a l  d e n s i t y  f unc t i on  y i e l d e d  a  ~ / a  

break frequency o f  9.23 + 0.11 Hz. 

A t w e n t y - f i v e  minu te  reco rd ing  o f  f i s s i o n  chamber s i g n a l s  was 

a l s o  analyzed. Th is  s h o r t e r  r eco rd  1  ength cross spectrum y i e l d e d  a  b e s t  

es t imate  o f  ~ / a  of  9.43 + 0.30 Hz. 





By comparison, da ta  recorded f ron  BF3 chambers i n  t he  cen te r  o f  

t he  PRCF-Phoenix core  y i e l d e d  a  a / k  break frequency o f  9.45 t 0.11 Hz. ( 4  

I V .  BURNUP HISTORY 

Fo l low ing  the  complet ion of  the  c r i t i c a l  exper iments descr ibed  i n  t he  

p rev ious  sec t ion ,  t he  burnup exper iment beqan. Power o p e r a t i o n  began be fo re  

f i n a l  e v a l u a t i o n  o f  t h e  power d i s t r i b u t i o n  data so t h a t  i n i t i a l  o p e r a t i o n  

was a t  lower  powers than t h e  24 PIW mentioned i n  t h e  p rev ious  sec t i on .  

Even tua l l y ,  r e a c t o r  power d i d  reach a  maximum o f  24 MW. A f t e r  about 70% 

o f  t h e  rlTR-Phoenix core  burnup had been obtained, ope ra t i ng  power was 

reduced t o  12 !1W i n  o rde r  t o  p ro long  t h e  ca lendar  1  i f e  o f  t h e  FlTR opera t ion .  

The power h i s t o r y  o f  t he  MTR-Phoenix core  appears i n  F igu re  15. The MTR 

was operated on a  f i ve -day  week a f t e r  t larch 1, 1970; t h i s  accounts f o r  t h e  

frequency o f  s t a r t u p s  and shutdowns. 

The normal mode of e q u i l  i b r i m  power ope ra t i on  was t o  compensate f o r  

t h e  gradual l o s s  of  r e a c t i v i t y  by moving t h e  r e q u l a t i n o  r o d  from i t s  l e a s t  

r e a c t i v e  p o s i t i o n  t o  i t s  most r e a c t i v e  p o s i t i o n .  The r e q u l a t i n ~  r o d  was 

then  r e t u r n e d  t o  i t s  l e a s t  r e a c t i v e  p o s i t i o n  i n  con junc t i on  c.ri t h  a  w i t h -  

drawal o f  t h e  banked sh im-safety  rods. Durinq steady ope ra t i on  these rods  

were always operated as a  bank. Rod bank h e i g h t  p o s i t i o n s  as a  f u n c t i o n  

o f  co re  burnup a r e  shown i n  F igu re  16 and l i s t e d  i n  Table V I .  A l l  these 

p o s i t i o n s  were measured a t  e q u i l  i b r i  urn power and f i s s i o n  p roduc t  pos ion i  ng. 

Using shim-rod c a l i b r a t i o n  data, t h e  r o d  bank h e i g h t  p o s i t i o n  

was conver ted i n t o  t i l e  va lue o f  ke f f  w i t h  a l l  rods withdrawn. The rods-  

o u t  keff as a  f u n c t i o n  of co re  burnup i s  p l o t t e d  i n  F igure  17. Again, a l l  

these values a re  a t  e q u i l i b r i u m  power. The t o t a l  burnup o f  t h e  MTR- 

Phoenix core was 923 MWd. 
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TABLE V I  

MTR-PHOENIX BURNUP DATA 

Core 
Burnup 
( M W ~ )  

Equi 1 i b r i  um Shim Rod 
Power Bank He iqh t  
(MU) ( i n )  

Rod-Out 
R e a c t i v i t y  

k e f f  



Core 
Burnup 

(MWd) 

647.9 

659.6 

659.6 

680.0 

686.0 

690.0 

71 7.7 

723.7 

748.2 

754.2 

760.2 

766.2 

772.2 

778.2 

780.2 

780.2 

805.6 

81 7.5 

823.5 

829.5 

833.5 

83 3.5 

849.6 

855.6 

859.7 

884.6 

Equi 1 i b r i  urn Shim Rod 
Po\ver Bank He iqh t  
(MW ) ( i n )  

Rods-Out 
React i  v i  ty 

k e f f  



ZERO POWER EXPERIMENTS AT STEPS DURING BUbNUP 

A. Rod Callbrations 

Shim rod di fferential  worth measurements were performed a t  two 

steps during the b u r n u p  of the MTR-Phoenix core, in addition t~ those 

performed before burnup commenc.ed. One s e t  of measurements was performed 

a t  a core burnup of 660 Mud, the other a t  834 MWd. Since, as we have seen 

in the previous section, the c r i t i ca l  rod bank height moved up as core 

b u r n u p  progressed, these l a t e r  different ial  measurements were n o t  made a t  

a height .of 18 in.  

The resul ts  of the three sets  of shim rod different ial  worth 

measurements are presented in Table VII.  They are also presented 

qraphically in Fiqure 18. 

TABLE YII 

SHIM ROD DIFFERENTIAL WORTHS 

Shim 
Rod 

Position 

* 
Rod Differential Worths ($/in. ) 

0 MWd 660 MWd 834 Mud 
H t  = 18.0 i n .  H t  = 22.1 in. H t  = 23.0 i n .  

*All worths quoted have an uncertainty of + 2%. 



20  22  

B A N K  H E I G H T ,  I N C H E S  

FIGURE 18. Shim Rod ~ifferential Worths Vs. Rod Bank 
Height: MTR-Phoenix Core 



The l a t e r  d i f fe ren t ia l  worth measurenents mzy be compared with those made 

i n i t i a l l y  by d i f fe ren t ia t inq  the rod bank wor th  curve of Fiqure 6 a t  the 

appropriate heiqhts. These data appear i n  Table M I I .  

TABLE VI I1  

Chanqe in Shim Rod Worth w i t h  Burnup 

From integral  worth curve 
measured i n i t i a l  ly 

Measured a t  660 MWd 

Measured a t  834 MWd 

Bank Differential  Worth ($ / in . )  

H = 22.1 i n .  H = 23.0 i n .  

3.93 3.36 

3.09 - - 
- - 

3.01 

A decreasing rod worth with burnup i s  observed. 



B. Kinetics Measurements 

Reactor noise measurements, as described in Section I\I.E, were repeated 

near the end of the YTR-Phoenix core lifetime. Fission chamber data were 

recorded with the reactor operatinrl a t  10 kw. The spectrum obtained i s  

shown in Figure 19. The analysis of this  spectrum yielded a best estimate 

of 6 / a  of 9.34 t 0.50 H z .  The reason for the relatively poor estimate of 

~ / a  i s  apparent from Figure 19 Two factors contributed to the 5% uncer- 

tainty.  F i rs t ,  the low efficiency of the fission chambers did not yield 

the r a t io  of correlated-to-uncorrel ated signals necessary for a good estimate. 

Second, flow noise apparently existed in the 8 to 10 Hz frequency range. 

Within the experimental uncertainties , one may concl ude tha t  the val ue 

of 6 l a  for the MTR-Phoenix core did n o t  change with burnup. 

C .  Neutron Fl ux Spectrum Measurements 

Measurements were made of the neutron spectrum of the MTR-Phoenix core 

a t  the end of i t s  burnup lifetime. A multiple foi l  activation technique 

uti l izinq the SPECTRA code for  data analysis was used. The SPECTRA code 

provides a neutron flux spectrum that  minimizes an error function. A t r i a l  

spectrum i s  supplied as tabular i n p u t ,  and by requiring that  the squared 

difference between the measured and calculated detector ac t iv i t ies  be a part  

of the function, i t  i s  possible to obtain a convergence f i t  t o  the new spectral 

shape. 

The two locations within the core where the measurements were made were 

channel No. 8 of L-35, and channel Na. 8 of L-45. Each location had two 

measurement positions; one position was four inches down from the top of the 



F R E Q U E N C Y ,  Hz 

FIGURE 19 .  C r o s s  Power Noise Spectrum: M T R - P h o e n i x  Core w i t h  a Burnup of 907 MWd 



f u e l  p l a t e ,  and t he  o the r  p o s i t i o n  was s i x t e e n  inches down from the  top  o f  

t h e  f u e l  p l a t e .  Th is  arrangement qave a  t o t a l  o f  f ou r  measurement pos i -  

t i o n s .  

Aluminum wands w i t h  s u i t a b l e  f o i l  packets were f a b r i c a t e d  such t h a t  

when t h e  wands were i n s e r t e d ,  t h e  packets were a t  t h e  above descr ibed 

64 4 6 p o s i t i o n s .  For each p o s i t i o n ,  5 5 ~ n  (n,y)56Pln, 6 3 ~ u ( n , y )  Cu, 4 5 ~ c ( n , y )  Sc, 

46 5 0 ~ r ( n  ,y) 51~r ,  6 4 ~ n ( n , p ) 6 4 ~ u ,  58~i ( n  , p ) 5 8 ~ o ,  54~e(n,p)54?!n, 46~i ( n Y p )  Sc, 

24 2  4  
2 4 ~ g  ( n  ,p) Na, and 2 7 ~ ~  (n  , a )  Na were used. 

A f t e r  i n s e r t i o n  o f  t h e  aluminum wands w i t h  t h e  f o i l  packets,  t h e  

r e a c t o r  was brought  t o  a  power o f  400 kw and r e t a i n e d  a t  t h i s  l e v e l  f o r  two 

hours be fo re  be ing scrammed. The a c t i v a t e d  f o i l s  were then  removed from 

the  wands, and a f t e r  a  s u i t a b l e  w a i t i n g  pe r i od ,  were counted on bo th  a  

Na(1) and a  Ge(L i )  mu1 t i - channe l  ana lyzer  t o  determine t h e i r  induced a c t i v i t y .  

The measured neu t ron  f l u x  values a t  s p e c i f i e d  neu t ron  energies a r e  l i s t e d  

i n  Table I X  f o r  the  l o c a t i o n s  i n  fue l  elements 35 and 45. The cadmium r a t i o s  

f o r  5 9 ~ o  and t h e  2200 mlsec thermal -neut ron f l  uxes a r e  t abu la ted  i n  t h e  l a s t  

two columns. 



TABLE I X  

Measured Neutron F l  uxes 

Co r rec t i ons  were made f o r  the  c o n t r i b u t i o n s  t o  t h e  a c t i v i t i e s  by h i ghe r  

energy resonances when necessary. S e l f - s h i e l d i n g  by d e t e c t o r  atoms i n  t he  

samples were l e s s  than  1%. 

Using a  c a l c u l a t e d  i n i t i a l  t r i a l  spectrun, and t h e  measured a c t i v i t i e s  

from t h e  f o i l s ,  a  core spec t run  f o r  each p o s i t i o n  was determined. The com- 

p a r a t i  ve r e s u l  t s  between t h e  c a l  c u l  a ted  and measured spec t ra  i n  l o c a t i o n s  

L-35 and L-45 a r e  shown i n  F iqures 20 and 21 r e s p e c t i v e l y .  

Good agreement between c a l c u l a t e d  and measured spec t ra  i s  seen f o r  

energ ies l e s s  than 1  MeV. I n  the  few MeV req ion ,  t h e  measured f l u x  i s  about  

10% h igher  than  t h a t  ca l cu la ted .  The source o f  t h i s  anomaly i s  be inq 

i n v e s t i g a t e d .  

b 

Location 

Fe- 35-Top 

Fe-35-Center 

Fe-45-Top 

Fe-45-Center 

Neutron Energy 

2.3 

2.0 

2.9 

2.6 

0 . 6 5 4 e V  

1 . 5 6 ~ 1 0 ~ ~  

4 .63~10"  

1 . 3 3 ~ 1 0 ~ ~  

4 .34~10"  

2  mth-n/cm /set 

3 . ~ ~ 1 0 ' ~  

7 .8~10 "  

3 . 4 ~ 1 0  11 

9 . 9 ~ 1 0 ~ ~  

4 .91eV 2 1 . 6 e V l  132 eV 514 eV 

3.10x108 

9 . 3 4 ~ 1 0 ~  

2 . 8 8 ~ 1 0 ~  

8 . 8 2 ~ 1 0 ~  

2' Neutron Flux - n/cm /sec/eV 

3 . 0 2 ~ 1 0 ~ ~  

8 . 4 7 ~ 1 0 ~ '  

2 . 5 8 ~ 1 n ' ~  

8 . 0 2 ~ 1 0 ~ '  

7 . 5 4 ~ 1 0 ~  

2 . 2 0 ~ 1 0 ~ ~  

6 . 5 4 ~ 1 0 ~  

2 . 0 1 ~ 1 0 ~ ~  

l . 2 l x l 0 ~  

3.67~10' 

1 .02~10'  

3 .49~0'  



FIGURE 20. Neutron Flux Spectrun in Water Channel 8 of 
Core Position L-35: MTR-Phoenix Core 



N E U T R O N  E N E R G Y ,  MeV 

FIGURE 21. Neutron Flux Spectrum in Water Channel 8 
of Core Position L-45: MTR-Phoenix Core 
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APPEFlDIX 

Fuel Plate Axial Gamma Scans 

The resul ts  of a l l  the full-width axial plate scans performed in the 

MTR-Phoenix experiment appear in Figures A-1 through A-8. In each case 

the tapered bottom end of the fuel plate i s  shown. All data are normalized 

t o  core average power. 
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FIGURE A-1. Full-Width Axial Gamma Scans of Eight Plates from Fuel Element 
Position L-31 
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FIGURE A-2. ~ull-Width Axial Camma Scans of Eight Plates from Fuel Element 
Position L-35 
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FIGURE A-3. Full-Width Axial Gamma Scans of Eight Plates from Fuel Element 
Position L-36 
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FIGURE A-4. Full-Width Axial Camma Scans of Eight Plates from Fuel Element 
position L-37 
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FIGURE A-5. Full-Width Axial Gamma Scans of Eight Plates from Fuel Element 
Position L-39 



1.0 P L A T E  2 

-'" 
P L A T E  1 6  

l 

8 -  l 
l 

l 
l 

4 - l 

l 

l 

l 

0 ------------ 0- 
l 

l 

l 

4 - l 
l 

. 
l P L A T E  4 
l 

l - 
l 

l 
l 

- l 

l 

l 

l ------- -0- - -  
l 

l 

- l 

l 

------ me"' 

P L A T E  1 4  
l - 
l 

l 
l - l 

l 

l 

l - - - - - - - - - -0 - - 
l 

l - l 

l 

I 

l P L A T E  6 

- 
l 
l 

- l 
l 

l - - - - - - - . - - - 
l 

l 

l - l 

l 

---- - --- - - 

l 
l P L A T E  1 2  
l 

- 
l 

l 
l 

- l 

l 

l 

l 

- --- -- ----. - - 
l 
l 

l - l 

l 

;U - -- - - - -0 . - - =:' 

w 

l P L A T E  8 
l - 
l 

l 

- l 

l 
l 
l - - - - - - - -  0--- 

l 

l 

- l 

-------  

. 
P L A T E  1 0  

l - 
l 

l 

l - l 

l 

l 

l -------- 3-- 
l 

l 

l - l 

l 

------ 3 -  

FIGURE A-6. Full-Width Axial Gamma Scans of Eight Plates from Fuel Element 
Position L-45 
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FIGURE A-7. Full-Width Axial Gamma Scans of Eight Plates from Fuel ~ l e m e n t  
Position L-47 
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