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a . <  
NOTICE 

m. lnis repp- - 1 - 1  .-...nnornA _- a s  a_= accnunt of Government sponsored 
work. Neither the United S ta tes ,  nor the National Aeronautics 
and Space Administration (NASA), nor any person act ing on 
behalf of NASA: 

A . )  Makes any warranty o r  representation, expressed 
o r  implied, with respect t o  the  accuracy, complete- 
ness, o r  usefulness of the  information contained i n  
t h i s  report ,  o r  that  the  use of any information, 
apparatus, method, o r  process disclosed i n  t h i s  
report  may not infringe pr ivately owned rights; o r  

B . )  Assumes any l iabi l i t ies  w i t h  respect t o  the  use o f ,  
o r  for damages resul t ing from the use of any in for -  
mation, apparatus, method o r  process disclosed 
i n  t h i s  report .  

A s  used above, "person acting on behalf of NASA" includes any 
employee o r  contractor of NASA, o r  employee of such con- 
t r a c t o r ,  t o  the extent that  such employee o r  contractor of NASA, 
o r  employee of such contractor prepares, disseminates, o r  
provides access t o ,  any information pursuant t o  h i s  employment 
o r  contract with NASA, o r  h i s  employment with such contractor.  
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GAS CAVITY REACTOR SIMULATION EXPERIMENT 

G. D. Pincock 
J .  F. Kunze 

ABSTRACT 

J 

This r epor t  contains the c r i t i ca l  experiment t e s t  r e su l t s  f r o m  measure -  
ments  per formed in the center  of the NASA Tungsten reac tor  to simulate 
a gaseous fueled cavity r eac to r .  
the same amount of solid sheet fuel dis t r ibuted over  the same volume and 
the react ivi ty  difference between the two types of fuel was measured .  
was found that the skeet fuel was worth about 6% less than the gaseous UFg 

Cpseous U F 6  fuel was simulated with 

- _  ... 
It + - 

fuel. 
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1 .0  

2.0 

INTRODUCTION 

An experiment was  conducted in the NASA Tungsten reac tor  as requested 
by the NASA-Lewis Research Cecter to  determine if  enriched U F 6  fue l  
in the gaseous f o r m  could be simulated with one mil thick sheet uraniwn 
fuel. 
fuel car t r idges and fuel  tubes were removed and an in se r t  assembly was 
inser ted in their  place. 
ments performed during this test  s e r i e s .  
Idaho at the Low Power T e s t  Facil i ty and was covered by contract 
number NAS 3-6104. 

In order  to accomplish the experiment,  the center sever, tungsten 

This report  contains the resul ts  of the measu re -  
The work was performed in 

DESCRIPTION OF REACTOR AND INSERT 

The  tungsten reac tor ,  before modification, cors i s ted  of 37 fuel tubes s e t  
on a 3 .  1 inch pitch. 
des i red  tungsten, enriched uranium concentration fo r  the proposed 
tungsten clad fuel car t r idges.  The reac tor  was water  moderated and 
beryll ium reflected. A detailed description of the reac tor  and fuel 
car t r idge  loading is given in the data  report  fo r  the tungsten reactor .  
One modification was made  to the tungsten fuel car t r idges.  A l l  of the 
s ta inless  s tee l  cylinders (cylinder 4) with three  mi ls  of tungsten were  
removed. This was required t o  obtain a cr i t ical  assembly. 

The fuel cartridges were  wrapped to simulate the 

(13 

The  inser t  consisted of an outer aluminum tank with an outside d iameter  
of 8 .0  inches and a wall  thickness of . 125 inch. I r s ide  this tank was 
another aluminum tank which was 7. 0 inches 0. D. with a a 064-inch wall 
thickness. These  two tanks formed a 1/2-i9ch annular void which was 
evacuated to provide a thermal  shield between the water  moderator  in 
the "parent core" and the inser t  water.  
In the very  center  of the reactor was placed the aluminTJm tank containing 
the fuel. Two center  tanks,  27.5 inches long, were  madep one contained 
the sheet  fuel and the other contained U F 6 .  
being 5 inches in diameter  (0. d. 
tank into which sheet  was placed had a removable cap at the top to allow 
loading the tank with fuel. It also had a 1/4-inch d iameter  aluminum 
tube connected at the top and bottom of the tank to  permi t  fililng the tank 
with argon while i t  was in the reactor  to prevent oxidation of the fuel 
when heated to temperatures  near 190°F. Both tanks were  water  tight 
t o  prevent water  f r o m  entering them and, of course ,  the vF(, tank waq 
s e a l  welded to prevent escape of the gaseous ma%eriali. 

This is i l lustrated in F igure  1. 

The tanks were  identical, 
with a . 125-inch wall  thickness. The 

( l )  G. D. Pincock, M. A .  Jacoby, GE-NMPO, NASA CR-54453, July 21, 
1965, pp. 8 to 11. 

UNCLASSBF IED 
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CAVITY INSERT 

NASA REACTOR LAYOUT 

T O P  VIEW - LOOKING DOWN 

O0 
e 

F i g u r e  1 
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The water  around the center tank was heated to nea r  boiling and ir- +:rn 
heated the tank containing fuel. 
the U F g .  
circulated through the inser t .  The evacuated a.lr gap which served  as a. 
heat shield was necessary  t o  prevent t ransfer  of heat f r o m  the insert to 
the "parent core" moderator .  The wzter  -.n the "parer t  corerp was 
normally around 70°F whereas the inser t  was normally operated near  
190°F. # 

Th's was r e c e s s a r y  in o r d e r  to vaporize 
The water  was heated exterior= to the reactor znd was then 

Beryll ium ref lectors  were  placed on both e rds  of the i n s e r t  to  r e d i z e   EL^ 
leakage of neutrons. 
pieces available in Idaho. 
F igu re  2. 

These  reflectDrs W ~ T F  assembled f r o m  beryll ium 
The k z i j r o ' i t  of the ref lectors  LC bhown in 

The  sheet  fuel was placed in the inser t  tank on dkum':!Am 'screens. 
concentration of fuel had to  be kept t o  around 200 grams so  that the s a m e  
amount of fuel could be  vaporized in the f o r m  of T?F6 bekow the bo l ing  
point of water  at the existing barometr ic  p re s su re .  
were  cut and shaped to f o r m  a corrugated pat tern as shown 13 Ftgure  3. 
Each sc reen  held seven one mil thick sheets  of fuel 2.875 inches long by 
1.437 inches wide. It was necessary to trim a smaU amount of fuel off 
of the edge of four of the sheets  whtch were  r ex t  t o  the tar-k walk. 
of 22  s c reens  and 154 sheets of fueL were  nsed to  f i l l  this tank. 

The 

The aluminum sc reens  

A total 

The fuel was carefully cleaned and weighed before the experiment s tar ted.  
The  total  weight was 171.57 grams of 93.2% er-nched uranium. 
specifications on the mater ia l  placed in the other tank gave 254.69 grams 
of U F 6 .  Of th i s ,  .6736 was 93.23% enriched urzn'-.;rn. 
g rams  of uranium in the CF6  tarrk. 
amount of uranium was used. 

The 

This  gives 171.56 
In each case ,  therefore ,  the same 

Two se t s  of aluminum sc reens  were used in the sheet  fuel tank to support 
the fuel. 
during the t e s t  weighed 128.45 grams. 

The f i r s t  s e t  weighed 127. 7 3  grams and the second set added 

Two thermocouples were  placed in the inser t  wr.ter. 
nea r  the bottom of the tank and the other r e a r  the top. 
couples were  located in the "parent core" moderatar .  
couples were  monitored remotely in the, c c r t r d  room with a precicion 
millivolt box. 

One was located 
TF,K other thermo-  
All of the the rma-  

Only five actuators and 15 control rods were used in the reac-or  for ccr?-o l  
as shown in F igure  1. 
and g a s  l ines into the insert .  The rods cn actuators 3 and 5 were  pia.i-d 
on one s ide of the actuator to allow the water  dra in  lrnes to  pass  betweer, 
the fuel tubes. 

Actuator 2 was removed to accornr-LL:dnte the water 

UNCLASSZEI.ED 
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CAVITY INSERT 
BERYLLIUM E N D  R E F L E C T O R S  

T O P  R E F L E C T O R  

4 Inc5es  i n  Length  

BOTTOM REFLECTOR 

16 Inches  i n  Length 

Note: Eact,  i:c'x R e  b a r  is  1 .662  f , 0 0 5  i n c h e s  across f l a t s .  T h o s e  p i e c e s  
w t i i c h  a r e  not a c o m p l e t e  hex  a re  hex  bars c u t  in  half .  

UNCLASSIFIED 
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F U E L  CARTRIDGE - ALUMINIUM S C R E E N  

AND S H E E T  F U E L  ARRANGEMENT 

Aluminium s c r e e n  with f u e l .  

AI  

R 1 i in2 i n i I irn f 1 t 11 he  . 
UNCLrZSSIF1;;D 
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TEST PROCEDURES 

LASS IF XED h 

As stated in the previous section of thi; repor t ,  15 control rods were   sed 
in the reactor  during thls tes t  s e r i e s .  The normal  procedure was to move 
all of these rods to the s a m e  equally withdrawn position to determine k -  
excess  or  changes in k-excess .  In o rde r  to evaluate the tot21 worth of the 
rods,  they were  pulled o r  "bumpeds' a small increment.  
sulting period and a valid rod worth curve,  the total worth of the rods was 
readily determined. Knowing totah rod worth arid the percent of this worth 
inser ted in the r eac to rg  the sys t em exc e s s  reactivity was calculated. 
This procedure,  of courses  required the use of a representat ive rod worth 
curve.  
were  made to  determine the rod worth curve ucing 18 rods ir: the reac tor .  
A l l  18 rods were  moved as a unit. Since the total worth of 15 rods in thla 
assembly was expected to be only sll-ghtly l e s s  than the tota worth of 18 
rods in the unmodified tungsten r eac to r ,  the measurement of a new rod 
worth curve was considered to be i innecessary unless resul ts  showed 
otherwise. 
F igure  4 and Table 1. 
worth and excess  reactivity f rom rod "bumps" and the rod wor; 
a r e  described in m o r e  detail  in a prevrous NASA data  report .  

F r o m  the r e -  

P r i o r  to  modifying the tungsten reac tor  fo r  this t e s t ,  measurements  

This curve is pr'esented in both graphical and tabular f o r m  in 
The procedures followed in determining total  rod 

curve A 
The exposure of catcher  foils in  the inser t  to  determine the epicadmium 
fission'fraction was accomplished by using s tandard catcher foil techniques. 
The aluminum catcher  foils were  exposed agamst enriched uranium fuel 
for  a period of 20 minutes. 
covered with 20 mils of cadmium. Each catcher  foil was counted a f t e r  
exposure in t$e reactor  on the semi-.automat'.c counting sys t em at the LPT 
facility. Normalizer  catcher foils were  a l so  exposed a t  the s a m e  t ime 
the other catcher foils were  in the reac tor .  
foils and the exact counting procedures a r e  descr ibed in detail  in one of the 
ea r l i e r  reports covering a NASA experiment performed by the General 
Elec t r ic  Company. ( 3 )  

The cadmium covered catcher foils were  

The purpose of these normal izer  

") ' Ibid, p. 13 

(3)  G. D. Pincock, M. A .  Jacoby, "Data Result- F romNASA F-iel 
Cartr idge Experiment in 630A Cr i t ic  3,l Exper-meEt, Reactor" 
GE-NMPO, GEMP-262, Dec. 23, P963., pp. 18 to 24. 

UN G LASS 'Z JJZ D 
- 10 - 

~ 



100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 



, 

U N C LASS IF IE D 

100.00 
960 53 
85.03 
66.81 
46.23 

13.69 
, 27030 

50 20 
1.03 

TABLE 1 

SUBCRITICAL ROD WORTH CURVE 

NASA CORE CONFIGURATION 

'Source in Center of Reactor 
Percent  Rod Worth Inserted 

Ratiomete r 
Reading 

a 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 

100 ' 200 30 0 400 SO 0 600 700 800 900 I I. O 

100.00 
950 75 
83.43 
640 79 
44.19 
25. 69 
12.62 
40 60 

0 82 

99.92 99076 99.53 99.22 98.84 98038 
94.89 93.95 92.93 91.83 90.65 89038 
81.76 80.04 78.27 76.45 74.59 72.69 
62.75 60.70 58.64 56.57 54.50 52.43 
42.17 40.17 38.20 36.26 34.37 32.52 
24.14 22.64 21.20 19.81 18.48 17.20 
11.60 10.63 9.71 8.84 8.02 7.25 
4.05 3.54 3.67 2.64 2.25 1.90 

.62 .45 0 31 0 19 0 10 0 03 

970 84 
880 0 2  
70. 76 
50.36 
30.72 
15.98 

60 52 
1.58 

0 

-97.22 

480 29 

14.81 
50 84 
10 29 

0 

860 57 
68.80 

28.98 

* o  
1000 
2000 
3000 

. 4000 
5000 
6000 
7000 
8000 

~IFFERENCE TABLE 

,O 100 200 300 . 400 500 600 700 800 900 
~~ ~ ~~ 

0 0 .O8 . .*16 0 23 0 31 0 38 .i46 0 54 .62 
069 078 086 r94  1.02 '1.10 1.18 1.27 1.36 1.45 

1l.54 1.60 1.67 1.72 1.77 1.82 * 1.86 1.90 1093 1.96 

2.06 2.04 2.02 2.00 1.97 1.94 1.89 1.85 1.80 1.74 
1.68 1.61 1.55 1.50 1.44 1.39 1.33 1.28 1.22 1.17 
1.12 1.07 1.02 097 092 0 87 0 82 0 77 . 73 . 68 
0 6 4 .  060 a55 .51  .47 0 43 . 39 0 35,  0 32 0 29 
026 021 020 017 014 012 . 009 0 07 0 04 0 02 

1.99 2.02 2.04 2.05 2.06 2.07 2.07 2.07 2.07 . 2.07 

UNCLASSIFIED 
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4 . 0  MEASUREMENT OF EPICADMIUM FISSION FRACTION 

The t e s t  required that a measurement  be made  on the sur face  of center  
fuel tank to determine the epicadmium fission fraction. 
required that this f ract ion be less than .25.  
accomplished by placing four bare  and four cadmium covered catcher  
foils on the inner surface of the tank containing sheet  fuel.  The foi ls  
were  placed at  the ver t ical  midplane of the reactor .  
were  1/4 inch in d iameter  and were exposed on a single run. The  
resulting normalized counts a r e  given in Table 2. 
that the epicadmium fission fraction was .0453 f . 0011. 

It was fu r the r  
The measurement  was 

A l l  eight foi ls  

It will  be noted h e r e  

TABLE 2 

EPICADMIUM FISSION FRACTION 
J, ,I< 

Foi l  No. Angle* Type Foi l  Normalized Counts I ’  

1 0 Cd Covered 3478 

3511 

3478 

2 90 

3 180 

4 270 1 3555 

Avg. 3506 f 36 

5 30 Bare 79621 

6 120 

7 210 

8 300 

77455 

75433 

76879 

Avg . 77447 f 1756 

Epicadmium Fiss ion  Fract ion = 3506 f 36 = ,0453 f .0011 
77447 f 1750 

* Degrees  f r o m  co re  centerline (clockwise looking down). 

*e Decay co r rec to r  set a t  102110 counts - Normalizers  counted 114534 
counts pe r  minute at 50 minutes a f t e r  shutdown. 

UNC LASS IF IED 
- 13 - 
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ROD WORTH AND EXCESS REACTIVITY MEASUREMENTS 

The main purpose of this t e s t  was,  of course ,  to  determine if  gaseous UF6 
could be simulated with solid sheet fuel. 
were ,  therefore ,  oriented towards th:s end. With the sheet  fuel tank in 
the reactor ,  measurements  were  made  to determine the worth of the fuelg 
the worth of the aluminum screens  and the reactivity effect of tempera ture  
in the insert  water and fuel tank. 
the tank containing U F 6  was placed in the reac tor  and the change in excess  
reactivity of the reactor  was measured  compared to the tank containing 
sheet fuel. 
control rods equally inser ted into the reac tor  & r e  presented in Table 3. 
The average rod worth based on all 14 rneasuremer&ts was 8.275 f .2657‘0 
A k/k, It will  be noted that there  a r e  small variations in “parent  core’’ 
moderator  temperature  and, af ter  the inser t  was heated to operating 
temperature ,  there  were  also some small variattons in the in se r t  
temperature .  
corrections to  the excess reactivity values before determining the 
reactivity changes due to the different corLdftionj in the inser t .  

The reactiviry measurements  

After completing these measurements ,  

The resul ts  of each excesx reactivity mei,sxreme-t w;th the 

Because of these changes, i t  was necessary  to make  small 

The moderator  tempera ture  coefficient of reactivlty f o r  the tungsten reac tor  
was previsouly measured  to be . 005770 Ak/k per  O F  change in water 
temperature .  
increase  in the inser t  only f r o m  about 74OF to 193OF was measured  to be 
a positive , 0 0 2 5  f .001870 Ak/k pe r  O F  change in water  tempera ture .  

This is a positive coeffic lent. The  effect of tempera.ture 

The da ta  given in Table 3 were  re-evaluated using the average rod worth 
and correcting to a tempera ture  base  of 74OF in the parent  co re  moderator  
and 193OF in the inser t  (except where noted) using the above moderator  
temperature  coefficients. The resul ts  a r e  summar ized  as follows: 

Ins e r t C ondit ion k - exc es s 
70 A k/k 

A1 tank but no sheet  fuel o r  A1 sc reen  in ipser t  {cold) 1.848 f .057Q 
Normal  sheet fuel and A1 sc reen  in inser t  [cold) 4. 578 f . 146+ 

1 ’  I t  I I  1 1  I !  I I  I t  I ’  [ hot) 4.874 f . 156 

UF6 tank in inser t  (hot) 5.016 f . 161 

Sheet fuel only removed f r o m  inser t  (hot8 2 . 3 2 5  f .075 
Normal  sheet fuel  with double A1 sc reen  in incserti(hot) 4.872 .f . 156 

4c 
These  two values a r e  with the inser t  at the same t empera tu re  as the 
parent  core moderator  s o  both tempera tures  were  corrected to  74OF. 

UNCL ASS IF E D  
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Taking the differences in the above values give the following: 

. 
L 

Worth of sheet fuel  and A1 sc reen  (cold) 
Worth of increasing inser t  t empera ture  f rom 

Worth of fuel only in inser t  (hot) 
Worth of A1 s c reen  in in se r t  (hot) 
Worth of U F 6  over sheet  fuel (hot) 

A s  noted here ,  the U F 6  car t r idge was worth m o r e  than the sheet  fuel 
car t r idge.  
about 670. It w a s  considered advisable af ter  noting this difference to 
check again the differences between the two inser t  car t r idges by measulr- 
ing the difference in a single period. The sheet fuel assembly was placed 
in the inser t  and the cr i t ical  position was established with actuators 4, 5 
and 6 fully inser ted,  actuator 1 withdrawn and actuator 3 a t  7652. The 
UF6 car t r idge was then inserted and the cr i t ical  position was the s a m e  as 
above except actuator 3 was now a t  6569. 
6569 to 7652 resulting in a period worth,  . 151 f ,00570 Ak/k. 
these two measurements  the parent  co re  moderator  indicated a tempera ture  
increase  of 0.2 f 1. O ° F  and the inser t  t empera ture  decreased  1. 1 f 1. O O F .  

Applying these small tempera ture  changes gives a difference between the 
two car t r idges of . 152 f . 00870 Ak/k with the U F 6  still being worth more .  
Aluminum rods were  then placed along the outside of the UF6 tank to 
simulate the gas l ines on the sheet  fuel tank. 
c r e a s e  in reactivity of . 0 0 2  f .00970 Ak/k. 
on these  values assumes  a 1. O°F standard e r r o r  on tempera ture  and 3yo 
standard e r r o r  on the period worth. 

2.729 f 15770 Ak/k 

74.0 to 193. O O F  . 296  f .214yo Ak/k 
2.549 f . 173 yoAk/k -. 002 f .22170 Ak/k . 142 f .22470 Ak/k 

Based on the worth of the sheet  fue l  only, the difference was 

Actuator 3 was pulled f r o m  
Between 

This caused a slight in- 
The s tandard e r r o r  placed 

The  reason for  the U F 6  being worth m o r e  in reactivity was expected to 
be due to lumping the fuel in the sheet  fuel thus causing some self-shielding. 
To  fur ther  check this ,  the center sheet  of fuel on each t r a y  was moved to 
an outer  position thus creating a double layer  of fuel over a single fuel  
sheet  a r e a  on each of the 2 2  aluminum sc reens .  
fuel was placed at a different angular position as the sc reens  were  inser ted  
back in the tank s o  that i t  spiral led around the tank at 90 degree  intervals.  
Lumping the fuel in this fashion decreased  k-excess  .017 f . 010% Ak/k. 
This  substantiates the self-shielding effect  of the sheet  fuel. 
gives fur ther  theoretical  justification f o r  the difference in reactivity 
expected between these measurements .  

This  double l aye r  of 

Appendix A 

Although there  a r e  some  reactivity differences between the two types of 
fuel, these differences a r e  relatively small and can be compensated f o r  
by using a l i t t le m o r e  sheet  fuel to account f o r  self-shielding. 

UNC LASSIF 1ED 
- 16 - 



UNCLASSIFIED 

L .  

6 . 0  ERROR ANALYSIS 

A l l  of the data  resul ts  contained in this report  a r e  presented with a 
s tandard e r r o r .  The  catcher foils exposed to determine the epicadmiurn 
fission fraction in the inser t  show a standard e r r o r  of around 2'70. 
is based on an assumption that the neutron f l u x  and spec t rum is constant 
around the inser t  fuel  car t r idge and that the e r r o r  is due to normal  
foil mounting, exposure and counting variations.  This standard e r r o r  
is normal  f o r  this type of measurement.  

The s tandard  e r r o r  associated with the reactivity measurements  a r e  
a l so  given. 
on the average control rod worth of 8. 275 f .26570 Ak/k. 
standard e r r o r  of about 370 which is reflected in each of the given k- 
excess values. 
ment. 

This  

The k-excess values fo r  the different conditions a r e  based 
This gives a 

This is also a normal e r r o r  fo r  this type of measu re -  

The  few measurements  discussed in the previous section based on 
periods o r  period differences were evaluated on an assumed s tandard 
e r r o r  of 370 for  a single period measurement .  
on previous experience. 

A s tandard e r r o r  of 1 F was assumed for  the water  tempera tures .  
This was factored into the data involving differences in periods only 
s ince  the small uncertainty in temperature  was insignificant in the 
data  based on total  rod worth and differences in k-excess.  

This value was based 

0 
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APPENDIX A 

Cavity Reactor Mockup 

1. Self-shielding of 1-mil U foi ls ,  using the formula  of Bathe 

where x = 26 a (foil thickness) 

2.  F O G  calculation showed a power dip through the cavity of 270, 
i. e., ra t io  = 0.98 ' 

3 .  Reactivity effect of a "perturbation" is 

't a 

1.06 An 
A/ =TG y- w i t h n  = 2.06, 

4. If self-shielding difference is o*8t 98 = SLO. 108, then 

A/. = - x 0. 108 = -0 .056 

There should have been a 5.6% difference between the reactivit ies 
of the two cavities.  
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