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LIGHT MODERATOR REACTOR PHYSICS 

Modifications to the Csmpilter Code, Thermos, 
and Comparative Studies on Scattering Kernels 

J. R. Worden, W. L. PrrrceZ1, and R. C. Liikala 

Introduction 

For  the past several months, the compllter code, THERMOS, 'I '  has 

been used extensively at Battelle Northwest Laboratories for calc~llatlng the 

spatial and energy distribution of the newtron flux in unit cells of thermal 

reactors,  During thls time it has been found desirable to make certain 

changes and/or additions to the code that 

red~rce the time and effort r eq~ured  to perform calclllations 

using THERMOS, 

increase the flexibfllty of the code, or  

adapt the code to special problems. 

Thls report s r~mmarlzes  the opticns available at Battelle -Northwest 

for calcirlations Ilslng THERMOS, The modifications have proven useful 

here and a r e  summarized since Simi1a.r changes may be of use at other 

laboratories. 

The remainder of the report describes the method by which c ross  

section data a r e  obtained and prepared for THERMOS and an extended version 

of THERMOS available for rlse on the TTnlvac 1107. Finally, scattering 

kernels in  use for the common moderating materials  a r e  described along 

with a summary of the r e s l ~ l t s  s f  some comparative s t ~ ~ d l e s  on the effect sf 

of the choice of scattering model on calculated reactor parameters, 

Access to the c ross  section data of the Battelle Northwest Master 

(formerly the RBU Baslc ~ 1 b r a r - y ) ' ~ '  has been provided through 

a program chain, called THERBAR. This code is basically a cha~ra con- 

nectlng BARNS, 14' whlch reads the baslc library, LISP. "' which prepares 

a data tape for THERMOS, and THERMOS ~ t s e l f .  
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The p r imary  incentive fo r  this work was to reduce the t ime  and  

effort required to per form calculations using THERMOS An important  

secondary benefit i s  derived by having easy  a c c e s s  to the s tandard  c r o s s  

section data of the bas ic  l ib ra ry  This allows the des i rab le  si tuation that  

comparative s tudies  on different s y s t e m s ,  perhaps performed by m o r e  than 

one  person ,  may be normalized to the s a m e  basic  da ta .  

A subroutine,  VELCON, is included in the chain for  the purpose of 

converting f r o m  g r a  p boundary energ ies ,  which a r e  input data f o r  the  code,  

to velocit ies a s  requi red  by THERMOS. The velocity width and midpoint 

veloclty a r e  required on a THERMOS data tape.  Tke energy corresponding 

t o  the midpolnt velocity of each group i s  calculated in VELCON and it i s  a t  

these  energ ies  that c r o s s  section a r e  r ead  f rom the bas ic  l i b r a r y .  

The original  vers lon  of THERMOS, programmed f o r  an  IBM 7090, 

has  been converted to FORTRAN IV, and complled on the Unlvac 1107. At 

the  s a m e  t ime,  the number  of space  points available in a calculation has  

been inc reased  f rom 20 to 25,  and the number  of energy groups has  been 

increased  f rom 30 to  40  A data tape i s  available which has  groups over  

t h e  energy range 0 to  1 . 3  eV, thus spanning the 1 .056 eV resonance in 

the PU 240 
c r o s s  sect ion.  This pe rmi t s  study of the effect of th i s  resonance  

on the the rma l  f l u x  shape in r eac to r  ce l l s .  F o r  example,  the calculated 

neutron spec t rum a t  the cen te r  of a 19-rod c lus t e r  of UO - 2  wt70 PuO 
2 2 

in D 0 moderator  i s  shown in F igu re  1. The plutonium was a s sumed  to 2 
c o n t a k  8 wt% ~ u ~ ~ ~ .  The upper curve  of the figure was calculated using 

the IBM 7090 vers ion  of THERMOS wlth an energy mesh ove r  the  range  

0 to 0.683 eV. The lower  curve  was calculated using the Univac 1107 

vers ion with 40 energ ies  a s  descr ibed above. The curves  a r e  normalized 

to give the s a m e  integrated flux over  the  energy range 0 to 0 .  683 eV. As  

expected, the effect of the ~u~~~ resonance is to deplete the flux over  the 

t h e r m a l  energy range.  In o r d e r  to demonstrate  the Importance of the  dff- 

f e r ences  in the  shape of the  two cu rves ,  average  absorption and f iss ion 

c r o s s  sect ions  a r e  l i s ted  on the f igure ,  averaged over  each of the two 

spec t r a .  It is seen  that the average c r o s s  sect ions  differ by about 470, 

although the ra t io ,  absorption to f iss ion,  is the s a m e  in both c a s e s .  



- 
- - 
- + IBM 7090 - 30 E n e r g i e s  
- 

0 Univac 1107 - 40 E n e r g i e s  - 

E n e r g y ,  e u  

FIGURE 1 

Neutron Spectrum at of 19-Rod Cluster  
U 0 2 - 2  wtO/o 
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Scattering. Kerne ls  and C o m ~ a r a t i v e  Studies 

The Brown-St. John form. of the f r e e  gas  sca t te r ing  m.odel is built 

into both the l i b r a r y  preparat ion program.,  LIBP, and THERMOS i tsel f .  e I, 

This model is used a t  the Laboratory for  a l l  mater ia l s  on the var ious  

THERMOS data tapes  with the exceptions of HZOj D 2 0 ,  and graphi te .  

Water  

Scat ter ing kerne ls  fo r  both light and heavy wa te r  were  generated from. 

t h e  Nelkin sca t te r ing  model fo r  protons bound in water .  C5 1 This  was aceom.- 

plished using the code, GAKER, which, although a s epa ra t e  p rog ram,  is 

essen t ia l ly  par t  of the THERMOS package. F o r  light water ,  the p a r a m e t e r s  

used a s  input to GAKER a r e  those l is ted in the THERMOS document. 'I' F o r  

heavy water ,  a rev ised  se t  of input p a r a m e t e r s  were  obtained based on an 

adaptation of the  Nelkin model to  D 2 0  by Honeck. '6' The lnput p a r a m e t e r s  

used in GAKER, fo r  D 2 0 ,  a r e  l i s ted  in Table I. Values in paren thes i s  a r e  

energ ies  in units of 0 .  0253 eV. Definitions of the var ious  p a r a m e t e r s  a r e  

given in Appendix E of Reference 1. 

TABLE I 

INPUT TO GAKER FOR D 0 2- 

Constant 

Comparisons were  made between r e su l t s  of calculations using the 

Brown-St.  John and Honeck kerne ls  f o r  D 0 by analysis  of t h ree  D O- 
2 2 

moderated sys t ems ;  one containing natural  uranium ( U 0 2 ) ,  a second con- 

taining plutonium only (PuAl),  and  a thi rd  c o ~ t a i n i n g  both plutonium and 

uranium in the form UO -2  wt% R O Z .  In each of these s y s t e m s ,  the fuel 2 



was in the form of 19-rod c lus te rs  arranged in a hexagonal a r r a y  with a 

lattice spacing of 8 in. A model of the cluster  was employed consisting 

of concentric rings of fuel, separated by smeared  D 2 0  and cladding and 

surrounded by D2 0 moderator.  Values for  the rma l  utilizations, dis- 

advantage factors ,  and thermal  neutron reproduction factors  a r e  compared 

in Table 11. F r o m  the table it is obvious that the spat ia l  flux shape a s  

represented by the disadvantage factor and thermal  utilization, i s  nearly 

independent of which scat ter ing kernel  is  used. The difference in spec t ra l  
- 

flux shape is  reflected in the values of thermal  reproduction factor, r i ,  

s ince this parameter  depends only on the neutron spectrum in the fuel and 

not on the spatial  distribution of the integrated flux. + Again, there is little 

reason to choose between the two models since the values of 6 agree to 

within a 70. 
T A B L E  I1 

VALUES O F  THE DISADVANTAGE F A C T O R ,  T H E R M A L  UTILIZATION, AND 7 F O R  8  INCH D a  

L A T T I C E S  F U E L E D  WITH NATURAL U O Z ,  1 . 8  wtvo F u A l ,  AND 2  wtO/o F u O c 2  19-ROD C L U S T E R S  
- 

D i s a d v a n t  e  F a c t o r s  ?8 -1, 

r; 
'mod: fuel-  T h e r m a l  Ut i l i za t ion ,  f C a l c u l a t e d  
C a l c u l a t e d  Nelkin N e l k i n  

Nelk in  D S  G a s  Exp.  D 2 0  G a s  - - Exp .  D 2 0  G a s  

N a t u r a l  U 0 2  1 . 7 9 3  1 . 7 5 9  0 . 9 0 0  0 . 9 3 1  0 . 9 3 1  1 .  322  * 0 . 0 2 1  1. 309 1. ? I ?  

1. 8 wt70 F u A l  1 . 7 7 7  1 . 7 2 5  --- 0 . 9 3 8  0 . 9 3 8  

2  wtyo FuOZ-UO2 6 . 3 3 6  5 . 9 4 2  --- 0 .  972 0 . 9 7 1  

* # f u e l  is t h e  a v e r a g e  f lux  In t h e  c e n t e r  r o d  of t h e  c l u s t e r .  

Comparing against experimental data, which a r e  available fo r  the 

U02 system, ( 7 )  one observes that the value of 5 generated using either 

model agrees  with the experimental value within the quoted uncertainty. 

On the other hand, both over-predict the thermal  utilization, f, by 3+%. Jlc * 
One might suspect that this is due, at least  in part ,  to the approximate 

*The calculated value of 4 is a spatial  average over  the fuel. The b a r  
denotes an energy average over the range 0 to 0.683 eV. 

**Although the definitions of the calculated and measured thermal  utiliza- 
tions, differ slightly, it i s  shown in Appendix A that this difference leads 
to  negligible differences in numerical  valce for  the sys  t ems  considered 
in this report .  



nature of the geomet r ic  model of the c lus te r  used in the analysis .  It will 

be shown, however, that much be t te r  agreement  is obtained in  graphite 

la t t ices ,  independent of whether the fuel  i s  in the f o r m  of solid rods,  tube- 

in-tube, o r  19-rod c lus t e r s .  One thus concludes on the bas i s  of this r a t h e r  

meager  comparison, that fur ther  improvement in the sca t te r ing  model f o r  

D 2 0  should be considered.  

Graphite 

The  scatteri i ig model fo r  graphite in local  use i s  that  of F a r k s  (81 

and the kernels ,  based on this model, were  obtained by use of the computer  

code, SUMMIT. "' Since this code computes kerne ls  corresponding to  

inelas t ic  sca t te r ing  only, those due to  e las t ic  sca t te r ing  were  determined 

such that the tota l  ma t r ix  s u m s  to  give the measured  sca t te r ing  c r o s s  s e c -  

tion at  each  energy. 

Detailed s tudies  of two uranium-graphite la t t ices  were  made to  tes t  

the adequacy of the graphite kerne ls  when used in calculations with THERMOS. 

The  f i r s t  lat t ice consis ts  of a solid, natural  uranium slug,  2 .  5 in. in diameter ,  

in a graphite lat t ice with a spacing of 10. 5 in. Experimental  data  f o r  this 

lat t ice a r e  available(10' f r o m  an experiment  in the Phys ica l  Constants 

Test ing Reac tor  (FCTR) .  ' Latt ice  pa rame te r s  and the rma l  flux d i s t r i -  

butions were  calculated using both the f r e e  gas and P a r k s  kerne ls  and tbe 

r e su l t s  compared t o  the experimentally determined pa rame te r s .  The  flux 

distributions a r e  shown in F igure  2 and the lat t ice pa rame te r s  a r e  l is ted 

in Table  111. Resul ts  of a s i m i l a r  study on a sys t em like the one above but 

with tube-in-tube fuel  geometry a r e  given in Table  IV. Exper imenta l  

r e su l t s  were  obtained f rom experiments  conducted in the FCTR f o r  com- 

par ison.  (10) 

The agreement  of the r e su l t s  obtained with the F a r k s  kerne l  with 

those obtained experimentally a r e  r a the r  str iking,  especially when com- 

pared to the poor agreement  obtained with the gas model. F o r  both exper i -  

ments ,  values of 7 and f a r e  calculated well within the experimental  

uncertainties with the F a r k s  kernel,  whereas  the values of f obtained using 

the gas  model in THERMOS differ f r o m  the experimentally determined 
1 values by 2 70. 



- 

Parks Kerne l  

- 

Aluminum 

FIGURE 2 

Radial  Flux Distribution fo r  2 .5  in. Solid Natura l  Uranium Fueled,  
10.5 in. Graphite Lat t ice ,  Air  Cooled 



TABLE I11 

VALUES O F  f AND RELATIVE AVERAGE FLUXES 

FOR SOLID FUELED GRAFHITE LATTICE, AIR COOLED 

Utilization Averape Fluxes  
0 -  

Calculated Calculated 
Region Experiment  Gas  Model Summit Experiment  Gas  Model Summit  

F u e l  0 . 9 4 1 * 0 . 0 2 2  0 . 9 3 0  0 . 9 4 1  0 ,  308 0 . 2 6 5  0 . 2 9 9  

Clad 0 . 0 0 4  0 . 0 0 4  0 . 0 0 4  0 . 5 2 0  0 . 4 8 2  0 , 5 0 6  

Coolant 
Tube 0 . 0 0 8  0 . 0 0 6  0 . 0 0 6  0 . 5 7 0  0 . 5 3 9  0 . 5 6 5  

Graphite 0 . 0 4 7  0 . 0 6 0  0 . 0 4 9  0 . 8 9 8  0 . 9 1 5  0 . 9 1 9  

VALUES O F  DISADVANTAGE FACTORS AND - 5 
Disadvantage Fac to r ,  m m /  4, 

Calculated Calculated 
E x ~ e r i m e n t  Gas Model Summit Experiment  G a s  Model Summit 

TABLE IV 

VALUES OF THERMAL UTILIZATION, DISADVANTAGE FACTOR, 

AND FOR CONCENTRIC TUBE, NATURAL URANIUM, 

GRAFHITE - LATTICE, AIR COOLED 

Disadvantage Fac to r ,  @m/ G f  T h e r m a l  - 
Inner  Tube Outer  Tube Utilization, f 7 

Experiment  2 . 5 9 2  2 . 0 1 6  0 .  923 k 0 . 0 0 3  1. 304 * 0.014 

Calculated 

Gas  2 . 7 8 8  2 . 1 9 0  

Summit 2 . 5 6 9  2 . 0 5 8  



Simi la r  r e su l t s  have been obtained f o r  the case  of a 19-rod c lus te r  

of F u 0 2  -UO in graphite.  2 (I2'  The ra t io  of f iss ions  in plutonium and 

uranium foils at var ious  positions in the ce l l  a r e  summar ized  in Table  V ,  

Again, the r e su l t s  calculated using the P a r k s  kerne l  a r e  well within the 

experimental  uncertainty a s  opposed to the r e su l t s  using the gas  kerne l ,  

As indicated ea r l i e r ,  in the sect ion on D 2 0  moderated sys t ems ,  the cylin- 

d r ica l  model of the 19-rod c lus te r  i s  the s a m e  in both ca ses ,  yet f o r  this 

graphite lattice, excellent agreement  i s  obtained between calculated atld 

measured pa rame te r s  when the P a r k ' s  kerne l  i s  used,  Fu r the rmore ,  the 

agreement  i s  good fo r  a solid rod  in graphite where one would not expect 

any problems to  be introduced because of geometry,  Thus,  it 1s concluded 

that the geometr ical  model of the c lus te r  is adequate and that the d : f f e r ~ n c e s  

observed in the D 0 sys t em do indeed reflect  inadequacy of + h e  scatterang 2 
kerne ls  for  heavy water .  

TABLE V 
PP 

FISSION CROSS SECTION RATIOS FOR A 0 . 9  wt% FuOZ in U02  

19 ROD CLUSTER IN AN 8% INCH GRAPHITE LATTICE, AIR COOLED - 

Pu  to U F i s s ion  C r o s s  
Section Ratio, T h e r m a l  Utilization ----- 

Calculated Calculated ------ 
Radial  Fosit ion Experiment  - - Gas  Summit Experiment  - - Gas  Summit 

Center  F u e l  Rod I .  86 k0.04 I .  70 I., 83 0.  968 *0,002 0. 959 0 ,  965 

F u e l  Ring % 1.87*0.04 1. 72 1 .86  

F u e l  Ring 2 P.96*0.04 1 .76  1 . 9 3  

Conclusions f r o m  the Comparat ive Studies 

F r o m  the r e su l t s  presented,  it i s  concluded that sca t te r ing  i n  graphite 

is  adequately represen ted  by the F a r k ' s  kerne l  if the c r i t e r ~ o n  f o r  adequacy 

is  matching the co re  pa rame te r s ,  and f ,  T h i s  bas been confirmed f o r  

sys t ems  containing uranium only and both uranium and plutonium, wL- Srv, 

in  each case  studied, near ly  a l l  the calculated values of the pa rame te r s  

ag ree  with those measured  within the experimental  uncertainty, 



The study on D 2 0  systems,  although limited, indicates the need for  

an improved scat ter ing model f o r  deuterium bound in heavy water .  The  use 

of the Brown-St. John modified gas model o r  the modified Nelkin model will 

not resul t  in significant differences between calculated values of and f, 

but the discrepancy between calculations, using ei ther  model, and measured  

pa ramete r s  i s  3 2  70 in f and about 170 in fo r  a natural uranium-D 0 2  
sys tem,  Even l a rge r  discrepancies a r e  possible in plutonium sys tems 

where, typically, the fuel i s  blacker and the rat io  of neutron captures  to 

fission var ies  more  strongly with energy than in uranium sys tems  

Additional studies a r e  planned to investigate fur ther  the adequacy of 

scat ter ing models for  calculations of thermal  reac tor  pa ramete r s .  
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APPENDIX A 

CORRESPONDENCE BETWEEN CALCULATED 

AND MEASURED THERMAL UTILIZATIONS 

The thermal  utilization, a s  usually derived''') f rom measured quanti- 

t ies,  is  defined by 

The parameter ,  Ec, is  the effective cadmium cut-off energy, Z and 
fuel a 
C a r e  the total effective c r o s s  section of a l l  mater ials  in the cell  and 

a 
fuel respectively. F o r  simplicity, the spat ia l  dependence of the neutron 

flux, @(E),  has been suppressed. This does not affect the conclusions to  

follow since the equation can be considered as  applying to  a smeared  equiva- 

lent of the heterogeneous cell. 

F r o m  a thermalization code, such as  THERMOS, one attains, 

Thus, in o rde r  to compare the calculated value, f ' ,  to the measured 

value, f ,  a correct ion must be made for  epi-cadmium, l / v ,  absorptions 

in al l  the various components of the cell .  It is  the purpose he re  to derive 

an expression relating f and f ' .  



F o r  convenience, consider the pa rame te r s ,  g  and g ' ,  defined by 

and 
1 g ' =  T , - l  . 

F r o m  Equation ( I ) ,  it can be shown that 

where the supe r sc r ip t  NF denotes nonfuel mater ia l s  in the ce l l  only, and 

F denotes fuel. 

Similar ly ,  f r o m  Equation (2), 

Rewriting Equation (4 )  and substituting Equation (5), 



s ince the t e r m  outside the brackets  in Equation ( 6 )  i s  g ' ,  f r o m  Equation (5), 

and the t e r m  inside the brackets  i s  defined a s  Y . If Equation (7) is  

rewri t ten in t e r m s  of f and f '  f r om Equation ( 3 ) ,  it can be shown that 

Equation (8)  i s  the relationship between calculated and measured  

thermal  utilizations. F r o m  this equation it i s  concluded that the s m a l l e r  

the value of f ' ,  the  l a r g e r  the difference between f and f ' .  Also, if the 

parameter ,  Y, approaches unity, the numerical  value of f '  approaches f .  

It i s  necessary ,  therefore,  t o  evaluate the parameter ,  Y .  

A cadmium ratio,  as  measured  with a l / v  detector,  i s  defined by 

CdR = 
L - 



Rearranging, 

1 
CdR - 1 

If it i s  assumed that the c r o s s  sect ions  of a l l  nonfuel ma te r i a l s  in the 

cel l  vary a s  l / v  in the t he rma l  region, the quantity on the right of 

Equation (9 )  i s  the s a m e  a s  the ra t io  of integrals  appearing in the numera-  

t o r  of Y ,  a s  defined in Equation ( 6 ) .  Now consider  the integrals  in the 

denominator, 

- F 

C 
= l / v  1 

CdR - 1 (10) 

-F  F 
zF 

where 1 i s t h e r a t i o o f t h e a v e r a g e c r o s s s e c t i o n o f t h e f u e l ,  i f i t  
1 / v 

varied a s  l / v ,  to  the actual  average value of the fuel  c r o s s  section.  Using 

the relations given by Equations (9)  and ( l o ) ,  one can write, 

1 + 1 

Y = 
CdR - 1 

1 + zF 
*(Cdi 2 - 1 )  



The parameter ,  Y ,  approaches unity if the CdR i s  very  large,  o r  if 

a l l  components of the cell,  including the fuel, have l / v  c r o s s  sect ion 

dependence on energy in the t he rma l  region. 

F o r  most  well thermal ized sys t ems ,  it can be deduced that there  i s  

little distinction between the numerical  values of f and f ' .  F o r  example, 

a s sume  that, 

CdR = 11 

= 0.80  

and 

These  values represen t  a more  ex t reme case  than any of the sys t ems  con- 

s idered  in the main text. F r o m  Equation ( l l ) ,  

and f rom Equation (8),  

Thus,  it i s  concluded that fo r  the sys t ems  considered in the main text, the 

correct ion i s  l e s s  than 0.27'0, which i s  sma l l e r  than the experimental  

uncertainties.  Therefore ,  no correct ions  were  made to  any of the calcu- 

lated values of t he rma l  utilization in o r d e r  t o  compare t o  experimental  

values.  



HEAVY MODERATOR REACTOR PHYSICS 

PCTR Operational Techniques 
Estimation of Expected Experimental  Precis ion 

D. D. Lanning and R. E .  Heineman 

The design of a new experiment fo r  the P C T R ' ~ )  should include some 

est imate of the experimental uncertainty. By utilizing the previous experi-  

ence of ka3 measurements  with the PCTR i t  i s  possible to make a good 

prel iminary est imate of the experimental uncertainty and thus determine an 

important required quantity for  the decision of whether a given experiment 

is worth the effort. The  following outlines a procedure for  making the 

desired est imate.  

Experience has shown that a given FCTR reactivity measurement  can 

be produced to *0 .04@ if the moving face has been opened and then closed, 

o r  * 0 . 0 2 ~  if the measurement  is made without moving the face.  These 

uncertainties include the normal  correct ions for  pressure ,  temperature,  

and the standard period measurement technique of seve ra l  continuous t ime 

measurements  during a single period measurement .  

A typical example of a ka3 measurement can be used to relate  the 

reactivity uncertainties to the expected uncertainty in k measurement .  
a3 

F o r  the case of a lattice of 19 rod c lus te rs  of in. diameter  natural 

uranium oxide rods,  it was found that ka3 - 1 = 0.06;  i t  took 300 g of 

copper in the central  cell  to polson the lattice to  k = 1. 00; and the reac-  
a3 

fivity worth of the copper in the cell  was measured to be 30 g  copper/^, 

Thus in this case,  the uncertainty in ka3 due to  the uncertainty in the repro-  

ducibility of the measurements  becomes ( for  the face moved measurements)  

Ek a 1 reproducibility = (oa04J2)c(3o g /c)  ( o *  0 6 ) ,  300 g 

where 0 ,  04 J 2 c  is the reactivity uncertainty due to the measurement, in 

a reactivity change which involves two measurements  of the reactivity. 



The numerical  value of E becomes 

E = * 3 . 4 ( 1 0 ) - ~  = 0.34 rnk 
kco ' reproducibility 

It i s  important to note that this typical value is insensitive to the posi- e 

tion of the copper in the cell  since at  some  other position both the sensitivity 

and the mass  of copper fo r  ka3 = 1 . 0  w i l l  change. Hence, the ra t io  (30 g / ~  

to 300 g) is a constant. Fur ther ,  it has  been found that the worth of copper 

in k measurements  var ies  f rom roughly 2 0  g /$  to 50 g / ~  over a wide range 
a3 

(0.06 Ok) 30 g / ~  of experiments,  hence the value of: 
300 g 

= 6 m k / ~  pe r  19 rod 

cluster ,  i s  a good est imate for the average sensitivity of the PCTR in t e r m s  

of measured mk of km/C of reactivity. 

However, it must be remembered  that the sensitivity i s  dependent 

on the s ize  of the removable cel l  and the mass  of the fuel in the cell .  F o r  

example, if one is  interested inmeasuring k of a single in. diameter  
co 

rod, instead of the 19 rod cluster  with the face  remaining closed, the repro-  

ducibility for  one measure  me nt becomes approximately: 

= * 3.2 mk, ' reproducibility 

and i f  the measurement  is repeated s ix  t imes 

E = - -  3 ' 2  - 1 1 . 3  mk. 
J6 

In this case  the sensitivity is estimated to be: 

Therefore  a more  useful number might be derived by including the weight 

and microscopic absorption c r o s s  section of the fuel which for  the 19 rod 

cluster  i s  11 kg of U 0 2  and 7 . 7  barns o r  -85 barns-kg, s o  that the sensi-  

tivity becomes 

3 0 
0.06 (85) = 500 mk barn-kg 

C 

The  total uncertainty in the measured value of Ok includes (but 
a3 

is not limited to) a combination of the uncertainty due to the reactivity 

reproducibility; the uncertainty due to neutron spec t ra l  mismatch 



conditions; and the uncertainty due to the product of the measured  relative 

flux distributions and macroscopic  neutron c r o s s  sect ions .  

An es t imate  can a l so  be made of the expected uncertainty due to  mis -  

match covlditions by using the two group theory expression: 

A measu re  of ~ @ / p  is given by the cadmium ra t lo  matching condltlon The 

uncertasnties in  t h e  matched condition depend on the accuracy of the cadmlum 

ra t lo  ~ra lues  and the sensitivity of the matching technique; by experjence,  

cadmium ra t ios  a r e  measured  within an uncertainty of abogt = 0. 7y and thg  

matching cond~tion,  wh-ich ~ n v o l v e s  t h e  comparison of se~rera3. d i f f a r ~ n :  

cadmium rat  10 values, 1s usually determsned with a r 2% uncertainty, To  

evaluate the mismatch  i n  t h e  adjoint function ( ~ m / m )  a two group +heory 
m l  resul t  can be used which gaves ---- 3 (p  - 0,  03) f o r  a f u l l  lat t ice loading. 

m, "2 

Sinre  p fo r  an infinite la t f jce  and s ince p i s  almost always jn t h e  range 
m2 m,  

I of 0 , 8  to 1. 0: then, it is seen  tbat the fractional, mismatch in --- i s  always 
m2 

smal l ,  and at most  is  --0.05/1 = * 0.05 ,  These  values for  A$/$ and Am, rn 

give 

E ~ i s r n a t  ch - (0,02)(O005) = * 1.0 mk, 

and past  experience with the PCTR has  indicated that the mncertaintj In km 

due to the uncertaanty in the s p e c t r a j  matching is indeed in the range of 

k to  2 mk. It. can be noted that matching the cadmlurn r a t i o  of gold is not 

always a sufficient c r i t e r i a  f o r  assuming that the neutron spec t rum is 3 ~ i t c b ~ l " d  

and the possible mismatch at  neutron energ ies  above the gold neutron absorp-  

t ion resonance LS a source  of fur ther  uncerfalnty.  

Finally,  the uncertainty in t he  neutron absorption r a t e s  a s  derived 

f r o m  foil activations, ma te r i a l  welghts, and neutron c r o s s  st.ctlons usually 

resu l t s  in an uncertainty of about 2 370 of (km - I j  fo r  uranii2m lat t ices .  

For (km - 1) = 0. 06 th ls  uncertainty becomes about * 2 mk. Notice howex-er, 
1 1  for  (km - 1) values g r e a t e r  than 0. 1 t h i s  c r o s s  section" uncer'alntv becomes 

t h e  dom~nat ing  uncertainty, Hence the minimum uncertainty f o r  t l -F  rneaswrte- 

ment of km of a glven s ized sample  occurs  w b ~ n  k - ! i s  ze ro ,  
08 



A few observations can be considered f rom these uncertainty estimates. 

F i r s t ,  i f  the relative change in km is of interest  f o r  two nearly s imi l a r  

samples  (such a s  mlxed oxide fuel rods with differing oxide part ic les)  then 

the c r o s s  section and mismatch uncertainties w l l l  nearly cancel in the ra t io  

leaving mainly the reproducibility uncer:ainty . Second, a s  noted already, 

the most accurate   measurement,^ for the PCTR technique a r e  on samples  

whose km is  c lose to unity. Whenever possible it may be best to consider 

simple geometr ies  f o r  adding neutron poisons to  the sample s o  that the 

poisoned sample resu l t s  can be ~ a s l l y  compared with calculatlonal tech- 

niques. Third,  the spec t r a l  matching uncertainty gives a base  point uncer- 

tainty for  a l l  k m e a s u r ~ m e n t s ,  i n  general  of the o r d e r  of I 1 , O  mk, This  
03 

base can be used a s  a guide for  determining the sample s i ze  for  the central  

removable section. That is, tbe removable section need not be s o  la rge  

that t h e  reproducibility e r r o r  is a fev  hundreths of a mk since the uncer- 

balnty 1s already limited to 1 o r  2 mk. Fourth,  there  may be some optimum 

for  core  1oad:ng and sensitivity b a l a ~ c e .  The l a rge r  the co re  and buffer 

loading t h e  better t h e  neutron spectrum may be matched but the lower will 

be the reac tor  sensilivity to changes ln the central  cell ,  Hence, at s o m e  

polnt the loss  In sensitivity will cause the reproducibility e r r o r  to  become 

s o  large that fur ther  spec t ra l  matching becomes of secondary importance. 

Caused by Inhour Equatlon P a r a m e t e r s  

N o  A "  Hill 

Reactivity measurements  witb the PCTR require  converting directly 

measured period data to corresponding reactivity data. Tables  of reactivity 

versus  perlods whicb a r e  used f o r  ?kls conversion have been generated for  

various combinations of delayed fraction P and the prompt llfetime & with 
1 f the IBM-7090 program Period-Reactivity,  " Some examples of these 

react ivi t ies  a r e  shown in Figure I .  

The quantity of interest when measuring k of a tes t  latt ice in the 
03 

PCTR is the rat io  of the central  cel l  worth to the worth of copper poison in 

the cell .  Each worth defermlnation requi res  at least  two reactivity mea- 

surements ,  The  worth determina+,~ons are usually independent and can be 





taken in the s a m e  general  range of periods which minimizes the e r r o r s  

introduced by not knowing the exact constants @ and t for  each loading. 

If the worths were  measured at widely differing intervals on the period- 

reactivity curve, a question would a r i s e  a s  to  the magnitude of the e r r o r  

introduced into the ra t io  due to the uncertainty in the reac tor  constants P 
and 4.. 

This  report  descr ibes  an experiment designed to measure  the reac-  

tivity worth of an absorber  throughout the useful range of periods f rom 1 9  

to 222 sec .  Analysis of the period data  with period-reactivity tables that 

use different combinations of @ and & gives information about the depend- 

ence of the reactivity worth of the absorber  on the choice of @ and & and 

on the interval  at which the worth i s  measured on the period reactivity 

curve,  

The absorber  used in the experiment was 0.400 in. of control rod 

Number 5 in  the PCTR f rom 2.400 to 2.000 in. open out of a f u l l  t rave l  of 

0,000 to 4,166 in, The base period f rom which the worth was measured 

was changed by moving control rod Number 1, the rod furthest  f rom rod 

Number 5. Table I includes the control rod positions for  each period mea-  

surement ,  the corresponding reactivit ies for three combinations of @ and 

4, and the correct ions for  t e m p e r a t u ~  and p res su re  variations during the 

measurements .  The  p res su re  and temperature coefficients used were  

- 0 , 0 5 3 ~ / m b  and - 0 , 4 5 @ / O ~ ,  respectively,  

The reac tor  was fueled with approximately 8 . 1  kg u~~~ in the co re  

and 5 .  8 kg u~~~ in the ref lectors .  The test  cavity contained approximately 
2 39  6 4 . 5 k g ~ h ~ ~ ~ a n d 1 . 2 5 k g P u  

Analysis 

Table II includes the measured worth of the absorber  fo r  five inter-  

vals on the period reactivity curve and for  three  combinations of P and t. 

Assuming the reactivity effect of the abso rbe r  to  be constant, the cor rec t  

s e t  of tables would lead to  a measured worth which would be independent of 

the interval on the  curve over which it was measured,  



TABLE I 

MEASURED PERIODS AND REACTIVITIES 

Reactivity 

Per iod ,  Rod Posit ion,  4=0.001 L=0.0015 X=0.001 s u r e ,  e r a tu re ,  
@ p i  s e c  - # in. L A A  mb. O C  



TABLE I1 

CALCULATED WOR,TH OF ABSORBER 

Constants n p l w  & p 2 ( 4  b30 ~ p 4 ( ~  - np5(C) G(cP 

@=O. 053 C=O. 0 0 1  5 .376 5.407 5 . 4 0 4  5,435 5 ,449  5 , 4 1 4 ~ 0 . 0 1 3  

n p i  - n 6 -0 .038 -0.007 -0 ,010 t o .  0 2 1  +o. 035 

All tile measurements  were made wit~lout opening tne moving face.  

Previous experience nas Shown that sucn reactivity measurements  resul t  in 

an  uncertainty of * 0 .02C on eacn measurement  leading to an uncertainty of 

0.028C ( o r  0,5272) on eacn cnange in reactivity ( i .  e .  5 . 4 ~ )  worth measure-  

ment. Tnerefore ,  the expected uncertainty on a rat io  of two 5 . 4 ~  wortns i s  

0, 747'9 and the uncertainty on the average of five measurements  is * 0.013C. 

Comparison of the rat ios  D P l / ~ ~ 5  f o r  tne three combinations of ,8 and 

C snow that cnanging from 0 .0053  to 0 . 0 0 6 4  with t = 0 . 0 0 1  s e c  changes 

the rat io  0,20/F which is well witnin the experimental uncertainty. Changing 

4, f rom 0 , 0 0 1  s e c  to 0.0015 s e c  witn ,8 = 0 .0053  causes a change of 1. 670 in 

AP,/ LP,. 
The combination of 6 = 0 .0053  and L = 0 .0015 leads to the most con- 

sistent set  of worth determinations and is the best table to use fo r  this 

par t icu lar  reac tor  loading. 

Conclusions 

The ra t io  of reactivity worth measurements  is quite insensit ive to the 

value of the delayed fract ion 6. However, wnen tne prompt lifetime is 

changed f r o m  0 . 0 0 1  s e c  to  0 .0015  s e c ,  the ra t io  of wortns measured on 

ext reme ends of the useable range fo r  the period-reactivity curve cnanges 

more  than twice the experimental uncertainty. A metnod of determining 



the co r r ec t  value of the neutron l ifetime to  use for  a given r eac to r  loading 

i s  to  repea t  this exper iment .  That i s ,  to de te rmine  the combination of B 

and 4 which gives tne s a m e  worth (within the experimental  uncertainty) 

independent of theinterval on the period reactivity curve.  The  values s o  

determined f o r  the present  loading a r e  --0.006 and &=  0, 0015 s e c .  

Reference 

1 1  1 D o  J. Donahue, e t  a l .  Determinat ion of k, f rom Cr i t ica l  Exper iments  
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CRITICAL MASS PHYSICS 

Nuclear Crit icali ty Safety Study of F F T F  Fue l  
C .  Lo Brown 

Cr i t ica l  parameters  have been calculated fo r  moderated and unmod- 

crated FTR dr iver  fuel to provide crit icali ty safety guidance fo r  the con- 

ceptual design of F F T F  examination and s torage facilities. These  calcu- 

lations a r e  not intended to constitute a final, r igorous evaluation of the 

F F T F  facilities o r  nuclear safety pract ices ,  but r a the r  to be a quantitative 

guide for  planning and design. The calculated cr i t ical  parameters  a r e  the 

best es t imates  of crit icali ty conditions and do not incorporate internal 

safety factors except a s  theinherent conservatism of the GAMTEC II program 

provides. 

Aside f rom considerations of subassembly a r rays ,  nuclear safety 

in operations involving subassemblies depends strongly on keeping the pins 

unmoderated. F o r  example, one FTR subassembly represents  only I/ 100 

of a cri t ical  m a s s  in a i r ,  and 116  of a cr i t ical  mass  in water;  however, i f  

broken apar t  in water, the fuel pins of one subassembly represent  2 .  4 

cr i t ical  masses .  Accidental breakage o r  separation of the fuel pins in sub- 

assemblies  when under water  must be avoided and operations involving the 

disassembly of subassemblies in water will require  rigid controls.  Similar  

controls must a l so  be applied to dry  operations that could accidentally be 

flooded with water.  The  use of neutron poisons, nonhydrogeneous liquids, 

o r  par t ia l  disassembly to form subcri t ical  pin bundles pr ior  to t ransfer  to 

water may somewhat alleviate this problem. 

It may be possible to  improve crit icali ty safety substantially,  

regard less  of moderation, by adding gadolinium to the s tainless  s tee l  in the 

cermet .  F o r  example, austentitic s ta inless  s teels  containing 0. 6% 

gadolinium have been commercially made and the incorporation of 0 . 5 %  

gadolinium in FTR fuel pins is  estimated to increase the initial weighted 

thermal  absorption c r o s s  section f rom 3 to  about 280 barns,  which 

would have a significant effect on the cr i t ical  parameters .  Calculations 

of burnout during reac tor  operations and the effect of the poison on the FTR 

would have to be performed to determine whether this addition would be 

practical.  
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Methods of Cri t ical i ty  Calculation 

Cr i t ica l  pa ramete r s  were  calculated using GAMTEC 11, HFN, 6 2 1 

and Monte Car lo .  

GAMTEC 11 generates  multigroup constants for  use  in the HFN 

multigroup diffusion theory code. These codes have been under develop- 

ment for  seve ra l  months and have proven to be quite successful  for  

homogeneous plutonium-w a t e r  sys t ems ,  and reasonably successful ,  though 

conservative,  for  heterogeneous uranium-w a t e r  sys tems.  Correlat ions 

with experimental  measurements  have been good and it is believed that 

GAMTEC I1 and HFN will be adequately reliable for  cr i t ical i ty  safety 

calculations involving FTR fuel (heterogeneous mixtures  of plutonium, 

i ron,  and water ) .  Nonetheless,  it i s  recognized that without at  least  one 

cr i t ical i ty  measurement  a s  a check point, a degree of uncertainty must  

be assumed in the calculations. Future  phases of the F F T F  program 

should include one o r  more  cr i t ical i ty  experiments to  validate the r e su l t s  

presented in this  study. 

Monte Car lo  was used to obtain c r i t ica l  pa ramete r s  for  unmoderated 

FTR fuel. A s  a confirmation on the r e su l t s ,  HFN calculations were  a l so  

made fo r  the unmoderated system. Cr i t ica l  dimensions from Monte Car lo  

proved to be about 670 lower than HFN, which 1s considered to  be reason-  

ably good agreement .  

The description of the F T R  dr iver  fuel shown in Table I was used 

a s  a bas is ,  but severa l  assumptions were  made to  simplify the calculations 

and to  provide a broad, conservative basis  for the nuclear  safety evalua- 

tion. These  assumptions a r e  a s  follows: 

The fuel enrichment was assumed to be 20 vol% Pu02-SS in all 

ca ses .  

The pins were  assumed to be 0.20 in. diameter  with no cladding. 

The PuO was  assumed to be at full theoretical density. 
2 20 T h e P u  c o n t e n t w a s a s s u m e d t o b e 5 ~ 0 .  
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TABLE I 

FTR DRIVER FUEL DESCRIPTION 

Fuel  Pin Dimensions (a3 Subassembly 

Diameter  Qunclad"1: 0. I94 in, No, of pins: 217 , t h r e e  of which a r e  SS 

Length (unclad): 3 6 in. Arrangement of Pins:  A hexagonal, close 
packed cluster ;  8 rings plus 1 pin in center  

Cladding: 0.008 in. steel 

Fuel  Volume: 17,44 cm3 Fue l  Volume: 3. '784 l i t e r s  

Type 304 SS Composition -- P u 0 2  Composition 

Iron: 74% ~ u ~ ~ ~ :  93% 

Chromium: 18% P U ~ ~ O :  7% 

Nickel: 8410 P u 0 2  Density: 11.46 g / c m  
3(b1 

Density: 8.027 g / c m  3 w  P u 0 2  Content: 88. 19% 

Fue l  per  Subassembly 

Volyo wt% wt P u 0 2 ,  Total g Cermet /  g P u /  k g / p u  
PuO 2 kg Weight, kg c m  cm 

3 Subassembly 

15 2 0 - 1  6,505 3 2 , s  8.  54 1.52 5 .73  

( a )  Since completing this  study, fuel pin dimensions have been changed to 
0. 210 in. diameter  by 33.46 in. long. This  change does not significantly 
change the conclus~ons  of this repor t .  

(b) Value used in computing fuel density. 

Cr i t ica l  P a r a m e t e r s  for  FTR Fuel  

The maxlmum mate r i a l  buckling for  solid unmoderated FTR fuel 

is 14,700 x cm-2 a The maximum mater ia l  buckling for well moder-  
-6 - 2  

ated FTR pins in light water  is 25,450 x 10 c m  (water-to-fuel 

volume ra t io  of 6 ,5 ) .  Extrapolation distances for  FTR fuel reflected by 

water  range f rom 7 , 3  cm (unmoderated fuel) down to 5 , 4  cm; for  unmod- 

e ra ted  fuel reflected by i ron ,  the extrapolation distance is about 8 . 0  cm.  

This 1s shown in Table I1 and Figures  P and 2. 



TABLE I1 

CALCULATED CRITICAL PARAMETERS FOR 0.20 in. DIAMETER - 
20 volyo Pu02-SS F U E L  PINS IN LIGHT WATER - 

Center- to-  
Cente r  Minimum Cr i t i ca l  Values  

Spacing Buckling. Extrapolation Dis tance f o r  Plutonium Cyl inder  Slab 
Between Fu l l  Water  Reflection, c m  Mass ,  Diamete r ,  Thickness ,  
~ o d s ,  c m  1 0 ' ~  Sphere  Cylinder Slab kg in. in .  
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- 
25450 1 0 - ~ c r n - '  a t  6 . 5  

S o l i d  FTR F u e l  

C e n t e r  t o  C e n t e r  S p a c i n g  Between P i n s ,  crn 

0 4 8 12 16 2  0 2 4  2  8 3 2 36 

W a t e r - t o - F u e l  Volume R a t i o  

FIGURE 1 

Mater ia l  Buckling a s  a Function 
of the  Water- to-Fuel  Volume Ratio 

(0 .20  in. diam pins) 
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Note :  

F o r  b a r e  s y s t e m ,  s u b t r a c t  3 . 5  cm. 
F o r  f u l l  r e f l e c t i o n  by S S ,  add  0 . 7 5  

cm. 
For  1 5  v o l %  a l l o y ,  add  0 .70  cm. 

S l a b  Geometry 

- C y l i n d e r  Geometry 

- 
- 
- 

S p h e r e  Geometry - 

0 4 8 1 2  16 2 0  2 4 2 8 3 2 3 6 
W a t e r - t o - F u e l  Volume R a t i o  

Extrapolation Distances  fo r  Fu l l  Water  
Reflection a s  a Function 

of the Water- to-Fuel  Volume Ratio 
( 0 . 2  in. d iam 20 volO/o Pu02-SS pins) 
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Unmoderated FTR fuel in spherical  geometry (i. e .  , solid cermet  

in the shape of a sphere)  with no neutron reflection has  a minimum 

cri t ical  m a s s  of 119.8 kg plutonium (15, 7 subassemblies) ;  with full water 

reflection o r  equivalent, the minlmum cri t ical  m a s s  i s  58 ,5  kg plutonium 

(7 .  6 s u b a s ~ e m b l i e s ) ; ' ~ ~  reflected by sever-a1 inches of i ron ,  the c r i t ica l  

m a s s  is reduced to 51, 5 kg plutonlum ( 6 ,  7 subassemblies).  Unmoderated 

F T R  fuel in solid cylindrical geometry 36 in. long ( r a the r  than spherical)  

has  a minimum cr l t ica l  m a s s  of about 90 kg plutonium (11.8 subassemb!les); 

unmoderated fuel pins 36 in,  long bundled tightly together have a minimum 

cri t ical  m a s s  of about 103 kg plutonlum (13.5 subassemblies).  

Moderated F T R  fuel pms,  36 in, long, in light water  in cylindrical 

geometry have a minimum cr l t ica l  m a s s  of 3 ,  3 1 kg plutonium (0.41 sub- 

assemblies)  at  a water-to-volume rat io  of 21, In spherical  geometry 

' r a the r  than a 3 6  In, long cylinder) the minimum cr i t ica l  m a s s  is reduced 

to 1, 70 kg plutonlum (0. 2 2  subassemblies) .  Tightly packed pins in light 

water  have a minimum cr i t ica l  m a s s  of 47.5 kg plutonium (6 ,  2 subassemblies)  

in a 36  in,  long cylindrical geometry; and 28. 2 kg plutonium ( 3 .  7 subas-  

semblies)  in spherical  geomesry (Table 111 and Figure 3 ). 

F o r  moderated FTR pins loosely arranged in light wa te r ,  the mini- 

mum cri t ical  volume is 10.8 l i te r ,  the minimum cri t ical  cylinder diamete r 

(infinite length; is 7 ,  1 in, ; and rhe minimum cr i t ica l  s lab  thickness (other 

dimensions infinite? 1s 2,88 in. For closely packed (water-to-fuel volume 

rat io  of l e s s  than 0. 5) FTR fuel pins In light water ,  the cr l t ical  values a r e  

20,9 l i t e r s ,  10. 1. in, , and 4,47 in,  , respectively (Table 1111 and Figures  4 

~ h r o u g h  61, 

A summary  of cr l t ical  pa ramete r s  f o r  FTR fuel  is presented in 

Table 111. 



T A B L E  I11 -- 

SUMMARY OF MINIMUM CRITICAL PARAMETERS 

FOR 2 0  ~ 0 1 %  Pu02-SS  F T R  F U E L  

Solid 36 in.  Long  P i n s  Any Length P i n s  
Unmoderated Close Packed  Close  Packed  Opt imum Close  Packed  Opt imum 

Cerme t  in  A i r  in  Wa te r  Moderation i n  W a t e r  Moderation 

Maximum Buckling, 14,700 

c m -  

Minimum Cr i t i ca l  
Mass ,  k g /  Plutonium 58.5(a) 130 

No. of Subassembl ies  (b) 7. 7 17. 0 

No. of Fue l  P i n s  (') 1662 3693 

Minimum Cr i t i ca l  
Volume, l i t e r s  

Minimum Cr i t i ca l  
Slab T h i c k n e s s ,  in.  

Minimum Cr i t i ca l  
Cylinder D i a m e t e r ,  in. 10. 1 - - - -  - - - -  - - - - 

- -- - - - 

(a) Fu l l  ref lec t ion by s t a i n l e s s  s tee l  r educes  min imum c r i t i c a l  m a s s  to about 51 kg. 

(b)  Subassembly conta ins  7. 683 kg plutonium. 

(c )  Fue l  pin conta ins  35. 2 g plutonium. 
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Whole S u b a s s e m b l i e s  i n  A i r  ( % l o 3  kg)  
- 

S o l i d  FTR F u e l  i n  C y l i n d r i c a l  Geomet ry ;  1 0 . 1 1  i n .  diam 
x 36 i n .  h i g h ( s 9 0  kg)- 

S o l i d ,  W a t e r  R e f l e c t e d  FTR F u e l  i n  S p h e r i c a l  Geometry 

S o l i d ,  I r o n  R e f l e c t e d  FTR F u e l  i n  S p h e r i c a l  Geometry - 
- 

Whole S u b a s s e m b l i e s  i n  W a t e r  

- 

- 
C l o s e  P a c k e d  F u e l  P i n s  i n  S p h e r i c a l  Geometry 

- 

- 
i n .  Long p i n s  i n  C y l i n d r i c a l  Geometry 

- 

M u l t i l e n g t h  P i n s  i n  

Geometry M i n i m u m :  3 - 1 1  k g  at 2 1  I ( 8 8  P i n s )  

7 . 6 3 8  k g  p u / S u b a s s e m b l ~  M i n i m u m :  1 . 7 0  k g  a t  2 1  
3 5 . 2  g P u / P i n  (48.3 P i n s  o f  36  i n .  L e n g t h )  

1 I I I 1 1 1 I I I I 

4 8 1 2  1 6  2 0  2 4 2 8 

W a t e r - t o - F u e l  Volume R a t i o  

FIGURE 3 

Cr i t i ca l  M a s s  as a Function of the  Water- to-Fuel  Volume Rat io  
( 0 . 2  in. diam 20  volO/o Pu02-SS pins; water  reflected) 
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L 4 

- 

( 2 9 . 0  l i t e r s )  

- C l o s e  Packed F u e l  P i n s  

0 4 8 1 2  16  2 0 2 4 2 8 3 2 

W a t e r - t o - F u e l  Volume R a t i o  

FIGURE 4 

Cr i t ica l  Volume a s  a Function 
of the Water-to-Fuel Volume Ratio 
( 0 . 2  in. diam 2 0  volO/o Pu02-SS pins; 
spherical  geometry; water  reflected) 
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Close Racked Fuel Pins 

Minimum: 7.6 in. at 6.0 

0 4 8 12 16 20 

Water-to-Fuel Volume Ratio 

FIGURE 5 

Cr i t ica l  Cylinder Diameter  a s  a Function 
of the Water - to-Fuel  Volume Ratio 
(0 .2  in. diam 15 volO/o Pu02-SS pins; 

water  reflected) 



0 4 8 1 2  1 6  2 0 2 4 
W a t e r - t o - F u e l  Volume R a t i o  

S o l i d  FTR F u e l  
( 4 . 4 7  i n . )  

- - C l o s e  P a c k e d  F u e l  P i n s  
( 3 . 8 5  i n . )  

1 

FIGURE 6 

Cr i t ica l  Slab Thickness a s  a Function 
of the W a ter - to-Fuel  Volume Ratio 

( 0 . 2  in. diam 20 vol70 Pu02-SS pins; 
water  reflected) 

Minimum: 3 .36  i n .  a t  5 . 0  - 

1 I I 1 1 I I 1 1 I 1 h 
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Crit icali ty Safety of FTR Fuel  Configurations 

Fuel  Subassemblies in A i r  

The re  is no possible way for  one d ry  subassembly to reach  cr i t ical i ty  

even in an accidental meltdown, Est imates  of the number of d ry  subassem- 

blies required fo r  cr i t ical i ty  under various conditions a r e  a s  follows: 

Whole, D r y  Subassemblies 
36 in, long, side by side 
(water reflected) 

Subassemblies 
Required for  
Crit icali ty 

-1 7 

Meltdown into Cylindrical Geometry 11.8 
36  In, long (water reflected) 

Meltdown into Spherical Geometry 7,7 '  
(water reflected) 

Meltdown into Spherical Geometry 6 . 7  
( s tee l  reflected) 

In any configuration, 5 d r y  integral subassemblies  would be quite safe 

s tored  together but because of the marked effect of water  on cr i t ical i ty  and the 

credibility of flooding most  s torage a r r a y s ,  the permitted batch l imit  is two 

s u b a s s e m b l i ~ s ,  spaced at least  3 ft f rom other fuel. A single layer  of d r y  

subassemblies may be s tored horizontally in a row, side by s ide ,  o r  vertically 

In a slngle row side by side; but i f  dryness  cannot be assured ,  the subassem- 

blies would have to  be spaced at  least  1 2  in. apa r t ,  edge to edge in a l l  d i rec-  

tlons, In practice the number of subassemblies  permitted in an a r r a y  will 

depend Gn spacing and credibility of flooding. 

Fuel  Subassemblies in Water 

Even though i t  is not possible for  one d r y  subassembly with 214 pins 

to become cr i t ical ,  regard less  of pin geometry,  a s  few a s  48 pins can be 

cr l t lcal  ~f water  moder"ation is present  and the pins a r e  in spherical  geometry. 

Moderation can reduce the c r i t ica l  m a s s  of the d r y  subassembly by a factor 

of 35. 

F o r  whole, closely packed subassemblies in water ,  at least  s ix  a r e  

required for  crit icali ty,  Because of the water  between subassemblies ,  
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however, s torage in water  is limited to  single subassemblies  spaced at  

least  12 in. apa r t ,  edge to  edge. This  spacing is a minimum requirement  

and must  be positively assured .  The accidental dropping of one assembly ,  

which c r o s s e s  o thers  in the a r r a y ,  will not cause cr i t ical i ty ,  provided that 

none of the subassemblies  a r e  broken and the 12 in. spacing between the other  

subassemblies  is maintained. Subassemblies under water m a y  not be s tored  

side by side in rows. 

Loose 36 in. Long Fuel  Pins  in A i r  

Fuel  pins outside of d ry  glove box2s will bz l imited to lots  of 10 pins. 

If saf2 geometry can be a s su red ,  however,  a higher number of pins would 

be permissible .  A l l  other operations will be limited to  230 g plutonium, 

o r  covered by a special  nuclear safety specification. 

Loose 36 in. Long Fue l  Pins  in Water 

F o r  fuel pins that a r e  loose,  but whole, at least  88 pins a r e  required 

for  crit icali ty.  If gzometry cannot be maintained, the number of pins han- 

dled together at one t ime must not exceed 30 ,  with each batch spaced at  

least  92 in. apar t  edge to edge. An unlimited number of loose pins in water  

m a y  be safely handled in cylindrical geometry not exceeding 5. 5 in. ID, 

in s lab  geometry not exceeding 2.2 in, thick. 

Loose Multileneth Fue l  P ins  in Water 

Sf  the fuel pins a r e  broken and of variable length, the minimum 

cr i t ica l  m a s s  i s  1. 70  kg plutonium (equivalent to 48 pins 36 in. long). In this  

c a s e ,  batches of broken pins in unconfined geometry should be limited to 

batches s f  0. 56  kg plutonium spaced at least  12 in. apart  f rom other  fuel. 

The safe  cylinder diameter  and s lab  thickness for broken pins i s  the s a m e  

a s  for  whole pins; 5. 5 in. and 2.2 in. , respectively.  

Chemical Process ing  of FTR Subassemblies and Pins 

When the Pu02-SS cermet  is dissolved in acid,  it i s  expected that 

the P u 0 2  will be separate  f rom the s teel .  Crit icali ty safety must  the re -  

fore be based on the Pu02-water  sys t em,  with no allowance for  neutron 
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absorption in the iron. Safe cylinder d iameters  and s lab  thicknesses fo r  

PuO in water a s  a function of plutonium density a r e  given in Table IV. 2 
Accumulations of over 230 g plutonium in uncontrolled geometry in any 

part  of the reprocessing equipment must  be avoided. Higher geometry and 

m a s s  l imits  a r e  possible by using fixed o r  soluble poisons such a s  Pyrex  

raschig r ings,  boron s tee l  plates ,  gadolinium s tee l  plates,  o r  boron in 

solution . 

CRITICAL AND SAFE CYLINDER DIAMETERS AND SLAB 

THICKNESSES FOR P u 0 2  IN WATER 

AS A FUNCTION O F  PLUTONIUM DENSITY 

(Full water  reflection-no Pu 240)(a) 

Infinitely Long Cylinder Infinitely Wide and High Slab 
Plutonium Critical  Safe Crit ical  Safe 

Density, g-/cm3 Diameter,  in. Diameter,  in. Thickness,in. Thickness,  in. 

(a) 7% ~u~~~ will i nc rease  the values l isted by 10- 2070, depending on 
plutonium density. 
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Introduction 

Measurements  of Mater ial  Bucklings 
for  1.002, 1.25, and 1.95 wt70 ~ 2 3 5  Enriched 

Uranium Tube Lattices in Light Water 

C .  L. Brown and R.  C. Lloyd 
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Mater ial  bucklings and extrapolation distances have been measured  for  

light water  la t t ices  of 1.002, 1 .25 ,  and 1.95 wt% u~~~ enriched uranium 

tubes,  and 1.002 wt70/10 002 wt% and 1.25 wt%/O. 95 wt% u~~~ enriched u r a -  

nium tube - in-tube assemblies .  The purpose of these measurements  was  to 

provide needed crit icali ty safety data for  the General  Elec t r ic  Company, 

N-Reactor Department,  who a r e  fabricating, s tor ing,  and t rasport ing tubular 

fuels;  and to provide additional experimental data f o r  correlation to  theoretical 

methods. 

Most of the crit icali ty measurements  that have been performed to 

date on heterogeneous sys tems of slightly enriched uranium in light water  

have been with solid rods;  comparatively few experiments have been performed 

with tubular fuels. P r i o r  to the present study, buckling measurements  were  

available for  only the following tube s i zes  and enrichments:  1.007, 1.25, 

1 . 4 4 ,  1.466, and 1. 6 wt70 u~~~ enriched tubes measured at  Hanford; l1-5) 

0.95 wt% u~~~ enriched tubes measured at O R N L : ( ~ '  and 0.95 wt70 enriched 

tubes and 0.95 wt70 enriched tube-in-tube assemblies  measured at Savannah 

River  Laboratory. (71  

The uranium tubes measured at Hanford and ORNL in the past were 

a l l  near ly  of the same diameter  ( 1 , 3 7  in. OD, 0.48 In. ID),  s o  the experi-  

mental data did not show the effect of tube s ize on mater ia l  buckling. The 

tubes measured at SRL were  of a l a rge r  diameter  (1 .91  in. OD, 1. 23 in. ID) 

and permitted the f i r s t  comparison of the effect of tube s i ze ,  and the measure-  

ments  on the tube-in-tube assemblies  were  the f i r s t  available fo r  this  type 

of fuel. However, the SRL measurements  were  at a relatively low enrichment.  

In the present study, measurements  on three  l a r g e r  diameter  tubes 

and two tube-in-tube assembli3s  a r e  reported. A drawing showing the tube 

d iameters  and enrichments that have now been measured to  date ,  including 

the present  study, is given in F igure  1, 



SCALE IN INCHES 

0.95 Wt. % 1.007 Wt.% 1.25 Wt.% 1.466 WI. % 1.6 W t . 5  1.44 Wt. % 

IORNLI (Han fo rd )  ( H a n f o r d )  ( H a n f o r d l  (Han fo rd )  (Han fo rd )  

0.485 1. D. 0.94 1 .  D. 0.500 1. D. 0.480 1. D. 0.464 1. D. 0.464 1. D. 
1.365 0. D. 1.66 0. D. 1.366 0. D. 1.370 O.D. 1.394 0. D. 1.394 0. D. 
(No C l a d d ~ n g l  (0.028 A l  Clad) (0.028 A l  Clad) (0.049 A l  Clad) 10.049 A l  Clad) (0.049 A l  Clad) 

0.95 Wt. % 

1.226 1. D. 
1.914 0. D. 
(0.030 A l  Cladl  

- 

i.om wt.  % t 
( H a n f o r d l  

2.337 0. D. 
(0.020 A l  C lad l  

1.25 Wt.% 

(Hanford)  

1.802 1 .  D. 
2.368 0. D. 
(0.019 Z r  Clad) 

1.414 1. D. 
2.275 0. D. 
10.030 z r  Clad) 

- -  - 

0.9510.95 Wt. % 

ISRL) 

1.00211.002 Wt. % * 0.9511.25 Wt. % * 
(Han fo rd )  

l n n e r  0.47611.179 
1 n n e r  1.22611 914 I n n e r  0.49411.181 Ou te r  1.80212.368 
Ou te r  2.46013.016 Ou te r  1.79412.337 (0.019 Z r  Clad, 
(0.030 A l  Clad) (0.020 A l  Clad) 0.034 Z r  One S u r f a c e )  

* R E C E N T  M E A S U R E M E N T S ;  D E S C R I B E D  IN  T H I S  S T U D Y .  

FIGURE 1 

Comparison of Tube  D i a m e t e r s  and u~~~ Enr i chmen t s  
f o r  Which Ma te r i a l  Bucklings Have Been Measu red  
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Experimental Methods - 
E x ~ o n e n t i a l  Measurements  

The standard exponential experimental method was used .to obtain 

mater ia l  bucklings and extrapolation distances for  the 1.002 and 1.25 wt70 

u~~~ tubular fuels. F o r  each fuel, ver t ical  flux t r a v e r s e s  were  performed 

on two fuel column diameters  at  each of three  latt ice spacings: 2.8,  3 .  1, 

and 3 . 4  in. The 1,002 wtO/o fuel columns were  42 in, long and the 1 ,25  wtO/o 

columns were  52 ,4  In. long. The s ides  and bottom of each uranium column 

were  fully reflected with water .  The water  height in the tank was adjusted 

to remain level with the top surface of the uranium tubes. 

Crr t ical  Approach Measurements 

Mater ial  bucklings fo r  1,957'0 enriched tubes were  obtained using the 

approach-to-cr i t ical  technique. The experiments were  ca r r i ed  out in a 

4 ft diameter  by 6 ft high water  tank in the thermal  t e s t  reac tor  room of the 

305-B Building. The latt ice spacings and fuel arrangements  were  the s a m e  

a s  used In the exponential experiments.  The fuel columns were  fully reflected 

on a l l  s ides  by water .  Neutron multiplication was observed on three  BF3 

channels: one BF counter was placed at  the center  of the lattice a few 3 
inches above the source ;  andthe other two were  placed in the ref lector  at 

the edge of the fuel loading. 

Measurements  on the 1 ,95  wt70 tubes were  performed at two uranium 

heights: 2 7 , s  and 40 .3  in, The 40 ,3  in. columns were  comprised of a 

27, 3 and a 13.0 in. tube. Pt was  originally believed that by measuring two fuel 

heights and equating bucklings, reliable extrapolation lengths could be obtained. 

This was not possible,  however, because of perturbations caused by the end 

caps at the Junction of the 27.3 and 13.0 in. tubes,  Consequently, mater ia l  

bucklings were  calculated based on the c r i t ica l  s ize  of the 27.3 in. fuel 

columns and assuming extrapolation lengths f rom the previous 1. 002 and 

1,25 wt70 measurements ,  

Results 

The mater ia l  bucklings and extrapolation distances obtained f rom 

the experimental measurements  a r e  given in Tables  I and PI, 



BNWL-  193  

T A B L E  I 

RESULTS O F  EXPONENTIAL MEASUREMENTS 

L a t t i c e  V 
W Spac ing ,  - No. 'eff' 

i n .  vu T u b e s  c m  b ,  c m  X, c m  B ~ , M - ~  

T u b e s  - 1 .002  wt70 u~~~ (1 .794  in .  ID,  2 .337  in .  OD) 

2 .40  1. 60 3 7 19 .47  13 .54  8 . 5 1  1 9 . 3 1  
5 5 2 3 , 7 4  16 .60  

T u b e s  - 1 . 2 5  wt% u~~~ ( 1 . 8 0 2  in .  ID,  2 .368  in .  OD)  

A s s e m b l i e s  - I n n e r  Tube :  1 .002  wt70 u~~~ (0 .494  in .  ID,  1. 18 1 in .  OD)  
O u t e r  Tube :  1 .002  wt70 u~~~ (1 .794  in.  ID,  2 .337  in. OD)  

A s s e m b l i e s  - I n n e r  Tube :  0 .95  wt70 u~~~ (0 .476  in .  ID,  1 .179  in .  OD)  
O u t e r  Tube :  1 . 2 5  wt70 u~~~ (1 .802  in.  ID,  2 .368 i n .  OD)  

3 . 4 0  2 . 4 7  19 19 .76  13.  62 
3 7 27 .58  21 .83  6 . 8 3  2 7 . 8 5  

F) E s t i m a t e d  f r o m  plot  of m e a s u r e d  1 v e r s u s  H ~ O / U  v o l u m e  r a t i o .  
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TABLE I1 

RESULTS OF CRITICAL APPROACH MEASUREMENTS 

ON 1.95 wt% u~~~ TUBES 

( 1 . 4 1 4  in. ID, 2 .  275 in. OD) 

Lattice V.*, Fuel  Cr i t ica l  Cr i t ica l  
W 

Spacing, - Height, No. of 
vu Tubes( 

Reff, 
in. in. c m  A ,  c m  (b) B 2 , M - 2  

- 

$ a )  Est imated f rom least  squares  fit of inverse multiplication measurements .  

b) Extrapolation lengths were  assumed to  have values s imi lar  to those for  
1.002 wt70 and 1.25 wt70 ~ 2 3 5  enrich2d tubes. 

( c )  The bucklings computed f rom data on thz 27. 3 in. high cylinders; the 
cylinders of 40. 3 in. height require  correction for  the effect of end 
caps.  

It i s  interesting to note that for  the 1.25 wt70 fuel, even though the 

la t t ices  were  quite f a r  f rom cri t ical i ty ,  the inverse neutron multiplication 

curves were  near ly  l inear ;  and gave cr i t ical  numbers  of tubes quite close to 

the numbers  calculated f rom mater ia l  buckling ( see  F igure  2),  The cr i t ica l  

number of tubes predicted by a least  squarzs  fit of the inverse multiplication 

curves for  the 2.8 and 3. P in. la t t ices  were  62.3 and 64.4,  compared to 62.0 

and 6 7 , 9 ,  respectively,  calculated f rom measured bucklings, The resu i t s  

of the multiplication measurements  with the I ,  95 wt70 U 235 enriched tubes 

of 27 .3  in. height a r e  plotted in F igure  3. The bucklings and extrapolation 

distances obtained a r e  plotted in F igures  4,  5 ,  and 6. Note In Figure 6 

that the measured extrapolation distances resulted in two distinct curves:  

one for  tubes and one for  tube-in-tube assemblies .  

Based on the experimental data ,  c r i t ica l  m a s s e s ,  volume, cyclinder 

d iameters ,  s lab  thicknesses ,  and m a s s e s  pe r  unit a r e a  were  calculated fo r  

each of the uranium tubes measured.  These pa ramete r s  a r e  given in Table 1x1. 
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Measu red  Bucklings for  Tubes  
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TABLE I11 

BNWL- 1 9 3  

CRITICAL PARAMETERS FOR T H E  TUBES AND ASSEMBLIES 

USED IN THE MEASUREMENTS 

CALCULATED FROM EXPERIMENTAL DATA 

Minimum C r i t i c a l  Values 
Slab Cyl inder  M a s s  p e r  

vv 
- M a s s ,  Volume, Th ickness ,  D i a m e t e r ,  Unit A r  a ,  
vu lb .  U ga l  in.  in l b  ~ / f t  -- 

5 
Tubes  - 1 . 0 0 2  wt70 U 235 

Tubes  - 1. 2 5  wt70 u~~~ 
1 . 5 7  3 , 7 9 9  6 5 . 5  
2 . 5 3  2 ,  6 8 1  62. 6  
3 . 3 5  3 , 1 7 7  9 0 .  8  
4 . 2 7  6 , 9 4 6  238 .  6  

Tubes  - 1 . 9 5  wt70 u~~~ 
1 . 5 8  1 ,  1 8 3  2 0 . 5  
2 . 1 9  1 , 0 1 2  2 1 . 5  
2 . 8 7  1 , 1 0 6  2 8 . 2  

Assembl ies  - 1 . 0 0 2 1  1 . 0 0 2  wtY0 u~~~ 
1 . 3 5  1 6 , 2 8 7  2 5 8 . 7  
1 . 9 3  1 1 , 2 9 6  2 2 1 . 1  
2 . 5 6  2 1 , 3 0 2  5 0 2 . 1  

Assembl ies  - 0 . 9 5 1  1 . 2 5  wt70 u~~~ 
0.  6 6  3 6 , 9 2 1  423 .  6  
1 . 3 0  7 , 5 1 2  1 1 6 . 7  
1 . 8 6  4 ,  702 8 9 .  7  
2 . 4 7  7 , 0 5 8  1 6 2 . 0  

At tempts  to  accura te ly  ca lcula te  m a t e r i a l  bucklings f o r  s l ight ly  

enr iched u r an ium tubes  us ing  mul t igroup diffusion t heo ry  have t o  date  been 

only mode ra t e ly  success fu l .  (8)  Calcula ted bucklings a r e  l a r g e r  than the  
- 2  

exponential  bucklings by approximately  1 0  m . T h i s  difference c o r r e s -  

ponds t o  an e r r o r  of about 370 in k,. T o  improve  the t heo re t i c a l  mode l ,  

f u r t he r  considera t ion is being given t o  the  method used  f o r  calculat ing the 
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effective surface a r e a  of a tube,  which i s  necessa ry  f o r  estimating resonance 

escape; and to  the method of calculating thermal  utilization. The application 

of the Adler-Nordheim method for  calculating resonance integrals ,  and the 

THERMOS code for  improving the calculation of the rma l  utilization, a r e  

current ly under evaluation. The experimental resu l t s  obtained in the present  

study a r e  expected to  be of considerable value m verifying the calculational 

method, 
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Neutron Interaction Between Multiplying 
Media Separated by Various Mater ials  

J ,  D. White and C. R .  Richey 

Introduction 

The quantity of ma te r i a l  necessa ry  to effectively isolate a multiplying 

media is of p r imary  concern to the design of shipping containers and formu- 

lation of s torage regulations for  fissionable mater ia l s .  T o  date,  however, 

there  has  been a lack of information on the isolating propert ies  of seve ra l  

mater ia l s  of interest .  This repor t  gives the resu l t s  of a s e r i e s  of c r i t ica l  

experiments in which the isolating propert ies  of various mater ia l s  were  

investigated. Those mater ia l s  tested were  placed at the interface between 

two a r r a y s  of multiplying media that comprised the core  of a c r i t ica l  

assembly.  The cr i t ica l  length of the fuel core  was then determined a s  a 

function of the test  mater ia l  thickness;  the effective isolation thickness of a 

ma te r i a l  was taken to be that thickness fo r  whlch the fuel core  c r i ~ i c a l  

length approached an asymptotic value, Comparative data were  also obtained 

on the ref lector  savings associated with the various tes t  ma te r i a l s ,  where 

the ref lector  savings is defined a s  the decrease  in c r i t ica l  length due to 

the presence of the ref lector ,  

The cr i t ical  a r r a y s  were  assembled with the remotely operated spl i t -  

table device, the RSTM, located in a la rge  glove box at the Battelle-Northwest 

Cr i t iea l  Mass  Laboratory. The experimental assemblies  consisted of 2 in. 

Pu02-polystyrene cubes alternated with 2 in. Plexiglas cubes to f o r m  an 

a r r a y  resembling a th ree  dimensional checkerboard. The resulting hetero- 
3 geneous a r r a y  had an average plutonium concentration of 0.56 g / c m  with 

an H/PU atomic rat io  of 35.6 ( a s  compared to  1.12 g ~ c m 3  of Pu and H/PU = 5 

f o r  the fuel compacts).  Use of this  checkerboard arrangement  provided a 

m o r e  thermalized spec t rum than was  obtainable with an a r r a y  consisting 

only of the PuOZ-polystyrene compacts.  The fuel  core  had c r o s s  sectional 

dimensions of 30. 632 x 30.886 cm and was  divided lengthwise into two a r r a y s .  

The length of one a r r a y  was held constant at 5 . 1 6  cm,  while the length of the 

second a r r a y  was varied to achieve crit icali ty,  



Various test  materials were inserted at the interface between the two 

sections of the core, with the critical length of the variable core determined 

as  a function of the test material thickness; i. e . ,  the effect of the fixed core 

on the critical length of the variable core was measured for several  thick- 

nesses of each test material. To determine this effect, the cri t ical  length 

of the variable a r r ay  was first determined with the test material  in place, 

but with the fixed core removed; then the critical length was remeasured 

with the fixed core in place on the opposite side of the interface from the 

variable core. The ratio, R,  of the critical length of the variable core with 

the fixed core in place to the critical length of the variable core with the 

fixed core removed was taken a s  a measure of the effective isolation of the 

fixed core. When this ratio became unity the fixed core was said to be 

isolated from the variable core and the thickness of the test material  

between the two core sections was called the isolation thickness of the mate- 

r ial .  Fo r  purposes of this report,  however, the thickness of test material  

required for the ratio, R ,  to equal 0.999 was defined a s  the effective isola- 

tion thickness. Figure 1 shows the relative positions of the fixed and vari- 

able cores and the test material for a typical measurement. 

P u 0 2 - P o l y s t y r e n e  C o m p a c t  

L u c i t e  C u b e  
i x e d  C o r e )  

c  m  

a s u r e d  t r i t i c a l  0. 2 i n .  C a d m i u m  S h e e t  
L e n g t h  

FIGURE 1 

Typical Array Used in Isolator Measurements 



Experimental Resul ts  

The experiments were  perfarmed over an interval of seve ra l  months 

and changes necessar i ly  occurred to the environment of the experimental  

facility a s  well a s  to  the assembly i tself ,  These changes caused c o r r e -  

sponding variations in the experimental data,  To eliminate e r r o r s  of this 

nature,  the experiments were  normalized to a basic a r r a y ,  consisting of the 

bare  checker-board assembly for  which cr i t ical i ty  was determined periodically 

throughout the s e r i e s  of experiments.  Since the measurements  were per -  

formed relat ive to the basic a r r a y ,  effects f rom the rubberized plastic coating 

on the fuel blocks, and neutron reflection f rom nearby object, should cancel,  

Each 2 In. cube of Pu02-polystyrene generated about 0 . 3  W of thermal  
( 2  1 heat f rom alpha emission,  hence the tempera ture  of the assembly varied 

considerably during the course of experiments ,  Thermocouples recorded 

the tempera ture  at s eve ra l  locations throughout the assembly,  T o  cor rec t  

fo r  the temperature variations,  the source-neutron multiplication was mea-  

sured  a s  a function of tempera ture  in the slightly subcri t ical  bare  a r r a y ,  

Observed variations in the source-neutron multiplication with tempera ture  

were  applied direct ly  to  the inverse multiplication data defining cr i t ical i ty  

of each experimental a r r a y  a l l  data were  corrected to  a median tempera ture  

of 50 "c. 

In F igure  2 through 9 a r e  summarized the experimental r e su l t s  for  

each mater ia l  tes ted.  The upper curve in each figure shows the decrease  

in the c r l t ica l  core  length with one end of the assembly  reflected with various 

thicknesses of tes t  mater ial .  This  decrease  in the c r i t ica l  length defines 

the ref lector  savings fo r  each mater ia l  a s  a function of thickness: the thick- 

ness  at  which each mater ia l  is an effective infinite ref lector  is defined a s  

the respect ive curves  approach an asymptotic vaiue. The  lower curve in 

each figure i l lustrates  the isolation effect due to varying thicknesses of the 

mater ia l s  placed at the interface of Core  ? and Core  2 (F igure  I). It i s  

lnterestlng to note that when thin pieces of polye thyl~ne  and compressed 

wood a r e  inser ted at  the interface,  the c r i t ica l  length of Core 1 dec reases  

to a minimum at a thickness of about 2 cm.  This  minimum occurs  pr imar i ly  

because neutron moderation in the isolators  i s  the dominant effect. but a s  
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FIGURE 2 

Polyethylene a s  Isolator 

T h i c k n e s s  o f  P o l y e t h y l e n e  ( c m )  
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FIGURE 3 

Polyethylene and Two Sheets of Cadmium as  Isolator 
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5 10 1 5  

T h i c k n e s s  o f  P o l y e t h y l e n e  ( c m )  

C o r e  1 t 0.02"  CD. + F o l y e t h y l e n e  + C o r e  2  
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FIGURE 4 

I I I 

Polyethylene and One Sheet of Cadmium a s  Isolator 
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0 5 10 15  2  0  

T h i c k n e s s  o f  B o r a t e d  P o l y e t h y l e n e  ( c m )  

C o r e  1 t B o r a t e d  P o l y e t h y l e n e  

C o r e  1 t B o r a t e d  P o l y e t h y l e n e  + C o r e  2  
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FIGURE 5 
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Borated Polyethylene a s  Isolator 
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C o r e  1 + C o m p r e s s e d  W o o d  
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e d  W o o d  + C o r e  2 

- 
- 

I 1 I I 

T h i c k n e s s  o f  C o m p r e s s e d  W o o d  ( c r n )  

FIGURE 6 
Compres sed  Wood a s  Isola tor  

C o r e  1 + C o n c r e t e  

- 
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C o r e  1  + C o n c r e t e  + C o r e  2 

I I I I 

5  10  1 5  

T h i c k n e s s  9 f  C o n c r e t e  ( c r n )  

FIGURE 7 

Concre te  a s  I so la to r  
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T h i c k n e s s  o f  B o r a t e d  C o n c r e t e  (c rn )  

FIGURE 8 

Bora ted  Conc re t e  as I so la to r  

- 
- 
- 

C o r e  1 + Lead t C o r e  2 

5 10  1 5  

T h i c k n e s s  o f  Lead ( c m )  

Lead  a s  I so la to r  

FIGURE 9 
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the isolator thickness inc reases ,  reduction of neutron interaction between 

fuel co res  becomes dominant. A s  seen in Figure 3, the minimum is reduced 

by inserting a 0 .  02 in. cadmium sheet at  the Core  1-polyethylene interface.  

Also, the minimum i s  eliminated by ei ther  inserting another cadmium sheet 

at the Core  2-polyethylene interface,  o r  on replacing the polyethylene with 

borated polyethylene. F o r  concrete and lead,  which a r e  r a the r  inefficient 

modera tors ,  the isolation curves show an asymptotic increase  with ma te r i a l  

thickness,  F igures  7 and 9. Table I l i s t s  the densit ies of the various isolator 

mater ia l s  studied. 

TABLE I 

ISOLATOR DENSITIES 

Isolator Material  

Polyehtylene 

Borated Polyethylene 
(10 wt$ Boron) 

Compressed Wood 

Concrete 

Borated Concrete 
( 2 . 2  wt70 Boron) 

Lead 

C admium 

Density, g / c m  3 

0.917 

0.964 

In Table I1 a r e  recorded the effective isolation thicknesses and the i r  

respective ref lector  savings for the t e s t  mater ia l s .  Evident f rom these 

r e su l t s  is that a considerable reduction in the isolation thickness may be 

obtained by the addition of neutron absorbers .  It i s  also evident that by 

adding neutron absorbers  to the isolating mater ia l ,  the cr i t ical  m a s s  of the 

isolated unit i s  increased,  permitting l a r g e r  quantities of fissile mater ia l  

to be s tored in the a r r a y .  

Figure 10 shows the effect of neutron interaction between Core 1 

and Core  2 a s  a function of void thickness. With the various tes t  ma te r i a l s  

separating Core  1 and Core  2, the effects due to  interaction alone a r e  de ter -  

mined by substracting out the neutron reflection contributions to  the data.  

The interaction effects a r e  i l lustrated in F igures  11 and 12 where the quantity 
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SUMMARY OF EXPERIMENTAL RESULTS 

Effective Isolation 
Mater ial  Reflector Savings, c m  Thickness,  c m  

Polyethylene 3.52  A 0.05 17 .5  * 0.5 

Polyethylene* 

Polyethylene** 

Borated Polyethylene 1.19 * 0.05 

Compressed Wood 3.92  * 0.05 

Concrete 2.58 0.05 25 .0  * 2.0 

Borated Concrete 1. 65 + 0.10 17.5 * 0.5 

Lead 3.00 * 0 .10  26.0 2 .0  

*O .  02 in. cadmium sheet inser ted at the interface between the variable 
core  and polyethylene. 

W 0 .  02 in. cadmium sheet inserted at both polyethylene-core interfaces.  

- 

- 

- 

- C o r e  1 + V o i d  t C o r e  2 

I I I I 

W i d t h  o f  V o i d  ( c m )  

FIGURE 10 - 
Void a s  Isolator 
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ST = C r i t .  L e n g t h  ( B a r e )  - C r i t .  L e n g t h  ( C o r e  1 + 
l s o l a t o r  M a t e r i a l s  + C o r e  2 )  

S R  = C r i t .  L e n g t h  ( B a r e )  - C r i t .  L e n g t h  ( C o r e  1 t 
l s o l a t o r  M a t e r i a l s )  

SVoid = C r i t .  L e n g t h  ( B a r e l  - ~ i i t .  L e n g t h  ( C o r e  1 t 
V o i d  t C o r e  2 )  

1.2 
C; = P o l y e t h y l e n e  

1 .0  

T h i c k n e s s  o f  l s o l a t o r  M a t e r i a l  ( c m )  

FIGURE 11 

I so la t ing  Effect  of V a r i o u s  M a t e r i a l s  

S T  = C r i t .  L e n g t h  ( B a r e 1  - C r i t .  L e n g t h  ( C o r e  1  t 
l s o l a t o r  M a t e r i a l s  + C o r e  2 )  

SR = C r i t .  L e n g t h  ( B a r e )  - C r i t .  L e n g t h  ( C o r e  1  + 
l s o l a t o r  M a t e r i a l s )  

SVoid = C r i t .  L e n g t h  ( B a r e )  - C r i t .  L e n g t h  ( C o r e  1 + 
V o i d  t C o r e  21 

- 

0  5  1 0  1 5  2 0 2 5  

T h i c k n e s s  o f  l s o l a t o r  M a t e r i a l  ( c m l  

FIGURE 1 2  

I so la t ing  Effect  of V a r i o u s  M a t e r i a l s  
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(6 r  - 'R" void is plotted a s  a function of isolator thickness,  where 

6 = L (Bareti - L (Core 1 -+ Isolator t Core 2) 
T c c 

bR = LC (Bare)  - LC (Core 1 -r isolator)  

6 
void 

- LC (Bare)  - LC ;Core l + Void + Core 2)  

and 
LC Cri t ical  Length of Core :. 

The corresponding curves for  polyethylene and compressed wood have la rge  

maximums at 3 and 4 e m  respectively: concrete ,  lead, and polyethylene- 

0. 02 in, -Cd also have maximums, but of sma l l e r  magnitude, Although 

fewer neutrons interact between fuel c o r e s  with the isolators  located in 

between, may of the interacting neutrons a r e  moderated by the isolating 

ma te r i a l  which increases  the i r  worth in the epithermal fuel co res .  Also, 

(br  - d R ) / b v o i d  - 0 IS a m o r e  sensitive measure  of the effective isolation 

thickness than defined by the asymptotic values in F igures  3 through 10. 
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