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iii 

The experimental plan f o r  i r r a d i a t i n g  Be0 p e l l e t s  i n  Experiments 

ORNL 41-8 and ORNL 41-9 vras choser i n  accordance with the  p r inc ip les  of 

experimental design. The design i s  known by s t a t i s t i c i a n s  as a 2 5 

f a c t o r i a l  experiment "confounded" i n  s i x  rep l i ca t ions .  

~ i v e  var iables-  -size,  density,  g ra in  s ize ,  temperature and 

5 time--are control led  a t  two l eve l s  t o  form the  bas ic  2 f a c t o r i a l  

experiment. The s i x t h  var iable ,  neutron f lux,  i s  introduced by 

confounding on higher-order in te rac t ions .  

This repor t  explains i n  a nontechnical language the  means by 

vrhich the aims of the  experimenters arid the physical  condit ions 

a f f ec t i ng  the experiment were u t i l i z e d  i n  cons t ruc t iw  the  experimental 

design. 
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I. INTRODUCTION 

Be0 I r r ad i a t i on  Experiments ORNL 41-8 .and ORNL 41-9 w i l l  b e  per- 

formed i n  the  ETR i n  accordance with a plan chosen by personnel of the  

Reactor Chemistry Division and of t he  S t a t i s t i c s  Section of the  Mathe- 

matics Panel a t  ORNL. This repor t  i s  a descr ipt ion of the  d e t a i l s  of 

t h i s  plan. 

The purpose of the  experiment i s  t o  study the  e f f e c t s  of s ix  

var iab les  on Be0 p e l l e t s  by means of 12 d i f f e r en t  examinations. 288 

p e l l e t s  of d i f f e r en t  s i z e s  and compositions w i l l  be i r r ad i a t ed  under 

d i f f e r en t  condit ions of neutron f l u x  and temperature and the  r e s u l t s  w i l l  

be assessed. through the  following 12 t e s t s :  

( 1 )  chemical ana lys i s  

(.2) crushing s t rength 

(3)  e lec t ron  microscopy 

( 4 )  fabr ica t ion  h i s t o ry  

( 5 )  gas ana lys i s  

( 6 ) me tal lography 

(7 ) physical  measurement 

(8) petrographic ana lys i s  

( 9 p h o t o ~ r a ~ h y  

( 10 ) radiography 

(11) thermal conductivity 

(12) X-ray ana lys i s .  

Available f o r  the  experiment i s  a 3" square l a t t i c e  posi t ion i n  

t h e  ETR. This w i l l  be f i t t e d  with a core f i l l e r  piece d r i l l e d  t o  



accommodate four multicapsule assemblies of four capsules each. (See 

Figure 1. ) The 288 pe l l c t s  ;ill be stacked within the 16 capsules 

according t o  the plan t o  be described. Figures '2 and 3 a re  photographs 

of typica l  capsules. 

Some of the d e t a i l  of the construction of a multicapsule assembly 

may be seen i n  Figure 4, which includes 'an exploded view of an assembly. 

The holes in .  the assembly are  f o r  gas tubes and thermocouples which are  

shown welded' in to  place i n  Figure 5 .  



Fig. 1. OIWL 41-8; Core Filler Pieces. 
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Fig. 2. Capsules for l/4-in. [Be0 Samples ORN1; 41-8 and -9. 



Fig. 3. Capsules for 112-in. Be0 Samples ORNL 41-8 and -9. 
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Fig. 5.  Typical Wticapsule Assembly. 



11. THE DESIGN VARIABLES 

The s ix  variables which are to be controlled during the experiment 

f a l l  naturally in to  two classes: Fabrication variables, which have to  

do with how the pel le ts  are made, and treatment variables, which have to  

do with the treatment the pellets  receive during irradiation. 

A .  Fabrication Variables 

There are  three fabrication variables: Size of pellet,  density 

of pellet, and size of grain of BeO. They are discussed separately and 

br ief ly  below. 

1. Size - 
By the name "size" we mean the dimension of the pellet .  The 

pel le ts  a r e  a l l  cylindrical i n  shape with diameters equal t o  their 

heights. Ninety-six of the pel le ts  measure 1/21' by 1/2" (see Figure 6) 

and 192 pel le ts  measure 1/411 by 1/4" (see Figure 7). The variable, size, 

i s  said t o  be controlled a t  two levels which we w i l l  c a l l  1/4" and 1/2". 

2 .  Density 

The density variable w i l l  also be controlled a t  two levels. Some 

of the pel le ts  are  constructed so that thei r  densities are 90 per cent 

of the theoretical density fo r  BeO. The others are formed so that their  

densities are  96 per cent of the theoretical density for  BeO. W e  shall 

use the terms "low" and "high" when referring t o  the two levels of t h i s  

variable. 
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Fig. 6. One-Half-Inch Be0 Pellets. 



Fig. 7. One-Fourth-Inch Be0 Pellets. 



3. Grain Size 

Some of the  p e l l e t s  used i n  the experiment w i l l  be fabr ica ted .wi th  

Be0 of g r a in  s i ze s  between 15 and 25 microns. The remainder w i l l  be 

formed of Be0 of g r a in  s i ze s  between 40 and 60 microns. In r e f e r r i ng  t o  

the l e v e l s  of t h i s  two-level f ac to r  we s h a l l  use the  words small g ra in  

s i ze  and la rge  g r a in  s i ze .  

B. Treatment Variables 

While the  p e l l e t s  a r e  being i r r ad i a t ed  t h e i r  temperatures w i l l  be 

control led.  The p e l l e t s  w i l l  be i r r ad i a t ed  f o r  d i f f e r e n t  lengths of time, 

and they w i l l  be subjected t o  d i f f e r e n t  amounts of neutron f lux.  Temper- 

a tu re ,  i r r a d i a t i o n  time, and neutron f l u x  a r e  the th ree  treatment 

var iab les  . 

1. Temperature 

The temperature of the  p e l l e t s  w i l l ' b e  control led by control l ing 

the temperatures of the  capsules. This i s  accomplished by using capsules 

of d i f f e r en t  w a l l  thickcnesses and by control l ing the  composition of t he  

helium-argon gas mixture .which flows around each capsule. O f  the  s ixteen 

capsules, e igh t  w i l l  be maintained a t  6500 C and e igh t  w i l l  be maintained 

a t  1100~ C .  Thus, temperature i s  a l s o  a two-level var iab le .  The l e v e l s  

w i l l  be denoted by "low" and "high." 

2. Time 

It i s  des i red t h a t  some of the  p e l l e t s  be subjected t o  a f a s t  

neutron dose i n  the  magnitude of 8 x lo2' nvt and t h a t  o thers  receive a 

dose i n  the  order of 30 x lo2' nvt .  This G i l l  be accomplished by varying 



t h e  amount of time t he  p e l l e t s  remain i n  the . reac tor .  Two of t he  four  

multicapsule assemblies w i l l  be removed from the  FTR a f t e r  a number of 

cycles  of operation calcula ted t o  y i e ld  8 x lo2' nvt .  The other  two 

assemblies w i l l  remain i n  the  reac tor  u n t i l  t h e i r  p e l l e t s  have received 

20 a dose o f . 3 0  x 10  nvt.  

For the  purpose of designing the  experiment the control lable  

va.rlable i s  time. This, too, . w i l l  be a two-level var iable  and we w i l l '  

c a l l  the l e v e l s  shor t  and lol-g. 

The 144 p e l l e t s  which receive t he  smaller dose comprise Experiment 

ORNL 41-8. The o ther  144 p e l l e t s  comprise Experiment ORNL 41-19. The 

experimental design, however, t r e a t s  the c u ~ ~ b i n e d  experiment as one. 

3. Neutron Flux 

S t r i c t l y  spak ing ,  neutron f l u x  i s  not a control lable  var iable .  A 

c e r t a in  flu p r o f i l e  w i l l  e x i s t  f o r  t he  l a t t i c e  posi t ion assigned Lu 

t h i s  experiment and the experimental design must be planned with t h i s .  i n  

mind. However, by exercis ing cunLrol over the placement of t h e  p e l l e t s  

within t h e  capsules, a ce r t a in  amount of control  over neutron f l u x  may 

be obtained. It i s  -this  method which was used i n  devising the 'experi- 

mental design. The r e s u l t  i s  t h a t ,  i n  e f f ec t ,  neutron f l u x  i s  control led 

a t  24 d i s c r e t e  l e v e l s .  



111. PHYSICAL CONDITIONS AFFECTING TKE DESIGN 

A .  Multicapsule Assemblies 

The pe l l e t s  which a re  stacked i n  a capsule of a given multi,capsule 

assembly must be a l l  of the same size.  Also the four capsules stacked 

i n  a .given multicapsule assembly must contain- pe l l e t s  a l l  of the same 

size.  Thus two of the multicapsule assemblies w i l l  contain pe l l e t s  of 

only the 1/4" s ize and two w i l l  contain pe l l e t s  of only the 112" size. 

A s  w a s  mentioned ea r l i e r ,  the temperature of a capsule may be 

controlled but the temperatures of pe l l e t s  may not be controlled indi- 

vidually. The.experimenta1 design spectf ies  tha t  the two capsules a t  

the top of a multicapsule assembly be controlled at  one temperature 

and t h a t  the two capsules a t  the bottom be controlled a t  the other 

temperature. This pat tern of temperatures w i l l  a l te rna te  from one 

assembly t o  the next. 

B. Capsules 

Each capsule has s i x  inches of effect ive length. That i s ,  pe l l e t s  

may be stacked i n  a capsule so tha t  there a re  twelve 112" pe l l e t s  i n  a 

capsule o r  so tha t  there a re  twenty-four 114" pe l l e t s  i n  a. capsule. 

Because the diameter of a pe l l e t  var ies .with t1;s height, pe l l e t s  may not 

be intermixed i n  a capsule. Neither may capsules be intermixed i n  an 

assembly . 
We define a s  a basic -- unit  112 inches of the effect ive length' of 

a capsule. Thus there a r e  12 basic uni t s  t o  a capsule, 48 basic uni t s  

t o  an assembly, and 192 basic uni t s  i n  the complete experiment. It i s  

c lear  that - one 1/2" pe l l e t  may be contained i n  one basic uni t  and that 



two 1/11.'' pe l l e t s  may be contained i n  one basic uni t .  The experimental - 
design i s  planned i n  terms of the basic uni t .  

C .  Neutron Flux Gradient 

The neutron f lux  a p e l l e t  receives i s  dependent upon i t s  position 

i n  the reactor .  For t h i s  experiment it has been requested t h a t  the f lux  

prof i le  along the length of the multicapsule assembly be approximately 

symmetrical, with the peilets  a t  the ceriWer of the sutieilllslies rccciv:i.xg 

about twice the f l u x  received by the pe l l e t s  a t  the extremes of the 

assemblies., The p ro f i l e  i s  expected ' to  be smooth and monotonic from 

e i the r  .end towad-  the center. , . 

I n  planning the design, the prof i le  i s  assumed t o  be symmetric. 

We may consider the p r o f i l e  t o  be characterized by 48 discrete  amounts 

of flux, one f o r  each of the 'basic uni t s  i n  an assembly. With the 

assumption of' symmetry t h i s  reduces t o  &.d i s t inc t  fluxes since one half 

of the prof i le  i s  a mirror image of the other ha l f .  

D .  Postirradiation Examinations 

It i s  physically impossible t o  examine every p6l le t  irradiated, 

by a l l  of the 12 examinations. Even were it physically possible it 

would be economically unfeasible; However, it i s  possible t o  divide 

the  examinations in to  s i x  groups, cd , l ed  ba t t e r i e s  of t e s t s ,  and t o  pre- 

assign cer ta in  p e l l e t s  t o  be examined by a specif ic  ba t te ry  of t e s t s .  

The t e s t s  included i n  a ba t te ry  w i ' l l  be compatible w.ith one 

another. That is, it w i l l  be possible t o  examine a pe l l e t  by every 

examination' i n  a .battery.  The ba t t e r i e s  need not be mutually exclusive 

but  they must 'be exhaustive of the 12. examinations i n  the se t .  Hence 



a given examination may be  included i n  more than'one b a t t e r y  of t e s t s  

and every examination w i l l  be included i n  a t  l e a s t  one ba t t e ry .  



IV. THE EXPERIMENTAL DESIGN 

Consider f o r  the moment tha t  neutron f lux  i s  not a design variable.  

Then there remain f ive  variables, each t o  be controlled a t  two leve ls .  

5 The t o t a l  number of combinations of two leve ls  of f ive  variables i s  2 . 
An experimental design which u t i l i z e s  a l l  these combinations i s  called . 

a z5 f a c t o r i a l  experiment. Without repl icat ion such an experiment , 

requires 32 basic uni t s .  

A.  Replication 

Since there a r e  s ix  ba t t e r i e s  of t e s t s  t o  provide for ,  each of 

the 32 f a c t o r i a l  combinations must be replicated six. times. Then . 

6 x 32 = 192 basic  un i t s  a r e  required which, fortuitously,  i s  exactly 

the number of basic uni t s  i n  the complete experiment. The experimental 

design chosen f o r  t h i s  i r rad ia t ion  experiment i s  d 2' f ac to r i a l  trxpel.1- 

ment, repl icated s ix  times and modified a s  explained below. 

B. Blocking 

The neutron f lux  variable i s  handled by blocking or, more 

properly, by confounding. Confounding i s  a device by which confusion 

i s  del iberately introduced in to  an experimental arrangement i n  order t o  

obtain information on addi t ional  fac tors  or  variables.  Some of the 

e f f ec t s  which a r e  estimable 'from an unconfounded f a c t o r i a l  experiment 

may be expected t o  be negligible. These effects ,  such as interactions 

among two, three, o r  four-variables,  may be del iberately confused with 

the e f f ec t  of an addi t ional  variable.  Then the estimates obtained from 

the confused e f f e c t  a re  a t t r ibu ted  t o  the new variable.  



In ORNL 41-8 and 41-9 neutron f lux  plays the role  of the new 

variable.  It is introduced by dividing the 32 basic uni t s  of each 

repl icate  into four blocks of e ight  basic un i t s  and assigning a l eve l  

of neutron f lux  t o  each block. This i s  explained i n  more d e t a i l  below. 

The 32 basic uni t s  i n  a rep!.icate must be dis t r ibuted over the 

four multicapsule assemblies, since each multicapsule assembly accommo- - 

dates only one of the four size-time combinations. This may be seen 

i n  the following tab le  i n  which the l e t t e r s  A, B, C, D designate the 

four assemblies 

Each assembly must therefore contain eight  basic uni t s  of a rep l ica te .  

Time 

Short 

Long 

That is, eight of the 32 basic uni t s  of a repl icate  must be put in to  

assembly A, eight others must be put into assembly B, and so on; 

Now each posit ion i n  a multicapsule assembly i s  subjected t o  i t s  

own degree of neutron f lux.  A pe l l e t  placed i n  one posit ion w i l l  re- 

ceive a d i f fe rent  amount of f lux from tha t  received by a pe l l e t  placed' 

in ano.l;her position, unless the positions a re  equidistant from the center. 

Size 

But even with the assumed symmetric f lux  pat tern it i s  impossible t o  

d is t r ibute  the 32 basic uni t s  of a repl icate  over the four multicapsule 

assemblies (with eight  basic uni ts  t o  the assembly) so tha t  each of 

1/4" 

A .  

C 

the 24 d i f fe rent  fluxes i s  represented the same number of times. 

112 " 

B 

D 



' However, by using the same positions i n  a l l  four of the multi- 

capsule assemblies, four d i s t i n c t  fluxes may be represented eight  times 

i n  a repl icate .  This i s  equivalent t o  dividing the 32 basic .units .of a 

rep l ica te  in to  four blocks of e ight  uni t s  each, and assigning a d i f fe rent  

f l u x  to  each block. 

When blocking i s  employed some information i s  l o s t .  The scheme 

of blocking chosen f o r  ORNL 41-8 and ORNL 41-9 sacr i f ices  information 

on some.two-variable and three-variable interactions.  , The information 

t h a t  i s  l o s t  i s  not the same information i n  a l l  the replicates,  however. 

In every repl icate ,  information on the main e f fec t s  and on the most 

important two-variable interact ion ( f lux  by time, which measures neutron 

dose) i s  preserved. 

C .  Experimental Error 

The number of 1/)'1." pe l l e t s  i n  the experiment i s  twice the number 

of 1/2" p e l l e t s  since each basic uni t  of the 114" multicapsule assemblies 

(A and C )  w i l l  hold two 114" pe l l e t s .  The design requires t h a t t h e  two 

114" pe l l e t s  - i n  a basic  uni t  be ident ical  with respect t o  grain s ize and 
. . 

density. Theref ore, they w i l l  be ident ical  .in every respect. These 16 I 

pa i r s  of ident ica l ly  t reated 114" pe l l e t s  i n  each repl icate  w i l l  furnish 
. . 

the measure of experimental error .  In addition, the three-variable 

inlera;ctions vhich have not been l o s t  through blocking may be used as 

measures of experimental e r ro r .  

D . The Design Table 

The experimental design selected for  ORNL 41-8 and ORNL 41-9 i s  

shown i n  d e t a i l  i n  Table I. Each row i r i  'Table I represents four basic 



TABLE I. THE EXPERIMENTAL DESIGN 

Multi-Copauls Assembly 
A' B C' D Block i n  

Capsule Position Grain Groin Groin Groin Replicate 
Tlme Temp. Size Dsnri ty G;, ,  Time Temp. Sirs Density q;,, Time Temp. Size Density q;., Time Temp. Size Density c:.. 

IV 
v 
VI  

I 
I I 
Ill 

*Each entry represents 2 r el lets 

KEY 

Symbol Time Temp. Size Density ~ r d i i 5 i . e  

- Short Low 4'' 90% 12-25 p 

+ Long High !is' 96% 40-60p 



uni t s ,  one basic  uni t  fo r  each multicapsule assembly. The four major 

headings a t  the top of the table  designate the assemblies, A, B, C, and D. 

Within each major heading there a re  f ive  columns t i t l e d  Time, 

Temp., Size, Density, and Grain Size. The + 's  and - ' s  under these 

headings designate the levels  f o r  these f ive  variables according t o  the 

key given a t  the bottom of the table .  Thus the basic uni t  i n  Position 

1 of Capsule 1 of Multicapsule Assembly A w i l l  hold two 1/4" pe l l e t s  of 

40 - 60p grain s ize i n  90 per cent theoret ical  density. This uni t  w i l l  

be maintained at the low temperature and w i l l  be i r radiated f o r  the  

shorter time. ' 

A t  the r igh t  of Table I a re  tyo columns which ident i fy the 

repl icate ,  and block within the repl icate ,  t o  which the four basic uni t s  

i n  a row belong. Thus the very f i r s t  row together with the very last 

row designate the eight  basic uni t s  which belong to  Block a - of Replicate 

1. Block b - of Replicate 1 i s  composed of those eighl; basic uni t s  

described i n  the seventh row from the top and i n  the seventh row from 

the bottom. 

Table I shows, also,  the ac tua l  posit ions of the p e l l e t s ' a s  

they a r e  stacked i n  the capsules and the posit ions of the capsules a s  

they a re  stacked within the multicapsule assemblies. 



V . STAT ISTICAL ANALYSIS 

There a re  f ive  different  patterns which may be used t o  block 

5 a 2 f a c t o r i a l  experiment into four blocks of e ight  basic uni t s  each. 

One of these patterns i s  undesirable, however, because ,it would r e s u l t  

i n  sacr if ic ing too much information on the two-factor interact ion which 

measures neutron dose. This pattern was discarded. 

A l l  of the remaining four patterns were used. Two were used on 

two repl icates  of the design and two were 'used on one repl icate .  ' 

\ 

A. Analysis by Replicates 

The analysis f o r  any experiment which i s  planned according t o  

s ta t is t ica3.  principles m y  be sketched out i n  advance. A useful means 

f o r  doing t h i s  i s  a skeleton of an Analysis of Variance Table. Such a 

table  has been constructed and i s  included i n  t h i s  report  a s  'Pdble 2.  

Replications I and V I  use one blocking pattern t o  handle f l u ;  

Replications I1 and V use another blocking pattern; Replication I11 uses 

a th i rd  pattern and Replica-L;5on IV a fourth. '1''his may be seen i n  the 

headings of Table 2. ' 

The term "degrees of freedom" may be t,h.o~;ht of a s  piecec of 

information. Since there a re  48 pe l l e t s  i n  each repl icate ,  there should 

be 48 pieces of information available i n  each repl icate .  These 48 pieces 

of information a r e  broken up into independent groups by the analysis  of 

variance. 

The independent groups are, on the whole, d i f fe rent  f o r  each 
. . 

blocking pat tern used. However, the patterns selected were those which 

would yield the same groups of degrees of freedom'for a l l  the'main 



Table 2. Analysis of Varisnce 

Degrees of Freedom 
Source of 
Variat ion 

.Repl icates  I a n d V I  Replicates I I a n d V  Replicate I11 Replicate IV 

Total  
Mean 
Main Ef fec t s  

Time ( H )  
Temperature ( T  ) 
Size 
Density 

( s )  
(D)  

Grain Size ( G )  
Flux (F )  

Two-Factor Interact ions  
Dose (F x H )  
F x T  
F X S  
F x D  
F x G  
H x T  
H x S  
H x D  
H x G 
T x S  
T x D  
T x G  
S X D  
S x G  
D x G  
Sacr i f iced 

Three-Factor Interact ions  
Dose x T 
Dose x S 
Dose x D 
Dose x G 

Experimental Error  



e f f e c t s  and f o r  the  two-factor in te rac t ion  which measures dose. The 

f i r s t  nine l i n e s  of Table 2 r e f l e c t  t h i s .  

The other  two-factor in te rac t ions  involving f l u x  (F X T, F X S, 

F x D, and F x G )  a r e  measurable i n  a l l  the  rep l ica t ions  but  sometimes 

by one degree of freedom and sometimes by two degrees of freedom. This 

i s  shown i n  the  next four  l i n e s  of Table 2. 

The remaining l i n e s  show which of the  other  in te rac t ions  may be 

measured and i n  which r ep l i ca t e .  A dash (-) i n  Table 2 means t h a t  there  

i s  no information i n  t h a t  r ep l i ca t e  f o r  measuring the e f f e c t .  

B. J o i n t  Analysis of Several Replicates 

When a given t e s t  i s  included i n  more than one b a t t e r y  of exami- 

nations, the  r e s u l t s  w i l l  be analyzed by j o in t l y  analyzing the  r e p l i c a t e s  

which correspond t o  the  b a t t e r i e s  i n  which the  t e , s t  i s  included. 'Con- 

s iderably  more information W i l l  be obtained i n  t h i s  case. 

If a t e s t  i s  t o  be included i n  exact ly  two b a t t e r i e s  of t e s t s  

the two b a t t e r i e s  w i l l  - not correspond t o  the  r ep l i ca t e s  ~ ~ h i c h  employ 

the  same blocking pa t te rn ,  ( f o r  example, Replicates I and VI),  f o r  the 

following reason. 

If the  t~.ro r ep l i ca t e s  use the  same blocking pa t te rn  the  same 

pieces of information  ill be s ac r i f i c ed  twice. However, if the  bloclring 

pa t te rns  a r e  d i f f e r en t ,  .some of the  information l o s t  i n  one r ep l i ca t e  

w i l l  be measurable -in the  other.  

The j o in t  ana lys i s  of several  r ep l i ca t e s  i s  a l i t t l e  more compli- 

cated than t h a t  f o r  a s ingle  r ep l i ca t e  and, of course, it depends on 

which r ep l i ca t e s  a r e  combined. There' i s  no skeleton of such an ana lys i s  

included i n  t h i s  repor t .  
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