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ABSTRACT

The experimental plan for irradiatiné BeO pellets in Experimenté
ORNL 41-8 and ORNL 41-9 was choser in accordance with the principles of
experimental design. The design is known by statisticians as a 25
factorial experiment "confounded" in six replications.

Five variables--size, density, grain size, temperature and
time--are controlled at'two levels to form the basic 25 faétorial
experiment. The sixth variable, neutron flux, is introduced by
confounding on higher—order interactions.

Tﬁis report explains in a nontechnical languvage the means by
vhich the aims of’the experimenters and the physical conditions

affecting the experiment were utilized in constructing the experimental

design.
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I. INTRODUCTION

BeO Irradiation Expefiments ORNL ﬁl-8.and ORNL 41-9 Vill‘be per-
formed-in the ETR in accordance with a plan chosen by personnel of the
Reactor Chemistry Division and of’the Statistics Section of the Mathe-
'matics Panel at ORNL. This report is a description of the details of
this plan.

The purpose of the experiment is to study the effects of six
variables on BeO pellets by means of 12 different examinations. 288
pellets of different sizes and compositions will be irradiated under
different conditions of neutron flux and temferature and the results will
be assessed through the following 12 tests:

(1) chemical analysis
(2) crushing strength
(3) electron microscopy
(4) fabrication history
(5) gas analysis
(6) mwmetallography
(7) physical measurement
(8) petrographic analysis
(9) photography
(10) radiography
(11) thermal coénductivity
(12) X-ray analysis.
Available for the experiment is a 3" square lattice position in

the ETR. This will be fitted with a core filler piece drilled to



accommodate four multicapsule assemblies of four capsules each. (See
Figure 1.) The 288 pellcts wﬁll be stacked within the 16'capsules
according to the plan to be described. Figures 2 and 3 are photographs
of typical capsules.

Some of the detail of the construction of a multicapsule assembly
may be seen in Figure 4, which includes an exploded view of an assembly.
The holes in. the assembly are for gas tubes and thermocouples'which are

shown welded into place in Figure 5.
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Fig. 1. ORNL 41-8; Core Filler Pieces.
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Fig. 2. Capsules for 1/4-in. BeQ Samples ORNL 41-8 and -9.
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Fig. 3. Capsules for 1/2-in. BeO Samples ORNL 41-8 and -9.
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Fig. 4. Typical Multicapsule Assembly Before Fitting with Gas Tubes and Thermocouples.
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Fig. 5. Typical Multicapsule Assembly.



IT. THE DESIGN VARIABLES

The six variables which are to be controlled during the experiment
fall naturally into two classes: Fabrication variables, which have to
do with how the pellets 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

briefly below.

1. Size
By the name "size" we mean the dimension of the pellet. The
pellets are all cylindrical in shape with diameters equal to their
heights. Ninety-six of the pellets measure 1/2" by 1/2” (see Figure 6)
and 192 pellets measure 1/4" by 1/4" (see Figure 7). The variable, size,

is said to be controlled at two levels which we will call 1/4" and 1/2".

2. Density

The density variable will also be controlled at two levels. Some
of the pellets are constructed so that their densities are 90 per cent
of the theoretical density for BeO. The others are formed so that their
densities are 96 per cent of the theoretical density for BeO. We shall
use the terms "low" and "high" when referring to the two levels of this

variable.
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Fig. 6. One-Half-Inch BeO Pellets.
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Fig. 7. One-Fourth-Inch BeO Pellets.
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3. Grain Size

Some of the pellets used in the experiment will be fabricated'with
BeO of grain sizes between 15 and 25 microns. The remainder will be
formed of BeO of grain sizes between 40 and 60 microns. In referring to
the levels of this two-ievel factor we shall use the words small grain

size and large grain size.

ﬁ. Treatment Vériables
While the pellets are being irradiated their temperatures will be
contrélled. The peiletsvwill be irrédiated for different lengths of time,
and they wili be subjected to différent amoﬁnts of neutron flux. Temper-
ature, irradiation time, and neutron flux are the three treatment

variables.

1. Temperature
The temperature of the pellets will be controlled by controlling

the temperatures of the capsules. This is accomplished by using capsules
of different wall thicknessés and by controlling the composition of the
helium-argon gas.mixture'Which flows aroﬁnd each capsule. Of £he sixteen
capsules, eiéhf will be haintained'af 6509 C and eight will be maintained
"~ at 1100° C. Thus, temperature ié also a twp—leﬁel variable. The ie&els

will be denoted by "low" and "high."

2. Time

It is desired that some of the pellets be subjected to a fast
neutron dose in the magnitude of 8 x 1020 nvt and that others receive a

dose in the order of 30 X lO20 nvt. This will be accomplished by varying



the amount of time the pellets remain in the. reactor. Two of the four
multicapsule assemblies will be removed from the ETR after a number of
cycles of operation calculated to yield 8 X lO20 nvt. The other two
assemblies will‘remain in the reactor until their pellets have received
a dose of‘30‘x 1020 nvt.

-Fbr the purpose of designing the experiment the controllable
variaﬁle is time. This, too, .will be a two-level variable and we will "
call the leyels short and loﬁg.

The 14k peilets which receive the smaller dose comprise Exberiment
ORNL 41-8. The other 1k&4 pellets comprise Experiment ORNL 41-9. The

experimental design, however, treats the combined experiment as one.

3. Neutron Flux

Strictly speaking, neutron flux is not a controllable variable. A
certain flux profile will exist for the lattice position aésigned Lu
this experiment and the experimental design must be planned with this, in
mind. However, by»exercising control over the.placement~of the pellets
within the capsules, a certain amount of control over neutron flux may
be obtaiﬂed. It is this method which was ﬁsed in devising the experi-

mental design. The result is that, in effect, neutron flux is controlled

at 24 discrete levels.
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III. PHYSICAL CONDITIONS AFFECTING THE DESIGN

A. Multicapsule Assemblies

The pellets which are stacked in a capsule of a given multicapsule
assembly-must be all of the same size. Also the four capsules stacked
in a. given multicapsule assembly must contain pellets all of the same
size. Thus two of the multicapsule assemblies will contain pellets of
only the 1/4" size and two will contain pellets of only the 1/2" size,

As was mentioned earlier, the temperature of a capsule may be
controlled but the temperatures of pellets may not be controlled indi-
vidually. The experimental design specifies that the two capsules at
the tbp of a multicapsule assembly be controlled at one temperature
and that the two capsules at the bottom be controlled at the other
temperature. This pattern of temperatures will alternate from one

assembly to the next.

B. Cépsules

Each capsule has six inches of effective length. That is, pellets'
may be stacked in a capsule so that there are twelve 1/2" pellets in a
capsule or so that there are twenty-four 1/4" pellets in a capsule.
Because the diameter of a pellet varies with ilts helght, pellets may not
be intermixed in a capsule. Neither may capsules be intermixed in an
assembly.

We define as a basic Eﬁiﬁ 1/2 inches of the effective lengthyof
a capsule. Thus there are 12 basic units to a capsule, 48 basic units
to an assembly, and 192 basic units in the complete experiment. It is

clear that one 1/2" pellet may be contained in one basic unit and that
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two l/%” pellets may be contained in oné basic unit. The experimental

design is planned in terms of the basic unit.

C; Neutron Flux Gradient

The neutron flux a pellet receives is dependent upon its position
in the reactor. For this experiment it has been reguested that the flux
profile along the length of the multicapsﬁle assembly be approximately
symmetrical, with the pellets at the céhtef of lhe aysemblies rceciving
about twice the flux received by_the pellets at the extremes of the
assemblies. The profile is expected to be smooth and monotonic from
either end toward the center.

In planniég the desigh, the profile is assumed to be symﬁetric.
We may éonsider the profilelto be characterized by 48 discrete amounts
of flux, one for each of the basic units in an assembly.. With the
assump%ion of symmetry this reduces to 24 distinct fluxes since one half

of the profile is a mirror image of the other half.

D. Postirradiation Examinations

- Tt is physically impossible to examine every péllet irradiated,
by all of the 12 examinations. Even were it physically possible it
. would be economically unfeasible. However, it is possible to divide
the examinations into six groups, called batteries of tests, and to pre-
assign certain pelleté to be examined by a specific battery of tests.

The tests included in a battery will be compatible with one

another. That is, it will be possible to examine a pellet by every
examination in a battery. The batteries need not be mutually exclusive

but they must be exhaustive of the 12 examinations in the set. Hence
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a given examination may be included in more than one battery of tests

and every examination will be included in at least one battery.
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IV. THE EXPERIMENTAL DESIGN

Consider for the moment that neutron flux is not a design varigble.
Then there remain five variables, each to be controlled at two levels.
The total number of combinations of two levels of five variables is 25.
An experimental design which utilizes all these combinations is called
a 25 factorial experiment. Without replication such an experiment

requires 32 basic units.

A. Replication
Since there are six batteries of tests to provide for, each of
the 32 factorial combinations must be replicated six times. Then
6 x 32 = 192 basic units are required which, fortuitously, is exactly
the number of baéic units in the complete experiment. The experimental
design chosen for this irradigtion experiment is & 25 factorial experl=

ment, replicated six times and modified as explained below.

B. Blocking
" The neutron flux variable is handled by blocking or, more

properly, by confounding. Confounding is a device by Which confusion
is deliberately introduced into an experimental arrangement in order to
obtain information on additional factors or variables. Some of the
effects which are estimable from an unconfounded factorial experiment
@ay be expected to be negligible. These effects, such as interactions.
among two, three, or four variables, may be deliberately confused with
the effect of an additional variable. Then the estimates obtained from

the confused effect are attributed to the new variable.
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In ORNL 41-8 and 41-9 neutron flux plays the role of the new
variable. It is introduced by dividing the 32 basic units of each
replicafe into four blocks of eight basic units and assigning a level
of neutron flux to each block. This is explained in more detail below.

The 32 basic units in a replicate must be distributed over the
four multicapsule assemblies, since each multicapsule assembly accommo- -
dates only one of the four size-time combinations. This may be seen
in the following table in which the letters A, B, C, D designate the

four assemblies

Size
Time 1/h" 1/2" i
Short A B
Long C D
Each assembly must therefore contain eight basic units of a replicate. %

That ;s, eight of the 32 basic unitsvof a replicate must be put into
assembly A, eight others must be put into assembly B, and so ons

Now each position in a multicapsule assembly is subjected to its
own degree of néutron flux. A peliet placed in one position will ré-
ceive a different amount 6f flux from thaﬁ received by a pellet placed
in another position, unless the positions are equidistant froh.the center.
But even with the assumed symmetric flux pattern it is impossible to
distribute fhe 32 basic units of a replicate over the four multicapéule
assemblies (with eight basic¢ units to the assembly) so that each of

the 24 different fluxes is represented the same number of times.
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However, by using the same positions in all four of the multi-
capsule assemblies, four distinet fluxes may be represented eight times
in a replicate. This is equivalent to dividing the 32 basic units of a
replicate into four blocks of eight units each, and assigning a different
flux to each block.

When blocking is employed some information is l&st. The scheme
of blocking chosen for ORNL 41-8 and ORNL 41-9 sacrifices informatién
on some-two-variable and three-variable interactions. ' The information
that is lost is not the same information in all the replicates, however.
In every replicate, information on the main effects and on the most
important. two-variable interaction (flux by time, which measures neutron

dose ) is preserved.

C; ﬁxperimenfal Error

The number of 1/4" pellets in the-experiment is twice the number
of 1/2" pellets since each vasic unit of the 1/4" multicapsule assemblies
(A and C) wiil'hold two 1/4" pellets. fhe design requires that the two
1/4" pellets-in a basic unit be identical with respect to gfain size and
density. Thefeforé, theylwill bé identical'in ever& réspecf. These 16
pgirs of identically treated 1/4" pellets in each replicate will furnish
the meaéure of experimental error. In additién, tﬁé three-variable‘
interdctions which have not been lost through blocking may be used as

measures of experimental error.

D. The Design Table
The experimental design selected for ORNL 41-8 and ORNL 41-9 is

shown in detail in Table I. Bach row in Table I represents four basic
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units, one basic unit for each multicapsule assembly. The four.major
headings at the top of the table designate the assemblies, A, B, C; and D.

Within each major heading’there are five columné titled Timé,
Temp., Size, Density, and Grain Size. The +'s and -'s under these
headings designate the levels for these five Qariables according to the
key given at the bottom of the table. Thus the basic unit in Position
1 of Capsule 1 of Multicapsule Assembly A will hold two 1/4" pellets of
40 - 60u grain size in 90 per cent theoretical'densify. This unit will
be maintained at the low temperature and will be irradiated for the
Ashorter time. '

At the right of Table I are two columns which identify the
repiicate, and block within the replicate, to which the four basic units
in a row belong. Thus the very first row together with thg very last
row designate the eight basic‘units which belong to Block a of Replicate
1. Block b of Replicate 1 is composed of' those eight basic units
described in the seventh row from the top and in the seventh rov from
the bottom. | |

Table I shows, also, the actual positions of the pellets ‘as
they are stacked in the capsules and the positions of the capsules as

they are stacked within the multicapsule assemblies.
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V. STATISTICAL ANALYSIS

There are five different patterns which may be used to block
a 25 factorial experiment into four blocks of eight basic units each.
One of these patterns is undesirable, however, because it would result
in sacrificing too much information on the two-factor interaction which
measures neutron -dose. This pattern was discarded.

All of the remaining four patterns were used. Two were used on

\

two replicates of the design and two were used. on one replicate.

A. Analysis by Replicates

The analysis for any experiment which is planned according t§
.statistical principles may be sketched out in'advance. A useful means
for doing this is a skeleton of an Analysis of Variance Table. Such a
table has been constructed and is included in this report as Iable 2.

Replications I.and VI use one blocking patfern to handle flux,
Replications II and V use another blocking pattern; Replication III uses '
a third pattern and Replication IV a fourth. This may be seen in the
headings of Table 2. |

The term "degrees of freedom" may be thought of as pieces of
information. Since there are 48 pellets in each replicate, there should
be 48 pieces of information available in each replicate. These 48 pieces
of infpfmation are broken up into independent groups by the analysi; of
variance. |

The indepéndent groups are, on the whole, different for each
' blbckiné pattern used. However, the patterns selected were those which

would yield the same groups of degrees of freedom for all the'main



Table 2. Analysis of Varisnce

Degrees of Freedom

Source of
Variation ‘Replicates I and VI  Replicates II and V Replicate III  Replicate IV
Total 48 48 L8 . 48
Mean 1 1 1 1
Main Effects
Time (H) 1 1 1 1
Temperature (T) 1 1 1 1
Size . (s) 1 1 1 1
Density (D) 1 1 1 1
Grain Size (G) 1 1 1 1
Flux (F) 3 3 3 3
Two-Factor Interactions
Dose (F x. H) 2 2 2 2
FxT 1 2 2 2
FxS 2 X 2 2
F XD 2 2 1 2
FXxG 2 2 2 1
HxT - 1 1 -
Hx S 1 - - 1
HxD - 1 - 1
HxX G -1 - 1l -
Tx S Co- - 1 1
TxD - - - 1
TXG - - -
S XD 1 - - -
S xG - - 1 -
DXG 1 1 - -
Sacrificed 6 6 6 6
Three-Factor Interactions '
Dose X T ' -0 - 2 2 -
Dose X S 2 - - 2
Dose x D - 2 = 2
Dose X G 2 < 2 -
Experimental Error 16 16 16 16

ce
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effects and for the two-factor interaction which measures dose. The
first nine lines of Table 2 reflect this.

The other two-factor interactions involving flux (F x T, F X S,
F XD, and F X G) are measurable in all the replications but sometimes
by one degree of freedom and sometimes by two degrees of freedom. This
is shown in the next four lines of Table é.

The remaining lines show which of the other interactions may be
measured and in which replicate. A dash (~) in Table 2 means that there

is no information in that replicate for measuring the effect.

B. Joint Analysis of Several Replicates

When a given test is included in more than one battery of exami-
nations, the results will be analyzed by jointly analyzing the replicates
which correspond to the batteries in which the test is included. Con-
siderably more information will be obtained in fhis case.

If a test is to be included in exactly two batteries of tests
the two batteries will not correspond to the replicates which employ
the same blocking pattern, (for example, Replicates I and VI), for the
following reason.

If the two replicates use the same blocking pattern the same
pieces of information will be sacrificed twice. However, if the blocking
patterns are different, .some of the information lost in one replicate
will be measurable in the other.

The joint analysis of several replicates 1s a little more compli-
cated than that for a single replicate and, of course, it depends on
which replicates are combined. There is no skeleton of such an analysis

included in this report.



| THIS PAGE
 WAS INTENTIONALLY
LEFT BLANK



7-41.
42.
43.
bl
45.
46.
47.
48.
49.
50.
51.
52.
53.
54
55,
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

25

INTERNAL, DISTRIBUTION

Biology Library

Central Research Library
Laboratory Shift Supervisor
Reactor Division Library
ORNL — Y-12 Technical Library
Document Reference Section
Laboratory Records Department
Laboratory Records, ORNL R.C.

G«
R.
D.
E.
C.
G.
J.
¥,
W.
J.
A.
J.

A.

B.
J.
J.
D.
D.
N.
D.
W.
B.
A.

97.
98.
99.

100.
101-703.

Je

E.
S.
p.
Je
E.
C.
R.
L.
M.
H.
E.
C.
C.
L.
H.
A.
R.
M.
G.
R.
A.

Atta
Biggers
Billington
Blizard
Borkowski
Boyd
Bresee
Bruce
Carter
Corum
Culkowski
Cunningham
Downing
Finney
Fowler
Frye, Jr.
Gardiner
Gilfillan
Dismuke
Gosslee
Grimes
Hannaford

Hollaender

W. L. Nicholson, General Electric, Hanford

EXTERNAL DISTRIBUTTON

66.
67.
68.
69.
70.
71.
72.
73.
Ve
75.
76.
77.
78.
79.
g0.
81.
82.
83.
8.
85.
86.
87.
gs.
g9.
9.
91.
92.
93.
%.
95.

ORNL-3310

A.
R.
P.
M.
M.
T.
F.
C.
J.
R.
H.
W.
H.
E.
R.
K.
J.
M.
O.
M.
A.
I.
C.
Je
E.
D.
c.
G.
A.
G.

UC-80 — Reactor Technology
TID-4500 (17th ed., Rev.)

S. Householder
G. Jordan (Y-12)
R. Kasten

A. Kastenbaum
T. Kelley

W. Kerlin

G. Kitts

F. Larson

E. Iee, Jr.

S. Livingston
G. MacPherson
T. McDuffee

F. McDuffie

C. Moncrief

E. Moore

Z. .Morgan

P. Murray (K-25)
L. Nelson
Sisman

J. Skinner

H. Snell
Spiewak

D. Susano

A. Swartout

H. Taylor

B. Trauger

D. Watson

M. Watson

M. Weinberg

A. West

96. F. J. Witt

C. A. Bennett, General Electric, Hanford
F. H. Tingey, Phillips Petroleum Co., Idaho
Division of Research and Development, AEC, ORO

Given distribution as shown in TID-4500 (17th ed., Rev.)
under Reactor Technology category (75 copies — OTS)





