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ABSTRACT 

. . 

Critical experiment studies were pr formed,  varyingthe parameters 
23 5 U . , ~ 1 0  and metal to water ratio, in the SM-2 7 x 7 core .configuration . . 

. .with .38 .stationary elements and .seven ,control rods of the :SM- . 1. (ABPR-I) . .., 

An experimental mock-up of the SM- 1 was assembled using ,the b4sic 
SM-2 fuel plates. Excellent agreement between the SM-1 boron loading, 
determined by chemical analysis, andthe SM-1 mock-up boron loading, for 
equivalent bank positions, was noted. 

several SM-2 mock-ups, cold clean andmidlife, were assembled and 
studied. with regard to .reflector effects,, flow divider effects, relative. con- 
trol rod array worths, critical. rod configurations, and :relative power'dis- 
tiibuiions. . . ! :  

* The results of these experiments indicate as satisfactory a u~~~ load- 
ing of 36.4 K and a loading ,of 63.4 grams for the SM-2. Attention is 

g drawn to,numerous power peaks present in the active core. The open seven 
control rod array has a slight reactivity advantage over the closed seven ar- 
ray and consequent minor disadvantage with respect to "stuck rod" criteria. 
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SUMMARY 

The cold clean water-reflected final SM-2 mockup containing 33.2 
kilograms u~~~ and 55. 6 grams distributed uniformly in the active 
core maintained criticality after a seven rod bank withdrawal of 7.142 inches 
and has an "excess K" ( 4 KE) of 1520 cents. A flow divider and an infinite 
steel-water laminated reflector respectively a r e  worth approximately -96. and 
% 85 cents. The measured reactivity coefficient, @ 2000 psi, ranges from 
-1.15 cents/OF @ 1 5 0 ~ ~  to -5.20 cents/OF @ 510°F. The integral reactivity 
effect of raising the SM-2 core water temperature from 1030F to 5 1 0 ~ ~  @ 
2000 psi  and the water in the reflector coolant graph from 103OF to 4W°F 
@ 2000 psi  1% -889.7 cents. The average measured material coefficients for  
u~~~ and B a r e  0.157 cents/gm and 42. 54 cents/gm respectively. With- 
out the benefit of flux suppressors the maximum to average power ratio of 
7.28 occurs at the top of the fuel section of control rod C (withdrawn to 7.14 
inches), and a ratio of 5. 28 occurs at the bottom of stationary element 43 and 
symmetric elements. The open seven control rod a r r ay  cogtrols slightly- 
more reactivity than the closed seven and consequently is at a slight disadvant- 
age in meeting "stuck rod" criteria. 

At room conditions a minimum loading,of 7.5 grams of B" uniformly 
distributed in the active SM-2 core is required to maihtain a subcritical 
conditionr6ith the open 7 control rod a r r ay  fully inserted. I 

An estimated loading *of 15.84 / 0.38 grams of B'O in the SM-1 Core I 

I was obtained by substitution methoas utilizing an assembly of known com- 
position. This represents a boron loss  of 22. 0 - { 1. 9% from the specified 
20.29 grams. 
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INTRODUCTION ' 

i 

The critical experiments described in this report were required a s  
part of the SM-2 Core and Vessel Development Program performed under 
AEC Contract No. AT (30-3)-326. Initially, these experiments consisted 
of a series of parametric studies designed to define some critical character- 
istics of stainless steel-U02 matrix fuel plates and to verify the analytically 
determined uranium and boron burnable-poison loadings for the SM-2 core. 
Detailed mock-ups of the SM-1 core were then assembled to study the relip- 
bility of the experimental and assembly techniques and concurrently to pro- 
vide an estimate of the actual SM-1 boron loading. The final experiments 
were performed on mockups of the SM-2 midlife and initial core compositions 
for the purpose of investigating the power producing and control character- 
istics of the reactor. 

4 

/ 

This report includes the results of all  these critical experiments, 
originall; proposed a s  Tasks 7.0 and 9.0 of the SM-2 Core and Vessel 
Development Program. The body of the report presents tabulated reduced 
data and numerous graphs. All data points a r e  associated with core ref- 
erence loading numbers which define the core compositions for each specific 
experiment. An extensive description of core composition corresponding 
to each core reference loading number is presented in Appendix A to permit 
an exact analytic duplication of all cores studied. 

Wherever possible an error  analysis has been performed to define 
the limits of reliability of core composition and experimental data. 
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- CHAP-TER 1 -. SYSTEM DESCRIPTION 

The SM-2 critical e eriments were conducted a t  the Alco Products, "P Inc. , Criticality Facility ( in Schenectady, N. Yo A detailed description 
of the experimental assembly and its relationships-to this Facility is pre- 
sented in the Hazards Summary Report for the-SM-2 Critical ~xper iments(2)  
together with descriptions of the basic experimental techniques. 

The content of this chapter includes a general description 0% the ex- 
perimental techniques and core assembly and a summary of preliminary 
criticality safety data. System nomenclature is also .defined for the readerv s 
convenience. I 

1.2 .Experimental. Assembly 

. ao  2.1 .i Core-Support Assembly 

. - . .The .core ,supper t assembly .consists sf' a .threediered stainless s.teel 
table'jlocahed over the. center of the reactor tank floor at. tha:Facflity. 

. Structural suppor.t, alignment, andposition of. the.assembly are.:assurbdby 
.tie rods and spacers as shown 'in. Figure:l .  4. ' j .  

. . 

. The .core .support has the:potential. of accommodating reactor cores 
with a .total. of 89 fuel elements and  control rods, although a maximum of 

.' only38 fuel elements and seven control rods were required for the 7 x 7 
, SM-2 array.- . Figure .I. 2 shows the assembled SM-2 in place -in the reactor 
tank:with associated nuclear instrumentation. 

.Reactor control is maintained by the :insertion or  withdrawal of. con- 
trol  rod assemblies,. F-igure .4.3, containing both nuclear fuel and '.b.ox ..type . . 

boron absorbers. The control rod assemblies a r e  ,driven by.caverhead 
drives and drop by.gravity.on scram. :. Guide .rods. and dashpot plungers .to 
act as guides and decelerative .devices respectively . a re  .attached to the' ends 

' 

of' the control rod baskets. 
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FIG. 1 .1  - CORE SUPPORT STRUCTURE 

'1 
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1. 2. 3 Fuel Element Structure 

Stationary fuel elements contain u to 18 stainless steel-U02 matrix 
fuel plates each loaded with 46. 3 gm U285. Control rod fuel elements con- 
tain up to 16 similar fuel plates each loaded with 42. 2 gm ~~~5~ The fuel 
plates a r e  of the SM-1 type with increased thickness of the matrix from 
0.020 in. to 0. 030 in. to accommodate the higher U 0 2  loading. The matrix 
is clad with 0. 005 in. stainless steel and is framed by approximately 1/8 in. 
and 5/8 in. stainless steel on the edges and ends respectively. 

Flexibility of number and distribution of fuel plates in both the stationary 
and control rod fuel elements is provided by extruded polystyrene grooves 
which hold the fuel plates erect and act a s  fuel plate spacers. The grooves 
a r e  sufiiciently wide to accommodate extra steel sheets to mock-up heavier 
fuel plate cladding. Figures 1 .4  and 1. 5 show stationary and control rod 
fuel elements in the partially assembled state. Fuel element side plate 
thicknesses were increased by the addition of steel sheet between the basic 
side plate and the pblystyrene grooves. 

1. 2. 4 Steel Reflector Assemblv 

Thereflector assembly consists of a number of 1/2 in. stainless s tee l  
sheets along the reactor sides and triangular ba r s  at. the corners (Figure 1.11. 
Laminations of steel and water were obtained with the use of plexiglas edge . 

spacers. Foil activations through the assembly a r e  accommodated by ac- 
cess ports. 

1. 3 Experimental Techniques 

1.3.1 Method of Loadim Uniform Burnable Poison 

.Nuclear poisons such a s  B4C may be added to Mylar film in much :the 
same manner a s  ferrous oxide is added in the production.of magnetic tapes. 
Mylar is a tough, flexible polymer formed .by the condens.ation .reaction be- 
tween .ethylene .glycol and terephthalic acid. When ,used with a high temper- 
ature .silicone or  rubber base adhesive, Mylar film loaded with boron .dis- 
persed in .ferrous oxide provides an ideal method of adding ,known and.con- 
trolled amounts of boron.to fuel plate s.urfaces. Mylar tapes with various 
boron loadings were used in .these experiments. Boron .in .the form of BqC 
in particle .sizes of'one .to three microns was added to 0.0005 in. Mylar .. 

. 

film . 

The Mylar tape was procured in widths approximating the matrix 
widths of both stationary and control fuel plates. Figure 1. 6 shows the 
simple wringer type .tape dispenser. used fgr applying .the Mylar. Ap- 
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proximately five man.,days were .required using this device.to load a .cotn- 
plete SM-2 core  with.one layer of tape. Additional layers were.applied as 
desired .and,the plate. -ends were trimmed at the matrix boundaries; Boron 
l o a w g s  were determined f rom areak loadings, chemical. analyses, and 
boron .standard determinations (see. Chapter 3). . . 

1. 3. 2 Reactivity Coefficients of Uranium 
. .. 

Reactivity coefficients of u~~~ were  determined by substitution tech- 
niques utilizing .fuel plates with u~~~ loidings both greater  and less  than.. . . 

t h e  normal ?oading,of -46. 3 gm u~~~ per plate. 

1 .4  Nomenclature and Explanations 
. . . . . . 

.1 ' .4 .  1 ,Active Core . - 
. . 

. - 
. .  . 
. . . . :~hit:tr~egidn:qefefined by thellpper and lower average limits of the U 235 
distributions in' th:e stationary fuel elements and the  'ell boundaries of the 
.outer row of .stationary elements. . .. 

I.  4. 2 Cadmium Fraction 

The ratio of bare  foil activity minus cadmium covered foil activity to 
bare  foil activity. The cadmium used was 0.020 in. thick for which the 
cadmium cut-off energy is 0. 5 ev. 

1. 4. 3 Control Rod Withdrawal 

Refers to the withdrawal of the absorber section of the control rod 
from the active core and the consequent simultaneous insertion of fuel. 

1.4. 4 .Control Rod Position. 

Control rod positions a r e  reported as the diktance withdrawn f rom 
the position of deepest insertion measured in inches, Deepest insertion 
represents the nominal alignment of the bottom of the active core  with the -. 

top limit of ~ 2 ~ 5  distribution in the control rod fuel element. Bank po- 
sitions result from the average of positions of the individual rods compris- 
ing the bank. Individual rod positions usually differ from the bank p s s i t i ~ n  
by less  than & 0.01 in. Unless otherwise stated, control rod positions a r e  
accurate to - 0.063 in. and have a precision of 0. 001. 

. 1. 4. . 5, . . Core 'Array, 7 x 7 . . . . 

. ,  . . . 

The arrangement of stationary fuel elements depicted h ~ i g u r e s  A. 1 
and A. 2 .of Appendix A. 



1.4. 6 Data Point, Experimental . 

All expekimewtal data points a r e  plotted as a point (circled, squared, 
o r  other). Bointsderived from experimental data by cross  plot or  integra- 
tion a r e  represented by crosses. 

. . 1,4.7 . Error,  Experimental 

All. reported es r s r s . a re  probable error? (60% confidence interval) in 
precision .unless ptherwiiie' noted. 

1. 4. 8 Reactivity 

Reactivity measurements were obtained by the usual period techpique 
.of calibrating control rods. The control sod calibration .curves a r e  t h e r e  

d P  f0r.e described as .- ., where p = Pa .. . 

ax 
' Excess K determined experimentally for a 

to a change i n  r o d  position from xl , to x2 is 

F o r 4 K E  less than:$l: 00, the expression b K i =  is satisfactory. 

However, whew A.K is Barge, the expression p = Z A K ~  ''3' should be 
used, where p is t e hypotheticalreactivity that would result if the total ,;- 

reactivity change were measured in one ,large .step. . . -  . . 
. . 

Reactivity (a and A KE a r e  ,reported in dollars and cents u-sing the.  in- . . 
. . 

hour .eq&tion .to convert from reactor period. A'codplete description of. the 
method used is repokted in .Appendix D: . . . 

1.4.9 Rod Artav 

The openand closed 7' rod arrays rkferred to in this report a r e  des -  
cribed .by Figures A.' 1 and A:? of Appendix A. 

.- . 

1.4. 10 Temperature 

Unless otherwise lasted all measurements were taken a t  69'~. - 

1.4.11 Trend ~ i g i i  ' - . 

Where data .is reported .with .the .last digits underlined, these .digits . 
are .to be interpreted a s  indicative rather than .significant. 

. . 



1. 5 Criticality Safety Data 
! 

Experiments were performed to determine the multiplication of the 
open 7 a r ray  on .scram for the most pessimistic case  of maximum ~ 2 3 ~  load- 
ing and no boron, The minimum critical lattice of 18 plate stationary ele- 
ments and a single 16 plate .central control rod with no boron loading; was 
also determined. 

1. 5. 1 Minimum Critical Lattice 

The minimum critical lattice for 18 plate stationary elements was de- 
termined to be  an  a r r ay  of eight stationary elements and one control sod. 

e reference loading (i) in Appendix A. ) The system contained 7343 grams 
!'35 and was critical with rod C withdrawn to 18. 566 inches. Period mea- 

' 

surements indicated the balance of rod C to be worth about 48 cents. 

1. 5. 2 Criticality of Open 7 Array 
% 

The open 7 control rod a r r a y  was simulated by stationary elements 
loaded as.described by reference loading (ii) in Appendix A. Each of i ix 
stationary elements carried 18 plates with no boron and the a r r ay  was con- 
trolled by a 16 plate control rod located in position 44. This system had an 
inverse multiplication of about 0. 35. 
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., ' 

. CHAPTER 2.-  PARAMETER STUDIES, 

. . .  , . , . . 

2 1 Introduction 

.The flexible -portion .of the .critical experiments for .the SM-2 .reactor 
consisted .of a series of parameter studies performed a s  a .basic .step in the 
understanding of the potentialities and .limitations of the .7 x 7 SM-2 core as- 

' ray. The SM-2 core configuration was approached by varying the number of 
fuel. plates in, a fuel element and also by varying ,the boron .loading ,on .the. fuel 
plates, By the use of.this technique it was.possible to appsoximate.th,e boron.: 
loadings at  whichthe SM-2core would be critical with the.rods fully i k e r t e d  
or withdrawn. 

, . 

.. 2.2 Experimental T.ecihniques I 

. . 
.. : 

2 .  2. . 1: . Procedure 

The initial critical cores consisted of  loadings with no distribut- 
ed, boron. After determining the minimum number of plates per element for 
criticality, the UZ35 loading was gradually increased by adding fuel plates in 
a symmetrical fashion. After each loading the reactor was taken critical and 
the 7 rod bank calibrated by the period technique. This process allowed for 
'7 rod bank calibrations almost over the entire bank travel. 

- ,  
e 

This procedure .was repeated for several distributed bbron loadings. 
Fuel plates were gradually added and the bank calibrated for each case. 

2. 2. 2 ' Fuel. Plate Arrangements. . . 

The .side .plates. used in the parametric study were .2.848 in. and 2. 621 .. 

in. wide for the stationary element and control rod elements, respectively. 
The .fuel plates used contained 46. 30 gm u~~~ and 42. 24 gm u~~~ per itation- 
.ary element fuel plate and .contro'l rod element fuel plate, respe~tively.~ Com- 
plete .data ..on .the side plates,. fuel plates, and .other core materials .may- be. 
found in Appendix A., . 

In..increasing the uranium loading a .standard placement s f  fuel, plates 
in  t h e  elements was used, so that as boron loadings were changed,;; the . .  

uranium fuel plate distiibutions could be repeated exactly. The positions 
used ase , a s  sh-own im.Tab1ea 2. 1 and 2. 2 The position notation .is described 
in Figuqes. A.  3 and A. 4 .of Appendix A. 

. . : 3 



TABLE 2.1 
,STATIONARY FUEL PLATE ARRANGEMENT IN .PARAMETER STUDIES 

. . 

Plates per Element Positions Used 

TABLE 2.2 
CONTROL ROD FUEL PLATE ARRANGEMENT IN PARAMETER STUDIES 

-Plates Der Element 

.. : . . . , . . .  . a , .  . ,  
.L . 

. . . .  . . : : .  . . . .  . . . . 

Positions Used 
. . 

C, h, 
.b;f, j, n : . . .  

. . b;e, h, 1, o . . . . 

. . .  a, d, g, j, m , ~  . . 
. . . .  

a, d, f ,  i, k, n9 P . . . . , . 

a, c; e, g, i9 k., m, o ' . ' - . , . . . 

a, C, e9 g, h, J ,  1, n, P, :. 
. . 

a, c, d,f,h9 i,k, m, n ,p 
.a,.b, d, .e, g, h; j, k,.m; n,p .. 

. . . .  a , b , c , e , f , g , i , j , k , m , n , b b  . 
a, .b,d,e , f ,g , i , j ,k , l , .m,o;p: .  -. . , 

. . .  a;b,.cjd9..e,g9 h,i, j91;m,n,o,p.  
, a, b; c, d;'e, f ;  .g,. i, j, k; 1, m, n, o, p .. , . 

a, b, c, d, e, f ,  g, h, i, j, k, 1, m, n, 0, P 



2. 2. 3 Metal to Water Ratio 

he metal to water ratio was determined as a function .of loaded mass 
of U23x in the core,  Table 2 . 3  and Figure 2.1. Loaded core masses were de- 
fined as the masses present in .the .core with the .control. rods fully with.drawn. 
The active core masses were those masses within.the active core a t  criticality, 
with .control rods partially withdra nd the .contribution of the absorber sec- 
tions neglected. By using loaded UVn' mass it was possible to avoid the -dif- 
.ficulty that the active core mass does .not include .the entire control rod fuel 
element. 

.. .. 

TABLE 2.3 
VARIATION OF METAL TO WATER RATIO WITH LOADED u~~~ MASS 

 ass u~~~ (gm) 

2.2.4 Boron Loadings 

The boron loadings were varied by the use of boron impremated Mylar 
tapes a s  discussed in Capter 1. The tapes covered the approx' a te  meat f' areas  on the fuel plates, 348. 4 ) 7. Q cm2 and 323.6 ) 7. cm for thedstation- 
ary tape and control rod tape, &spectively. The bsr6n tape was always lo- 
cated on the north side of the fuel plate corresponding to the orientation used 
in Appendix A, Figures A. 1, A. 3, and A. 4. Table 2.4 describes the content 
of each boronjloading. 
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TAaLE 2.4 
BORON LOADINGS 

Boron Lqading Mass ~ l O / s t a t i o n a r ~  Mass ~lO/control  gm B ~ O / K ~  U 235 

tape (gm) rod tape (gm) in core 

No Boron 0 0 0 

1 0.060 % 0.001 0.056 0.001 1.305 
2 0.120 k 0.002 0.112 f 0.002 2.610 

3 0.0211 0.0005 0.0196 f 0.0005 0.456 

2.3 Seven Rod Bank vs. Mass of u~~~ and Worth 

2.3.1 Seven Rod Bank vs. Mass of U 235 

The 7 rod bank critical positions and the masses of u~~~ in the active 
core a r e  tabulated by reference loading number (Appendix A) for the various 
boron loadings, Table 2.5, and a r e  plotted in Figure 2.2. The correspon- 
dence between boron loading and reference loading number is presented in 
Section 2. 3. 2. 

The probable e r ro r s  in points plotted in Figure 2.2 a r e  within the sym- 
bols about each point. 

TABLE 2.5 
,SEVEN ROD BANK CRITICAL POSITION VS. MASS OF u~~~ IN ACTIVE CORE 

Reference 
Loading No. 

2 

3 

4 

5 
6 

7 
8 
9 

10 
11 

Total Mass of U 235 
in Active Core (gm) 

Seven Rod Bank 
Critical Position*(in. ) 



Reference 
Loading No. p 12 

8 - 8  r : 13 
, , , -  
,&,,! 14 

Total Mass of U 235 
in Active Core (em1 

Seven Rod Bank 
Critical Position 

6.320 - 
6.018 - 
5.644 

5.320 - 
4.982 - 
4.720 - 
4.332 - 
3.770 
3.338 - 
2.632 - 
2.251 - 
1.089 - 
10.716 - 
12.407 
18.76i 

go 054 - 
7.876 - 
6.822 
6.225 - 
5.889 
5.799 - 
17.103 - 
15.7'03 
15.280 - 
15.198 
19.88: 
12.366 - 
6.010 - 
4.164 - 
3.272 - 

46 21536 C11 2.623 
47 25048 ?: 13 2.215 
48 32114 i 14 2.070 

*Seven rod bank positions -zre 6 error 20.063 in. (proFable error in accuracy. ) - 
32 
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2.3. 2 Seven Rod.Bank Calibration 

The 7 rod bank calibrations, corresponding bank positions and refer- 
ence loading numbers for all boron loadings a r e  tabulated in Tables 2.6, 2.7, 
2.8 and 2.9 and plotted in Figures 2.3, 2.4, 2.5, and 2.6. The no boron case :I 
is represented by reference loading numbers 2 thru 23; boron loading No. 1, 1 1  
reference loading nos. 23 thru 33; boron loadiug no. 2, reference loadihg nos. I 

37 thru 41, and boron loading no. 3, reference loading nos. 42 thru 48. I 
I 

The probable er rors  in points plotted in Figures 2.3, 2.4, 2.5 and 2.6 
a r e  within the symbols indicating each point. 

TABLE 2.6 
S- S E V y  

0.0 gm ~ 1 0  per'kg U 

Reference 
Loading No. 

Seven Rod Bank Position* 
.. I . I (in. 

Seven Rod Bank Wbrth 
(cents/in. ) 

18.060 - 
17.972 - 
14,703 
14.650 
12.585 

>12.555 
lo. 889 
lo. 855 
9.86s 
9.855 
9.095 
9.09ii - 



Reference 
Loading No. 

Seven Rod Bank Position 
(in. 1 

6.044 - 
6.055 - 
5.687 - 
5.672 - 
5.350 - 
5.350 - 
5.012 - 
5,015 
& 751 - 
4.756 
4.360 
4.36g - 
3,785 - 
3.806 - 
3.373 - 
3.366 - 
2.665 - 
2.677 
2.306 - 
2.305 - 
1.160 - 
1.174 - 

Seven Rod Bank Worth 
(cents/in. 

I 
* Seven rod bank positiow are in error k0.063 in. (probable error in acauracy) 
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TABLE 2.7 
SEVm ROD BANK POSITION VS. SEVEN ROD BANK WORTH FOR 

1.305 am B ~ O  per kR uZY3 

Reference 
Loading No. 

24 

24 
26 

26 
27 

28 
28 

29 
29 
30 

30 

Seven Rod Bank Position* 
(in. 

Seven Rod Bank Worth 
kents/inch) 

* Seven rod bank positions are in error f 0.063 - in. (probable error in accuracy) 
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TABLE 2.8 
SEVEN ROD BANK POSITION VS. SEVEN ROD BANK WORTH FOR 

Reference Seven Rod Bank Position* Seven Rod Bank Werth 
Loading No. (in. (cents/inch) 

41 20.492 - 12.89 - 2 0.16 - 

* Seven rod bank position are in error f 0.063 - in. (probable error in accuracy) 
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TABLE 2.9 
SEVEN ROD BANK POSITION VS. SEVEN RgD BANK WORTItEPB 

0.456 gm ~ 1 0  per kg. U 5 

Ref ereneb Seven Rod Bank Position* Seven Rod Bank Wo*h 
Loading No. (in. (cent s/inch) 

* Seven rod bank positions are in error f 0.063 - in. (probable error in accuracy) 
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2.4 Excess K ( A K,) 

2.4.1 Integration of Calibration Curves 

The "excess Kt' is defined as: 

4 K E  = jX2$ d ~ ,  where 

x1 

-# is described by the calibration curves for the various boron leadings 
( gures 2.3, 2.4, 2.5, and 2. 6. ) The limits of integration a r e  established 

the critical seven rod bank position and x2 = the position of the fully 
with as =&r= awn seven rod bank (21. 6 in. ). 

Integrating the calibration curves directly, yields A K a s  a function of 
bank position for the various boron loadings. From Figure $2 the mass of 
~~~5 in the active core, for these bank positions, is obtained. 

2.4.2 A K, Vs. Mass of u~~~ in Active Core 
- 

Figure 2.7 represbnts AK as a function of the mass in the 
active core for the various boron foadings. Experiments ith boron loading 
numbers 1, 2, and 3 were all terminated at the SM-2 U23rloading, while it 
was impossible to achieve this loading in the no boron case. The dashed curve 
in Figure 2.7 connects all theSM-2 poi ts. 

2.4.3 A KE Vs. MASS of B1lfor SM-2 Configuration 

From Figure 2.7 there a re  three SM-2 poin that have known boron 
loadings and K Is Obtaining the masses of Bf8 in the active core for these 
points from ~ppen% A, AKE is plotted vs. mass of in the active core for 
the SM-2 configuration. (Figure 2.8, crosses 1, 2 and 3 corresponding to 
crosses 1, 2 and 3 of Figure 2.7). 

2.5 Data Evaluation 

2.5.1 A Kp Mass B ~ O  in the Active Core for the SM-2 Configuration 

Since the integrals of Figure 2.7 and 2.8 were obtained assuming5n- 
variance of the calibration curves with metal to water ratio some deviation of 
the final SM-2 mockup KE (reference loading 53 with data reported in 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 





THIS PAGE 

W A S  INTENTIONALLY 

LEFT BLANK 





THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



Chapter 4) from these curves shoesld be noted. Referring to Figure 4. 5 of 
Chapter 4, which is based om interation s f  a composite calibration curve, 
one notes, in fact, a variation of from 3% to 5% for each of the points cor- 
responding to points 1, 2 and 3 of Figure 2.8. Since interpolation of 
Figures 2. 5' and 2.8 is extremely sensitive to curve shape, a reliable 

K~ for the SM-2 final mockup is best determined from the composite integral, 
Figure 4.4 of Chapter 4. 

. . . :  
. : .... : ,;;: :....L 2. 5. 2 . Final SM- 2 Mockup 

The preliminary SM-2 loadings of E3I0 and u~~~ predicted analytically 
prior to the performance of these experiments appear to be satisfactory. 
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- 
. CHAPTER 3 - SM-1 MOCKUP EXPERIMENTS 

3. 1 Introduction 

The SM-1 mockup experiments were performed using the SM-2 flexi- 
ble critical experiment r ig  in order to determine the limitations of the sys- 
tem flexibility. In the'- course of the experiment, heterogeneity factors for  - 

differ'ent mockups were obtained which serve a s  a measure of the ability of 
the system to mockup 18 plate fuel elements with fewer plates. Also during 
the experiment, a standard method for determining the amount of boron on the 
Mylar tape, and henc'e'in the flexible reactor, was developed using; a physical 
technique. As a consequence of this work an experimental extimate of the 
SM- 1 boron loading was determined. I 

In the past, two other assemblies of SM-1 core components were made 
at the Alco Critical Facility: the Z P E - ~ ( ~ )  and the Z P E - ~ ( ~ ) .  The SM-1 
mockups assembled during the experimental program were actually mockups 
of the ZPE-2 configuration. However, the fuel elements in the Z PE-2 were 
experimentally proven to be  identical with the fuel elements in the SM-1, and 
the only structural differences between the SM-1 and ZPE-2 which affected 
the reactivity were the presence of a steel  skir t  in the SM-1 and slight fabrica- 
tion differences in the absorber section structure. The ZPE-1, which used 
the same fuel elements as the ZPE-2, mocked-up the SM-1 reactivity exactly 
since i t  used the actual SM-1 core support. A summary of these assemblies 
is presented in Table 3. 1. 

. . TABLE' 3 .1  
SUMMARY OF SM-1 EXPERIMENTS AT ALCO . . . .  . 

SM-1 . ZPE-1 Z PE-2 Preliminary Final SM-1 
Mockup Mo ckup 

Steel Skirt . Yes Yes No No No 
Fuel Elements " SM-1 ZPE-1 ZPE-1 Pre. Mockup Final Mockup 

U-235'gm/eiement , . : 
:. Stationary, . .  . . 514.62, 514. 62 514. 62 509.3. :. 509. 3 . .  

'!. . :... Control . . ~, . ., 41'7.76 . '  417. 76 417.76 422.4 422. .4. ' , 

BPO gm/element 
Stationary ? ? < .  ? 0.231 . . 0. 347 
Control . ? ? ? 0.196 0.284 

. . 
Critical Position . p 

. . . .  

:5 Rod ~arak? , 3 . 7 '  3. rif 3. 12 1. 699 . 3. 258 ;::..: 

* .New boron absorbers.  shown experimentally to be identical with .those .u,se.d 
' . . .during ZPE-2. 59 



The core compositions of the two SM-1 mockups made during this ex- 
periment a r e  defined by reference loading numbers 50 and 51 (Appendix A). 

3.2 Preliminary SM-1 Mockup 

Since the amountof boron in the SM-1 was somewhat uncertain it was 
necessary to make two mockups of the SM-1 in order to obtain a mockup 
which would accurately describe the SM-1. The critical position of the pre- 
liminary mockup was 1,699 inches on the 5 rod bank with sods F and G full 
out, compared with 3.120 inches for the ZRE-2. 

Calibration points for the 5 rod bank were obtained at various bank po- 
sitions. They a r e  plotted bra Figure 3. l along with points obtained dur'tngthe 

- Z PE- 1 experiment and the final mockup. 

substitition measurements were made using a standard SM-1 elerkent. 
The, mockup element was replaced by the SM- 1 element a$nd.:the change .in - - . 
reactivity h ~ t e d .  The total change .for all 38 stationary. eJements ' was minus 

. .  , . . 177 cents; . .. . . 
. .  . . . , . 

An initial .determination of the amount of boron in .the ,SM-l..was made. . 
after e prelirniwaiy.mockup u,sing.a boron worth of 68 :cents/gm:(. ZPE-1' . 

. . 

tb Data.. ) and the tsta8~reactivity ,defect due ti, the SM-1 element- substitutions. 
. $  

3.3 Final SM- 1 Mbckup . . . . .. .. 

The final SM- 1 mockup configuration was determined using the results 
of the preliminary mockup. . Sufficient measurements were made s o  that any : 

differences between it and the SM-1 could be accobnted.for. 
. ., . . 

3. 3. 1 , Reactivity Evaluation 

The final mockup had a 5 sod bank critical poiition of 3:258 .inches 
compared to 3.120 inches for the .ZPE-2.. The small  difference in.bank po- 
sition indicated tgat the mockup was quite good. The 5 r o d  bank calibration 
point takeh'at the  critical position agreed well with the ZPE- 1 and prelimin-; 
a ry  mockup points, as .can be seen in Figure 3.1- . An .integral of this wbrth. 
curve  is presented in Figure 3. 2. The tota l  A' KE determined in the:origind . 

ZPE- 1 and during .this experiment .differ slightly due to incorrect extrapolation. 
of the Z-PE-1 worth curve. . . .  , . 

. \ 

3. 3.'2 ,Uranium ~0; t .h  Measurements . . 

The warth .of .Us 235y,in the core  was measured by using:fuel plates with 
slightly higher U 835. content than the basic  plates. in a stqgle element. ,. This 

. . .  . . 
. , , . . . 

. . . . .  : . .. . .  . , . 

60 
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element was then .substituted for  several  element. positions. An ayerage 
23 5, U- . . worthin  the stationary elements was determined by integrating :over 

the c o r e  volume usingsymmetry conditions for the .element,.positions not 
. measured.. . Table 3 . 2  presents the data. . . 

,: . .. . . 
. . . . 

TABLE 3.2 . .. 

D 2'35 WORTH FOR VARIOUS ELEMENT .POSITIONS i 
. . . . .  

. . 

'. ,Element Mod'. . , Reactivity Change 
in. Cents 

. .  . . . 

' 2'35 . , Average, ~ ' ~ 3 6 '  '!worth in-stationary 'elements = 0. 154 .cents/gm U: . I . ' .. 

The average U '235 worth of 0.154 ~ e n t s / ~ r n ' ~ ~ ~ ~  compares f ' r ly 
well with the repbrted value of 0.187 cents/grn 81 2351 for the ZPE-2 The 
difference between these two values can be partially attributed to the differences 
in experimental techniques. In the ZPE-2 experiments the uranium was added 
in the form of uranium-aluminum alloy s t r ips  (11.0 x 0. 5 x 0.005 inches). These 
s t r ips  were inserted into the water hole region between fuel plates. The method 
used in the final mockup experiment was more realistic since the additional 
u - ~ ~ ~  was uniformly distributed throughout the fuel plate matrix. 

3.3.3 Boron Worth Measurements 

The worth of B ~ ~ O ,  in the core was measured by removing the boron from 
all the plates of a single-element and substituting this element in several po- 
sitions. An average 131°. worth in the stationary elements was obtained by 
using symmetry relationships. Table 3. 3 presents the data. 



. . . . TABLE'3. 3' .. . . .  
.. . . . 

. . .: . E31° WORTH FOR VARIOUS ELEMENT POSITIONS , : , ' 

. . . . . . . . 

Element No. 235 , :' Reactivity Change ' . Cente/gm U' ; 
.in Cents 

10 Average ~ ~ ~ w ~ s d h  in stationary elements = 60.3 cents/gm B 

In the ZPE-1 experiment the B'O worth was not obtained directly (4) 
since boron-stainless steel containing 1.01% boron was used in the experi- 
ment. However, the worth value of 68 cents/gm obtained during ZPE-1 
compares favorably with the final mockup result, considering that in the 
ZPE-1 experiment the boron was inserted in a different flux region and the 

I 

effect of the stainless steel was not taken into account. 

3. 3. 4 Substitution Measurements 

A standard SM-1 element was substituted for the mockup elements one 
by one in order to measure the exact difference between a mockup element 
and an SM-1 ellemeat. The total reactivity change for a11 38 of the stationary 
elements was 16.95 cents positive. The average value was 0.446 cents per 
stationary element. 

3i4 . ..:Experimentah Techniques Evaluation 

. . . a  . 

. , .3. .4. 1 Hetesogeneity Measurements , . 
. .  . .. . , 

. . . . . .  

A fuel grouping ,technique was used for the heterogeneity measurements. 
The plastic separators on the side plates were modified so that the fuel plates 
and stainless elad in.the mockup elements could be assembled in .discrete . . 

. . 

: bundles. The eleven fuel plates per element which Aacked-,up fuel loading,of 
the SM-1 were first  assembled into one .discrete .bundie .along with the.stainless I , -' 

. . 

steel clad in the mockup in the  center of the elemera&. They were then .assembJ- . ' . - 
ed into two discrete bundles, three discrete bundles, etc. , until the  maximum 
of. eleven bbsndles was reached. 

. . 



Figure 3 .3  shows.the curve of reactivity change versusnumber of 
fuel bundles obtained .from these measurements. Since the .curve.is essential- 
ly flat: between.9 and 11 bundles, it seerq,ed .reasonable-to linearly extrapolate 
it to .18 bundles, the actual SM-1 fuel element configuration. The heterogerne- 
.ity worth .thus obtained was 0.75 cents for element 22 in which-the mea6ure- 
merate were made, The .average .heterogeneity worth was 0. 60 cents/station- 
a ry  element, obtained-by dividing .the value .determined for element .number 22 
by the .local to average uranium worth .ratio. 

3.4.2 Boron Standard 

Previous parametric studies indicated inconsistencies in the chemical 
analysis of the boron impregnated Mylar tape. Therefore, it was decided 
that a physical method should be used to determine the amount of loaded boron; 
Numerous samples were made with the same dimensions as the Mylar tape. 
These samples contained a physically determined amount of B4C. The B4C 
used in their preparation was of the same batch as that used in the manufacture 
of the Mylar tape. (Appendix B). The reactivity correlation of the samples 
was considered excellent and standards were established. On the basis of these 
standards, the following Mylar tape loadings were determined and a r e  com- . . ,- > pared with the chemical analysis in Table 3 . 4 5  . - ., 

TABLE 3.4 
MYLAR TAPE LOADINGS 

Ygo Average L. Pitkin Chem. Avera e BMI Chem. Anal. 
Batch BI /cm Anal. mg. ~ l O / c m ~  rng B1%/cm2 , 

, " 

Figure 3. 4 is a curve  of ~ 1 0  per ,cm2 ve r sus  ieact ivi t  in cents  obtain- .. ICY ed using this standard sample technique. The amount of B in .all cores was 
determined using this curve.! The amount of boron .determined to be in the  
final SM-1 mockup .usingthis3 method was 13. 17 grams  in t he  stationary elements 

I and 1. 99 grams  in the  control elements. 

3.. 5 . .Ekperimental' Evaluation .of Boron in SM-1 Core 1 

3. 5. f ; Procedure 

The amount of B'O in the SM-1 was determined by taking ,the amount of 
B'O in the final mockup and adjusting it by use of the.reactivity coefficients 
measur eid. 
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Since only two of the control rods were full out and the other five - 

were.alm'&t fully inserted,. the boron adjusting was done for the 38 station- 
a ry  elements. The substitution measurements using a standard SM-1 ele- 
ment gave an exact determinat i~n~of  how the reactivity of an average station- 
ary'element should be changed to give a 5 rod bank position of 3.120 inches. 
The ratio of boron per stationary element t oron per control element wks 

?6P the same-in the -final mockup and the SM-1 Therefore, in order to de- 
termine the total loading in the SM-1, the amount of boron in the f inal'rnock- 
up control elements was adjusted proportionally to this ratio. 

The substitution measurements using.a standard SM-1 element gave a 
positive reactivity, i. e.,  these measurements indicated .that the mocku @ore 
had too much boron. However, since t h e  mockup had 5.32 grams of U&5 too 
little in each stationary element, and the heterogeneity factor was negative, 
the resultant reactivity change indicated that the mockup core .had less  boron 
.than the SM-1. This amount was calculated using&he measused boron-10 
material' coefficient. 

3. 5. 2 Data C,ompilation 

.Table.3. 5 is a.tabulation .of the different factoPs in .the boron determina- 
tion .for the SM-1. The probable . e r rors  indicated for .the various quantities 
were calculated using the  methods outlined in Appendix.C. 

TABLE 3.5  
FACTORS IN BORON DETERMINATION 

Reactivity difference by substitution measurements + lT,O - -  + 3, - 1 cents 

Reactivity difference due to uranium difference - 3 1 . 1 5 $ ~ .  - - 61,cents - - 
Reactivity difference due to heterogeneity factor - 22.7 - + - 8.0.. cents 
Net reactivity difference - 36.2 % - 8. - &cents 

- Compensating Amount of B1° to be  added to stationary 
elements 0. 61 # 0. 14 gra'ms 

10 
- - .  .- 

Amount of B in .mockup stationary elements . . . 13.17 - # - 0.28 - grams  

Determined amount of B" in SM-1 stationary elements 13. 78+ - - 0.--33 - grams. 

. . Determined amount of in SM- 1 core .*. . . . 15.84 0.38 grams -- ; - 

3. 5. 3 Comparison .of Results with .Chemical Analysis 

using,the d termined value of 15.84 r ams  of 'B1° in the SM-1 core, the !f percent loss of Bfo based on a specified(6 amount of 20.29 grams is 22.0 - .  O/,t 
. . 



1. 9%. . This agrees ,veU with .the results of chemical analysis .:by Martin . 

~ G l e a r  and ORNfiql which showed a 22.4% loss for fuel  *la& fabricated; . 
. .  Ijy "OR,NL. . . . . .  . . 

. v 
b '1 . . ' : >  ' * :  

T h e  above analysis doles not, take into account any reactivity effect due 
to having; ,the .boron on .the fuel plate .,surface instead ,of in .the matrix-.  ThiG. 
reactivity effect was not taken, into account since. no experimental datawa,s 
available. . . . . . .  . , 

i ..F 

. . .  . .  .,:; . . . . 

. . . . 
I . .  , . .  I . , .  I 

I . . 



, ' CHAPTER 4 .- SM-2 MOCKUP REACTIVITY EXPERIMENTS 
-* 

During. the course of the program, various reactivity measurements 
were made on the cold clean SM-2 core mockup. Two different mockups 
were used during these experiments. The measurements m'ade on the pre- 
liminary mockup included comparison of control rod arrays,  rod bark cali- 
brations, critical control rod configurations, and reflector effects. The 
core material coefficient$, 'temperature coefficients, reflector effects, edf ect 
of rotating elements, and effect of substituting stationary elements for con- 
trol rods were measured on the final mockup. 

4.1.1 . Preliminary Mockup 

The core composition of the preliminary mockup is desc,ribed in 
Appendix A, reference loadidg number 33. It contained 47..5 ggams of g l O e  
With a water reflector on all  sides the 7'rod bank critical position was 5,738 
inches withdrawn, and the average 7 rod bank worth was 283 cents per inch 
at 5. 839 inches. The experiments discussed in sections 4. 5. 1, 4. 6 and 4. '7 
were performed on this mockup with a water reflector. 

4.1.2 Final Mockup 

.The coke. composition .for this, mockup is described in Appendix A, 
reference loading number 53. It contained 60. 98 grams of ~ 1 . 0 ~  Unless 
otherwise noted, the reactor configuration for t h i s  mockup included. the 2- 1/2 

. ' .  inch laminated .reflector on .all four sides with..four. solid corners a s  describ- 
ed i n  Figure 4. 1. The 7 rod bank critical position' for this configurations was 
6.974 inches withdrawn, and the average 7 rod bank worth was 263 cents per 

,, inch at '7. 008 inches. 

With a water reflector, the 7 rod bank critical position was '7. 142 
inches withdrawn and the average 7 rod bank worth was 283 cents per inch 
at 7,177 inches. 

The .reactivity measurements made .on the two m o c k u p ~ ~ a s ~ l a o t  listed 
separately, since the differences in the mockups a reno t  large enobgh t o  cause 
an appreciable neutron spectrum shift, and hence d o  not appreciab~y'affect 
the ' reactiviiy c.oefficients. Data :obtaine.d onq- hockups cstKer,_ than the 
final mock.up with reflector a s  described ,in .Figure 4.1, a re  so noted. 
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FIGURE. 4.1 
FULL REFLECTOR OF SM-2 MOCKUP 

REFERENCE APPENDIX A 
(Not Drawn To Scale) 

1/2 INCH STAINLESS STEEL SLABS 
I WATER 

Q 1'/4 INCH PLASTIC,.  SPACERS 

'OR 
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4.2 Seven .Rod Bank .Evaluation 

.4. 2. 1 Bank..Calibration 

The bank .calibration. for the SM-2 .core is derived from the numerous 
calibrations measured in the parametric .study described .in .Chapter 2. 
Figure 4. 2 is a..composit.e of all the calibrations made .during the .critical ex- 
periment program, and assumes that the worth.of the open 7 ba&.array in 

' the 7 x .7 core is invariant to changes in .metal-to-water ratio, uranium load- 
ing, boron .loading, side plate thickness or reflector configuration .within .an 

. . 
experimental error  expressed for a confidence interval of 95%. 

However, when one compares the calibration curve at  6 8 ' ~  with one 
measured at higher simulated .temperatures, Figure 4,3, a pronounced ' 

.shift in .calibration is noted as water is displaced by aluminum. The .latter 
data were measured .during the .temperature coeffic?ent experiments discussed 
in section -4. 3. Due .to the large amount of aluminum added to the -core for the 
temperature measurement and the consequent severe increase in metal-to--. : - . .L 

water ratio, i t . i s  likely that this shift was due to a' hardening of the .neutron 
. . 

spectrum. 

4.2.2 Integral Worth 

.The integral of .the calibration curve .is shown .in .Figure .4.4. The-.total 
worth. (A KE) of thebank fully withdrawn is $33: 18 { 0.43. Since the, probable 
.error of the integral i s  a function of the bank .calibztion and rod  pos'ition, 
the reported er ror  should .be .considered an .end point value .only, 

4. 2. 3 Data Evaluation 

In Chapter 2, Figure 2.8, a curve of AKE versus mass of in the 
active core for the SM-2 configuration cases was presented. The AKE 
values plotted on this curve were obtained by integrating the calibration- 
curves, a function of metal-to-water ratio, for the various boron loadings. 
In order to evaluate the validity of the composite calibration curve, a s  'drawn, 
Figure 4. 5 was prepared with the excesg, reactivities determined by integra- 
tion of the composite '7 rod bank worth curve. 

':., The differences observed by a point by point comparison of the three. . 

SM-2 cases plotted ,in,.Figures 2.8 and 4.5 imply a reasonable agreement be- 
tween, though not complete independence of, the alternate paths of integra- 
tion. It would therefore .seem that the assumptions made in drawing the .com- 
posite. curve a r e  reasonable. 
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On thisbasis,  the SM-2 final mockupAgE was determined from 
Figure 4. 4 tosbe $15. 2_0 - { 0. 30. - 

The er ror  reported is a probable error  in precision and assumes a 
truly statistical distribution of the points in Figure 4. 2. Some variances 
with metal-to-water ratio has already been admitted. 

, , 

4. 3 ~ e m p e r a t u r e  Coefficients 

It was not feasible to directly measure the  temperature coefficients 
of the SM;:2 over the temperature range desired (room temp. to SlOQF).. . 
Therefore,.. ..two !separate experimental methods were used, the results of 
which, together, describelhe temperature coefficient of the SM-2 over-,the. 
required range. For a temperature range from 68 to 1 5 5 ' ~ ~  the tempera- 
ture coefficient, at  normal atmospheric pressure, was .directly determined 
by heating the water in the  reactor tank. In order to determihe .the tempera- 
ture coefficient above 155'F, aluminum strips were used t o  displace the 
.water and .thus simulate moderator temperatures up to 5lO0E. The measure- 
ments were made for the SM-2 (reference loading 53, Appendix A) with .stain- 
less sieel reflector a s  described in .Figure .4.1. 

4. 3.1 Experimental Technique 
. . 

:,: . . 
The water in the.reactor tank was heated by two 15 KVA immersion 

heaters. - ~ n  .agitator was employed to s t i r  the water and insure a .uniform " ,: 

temperature .throughout the core. The water temperature was measured by 
. four iron-,cons'tan:tan. Phe..rmoc.o.upIes located .'in.:the :.core.( .. . .The :therm-o- 

Coup1e.s .:.+w&r.e conncjcted: air ectly : to,. a .,Brown r.ec0rde.r.. ,.' .' ZW peint: ---,out. 
on . the  Brown .recbtder':could ..:be r e a d  lvithin C 0. l ' . ? ~ ; . ;  hawevet+;. tb ' -ahso-  .. 
lute :t.e.mpet.ature dete,rknfnatiori was -.orily mithixix - 2: O...O.F;: . : ' . . 

The reactor was heated continuously, and the temperature plotted a s  a 
function of time. As the reactor temperature increased, the reactor period 
became negative. The reactor was then put on a long positive period and the 
7 rod bank position recorded to + 0.001 inches. The increasing tkmperature 
decreased the reactivity, re turzng the rpactos &Q criticality. The exact tjme 
of criticality was noted to + - 0. 5 minutes. 

Aluminum strips 2.266 x 0.0154 x 23.0 inches were inserted between 
the fuel plates of the stationary and control rod fuel elements to displace 
water and thus simulate water temperatures.up to 5 1 0 ~ ~ .  In the first  three 
measurements aluminum strips were inserted in the stationary elements only, 
but in subsequent measurements the aluminum strips were added to both the 
stationary and control rod fuel elements. 



The equivalent water temperatures were determined for bgth normal 
atmospheric pressure  and 2000 psi. The density of water at 70 F a t  normal 
atmospheric pressure  is the same as the density of water a t  103. 5'~ and 
2000 psi. 

A measurement was made with aluminum st r ips  in the center of the 
absorber sections equivalent to 5 1 0 . 2 ° ~  to determine the effect of reduced 
water density in that region. 

The .effect of decreasing ,the hydrogen density in .the water ,gaps .of the 
' stainless steel  reflector was measured by insestipg :styrene plastic ..sheets .in 

.the water gags. The equivalent water temperature in the reflector. for  th is .  . 

measurement was 47V0F, with the e lements  and absorber sections a t  5 1 0 0 ~ .  
. . . . .  . . . . . . i . .  

4. 3. 2 Experimental. Data ... . . . , .  . . 

. . .  . . . . . . . .  - .  . ,  

Table 4.. 1 presents th.e results  of the heating measurem'ents. ' ,: .' 
. . .  . . .  . . .  . . 

- ,'.TABLE4:1.' . :  - .  (.. . . 
. . .  HEATIN~MEASUREMENT - . . . 

' ., . . 

Temp. OF . . 
L 

. . .  
69. 0. . . . . - .  

91. 9 . . 

96.5 . . . .  
. . 

99.9 . . .  

103.1 
107.2 

Run 1 
7. Rod Bank -Position, .. 

'. ' . I .  

. . 
6, 978 .: . . 

, . 
. . . . 6.996 ; 

. . a. 002 . . a; 009 . . . .  

7. 015, . 

a. 021 

. - 
, ~ . . . . .  . . . . . .  

htegratedAKE 'from 6g°F, . ' 

Cents Negative 
8 .,. 

. . . . . . . .  . . .,o-, 
4 -89  ' ' . ' . 

. >, 
, : \ .  . . *  . 

. . .  .6. ,5 . . . . . .  . . 

. . .  8.4 . .  . . 
. . , 10.:0 , . , .,.. ,., , ,. 

.ii: 6 
111. 5 ., 7.030 .14.0. . . .  . . . . . .  
114.2 a.osa . ,  . . .  . i 6 . 0 ' .  . . -. . 

117.6 7. 045. , .. . . 18 .2  . . . . ' . . . .  

7.056 . . . . .  120. 8 . . . . . . . .  . . . .  . . . , .210 1 .:, 
123.. 8 . . . . 7.063 . .I. . ' 23,O 
126.~ 4 a. o a i  . . .  .: j .. .?fie 5 .  , , , . 

128.3 7.080 27:6 



Run 2 
, . ., 

. o  . : o  ' 
Temp. F , 7' Rod Bank Position, Integrated AKE from 69 F; 

1.n. Cents ~ e ~ a t i v e  '. ... : . 
I .  

' 1.29. 6 . .. 
. ,  7. 087 29. 5 .." . 

13.3. 2 ' ' . ' a. 101 .. 33. o : 
. . ,  . 

i 

1'35; 5' a. 1i3 . ! 36.2 . ' .  . . 
137.9 7.b 124 39,3 
141.2 : 7.140 43. 5 . . 

144.3 - .. , , 7. 152 46. :I.- I '  

i . .  . . 
. . 

. . R u n 3  , 

', , . ' " . . . . 
, .. B ,  

137,'8 . '  ' . . . . . . . a ' 7. 120 37. 5 
140.7 7.130 40; 2. 
143. 9 .a. 141 43.2 . . 

V0 152 46.0 
8 .  

,147. 6 
;, 15.1- 5 : ' .  1 . 7.169 . . , 

. . . ' : 50, 6 
154.5 .. a. 181 54.0 . . . .. 

155.7 7.184' . '  .54. 5 . , 

, ' .  

, ,. . . . 

Table 4. 2 wedents  the results of the al.uminum measurement$. Un- . , 

less  otherwise note$.the measurements were made with .alumhum . , in the 
stationary and &owtrol rod fue8,elernen~s. 

TABLE 4.'2 
. . 

1 ALUMINUM 'MEASUREMENTS . .  , 
. .  .. 

Equivalent Temp. OF." 7 Rod Bank 'Position, 
at. 2000 psi In. 

103.5" 6; 978 
128.0** '7; 041 
147.4** . ; a. 111 
165. O** -.:; . : ,, . . 

I 
'a. la8 

165.:0 . a. a10 
180.3. . :; a. ,277 
209.3 . ' . ' '7.: 451 
292. 5 . . .  : .: 8.' 068 
'301.0 .. , . : .. , . 8.149 

Integrated d ~ ~ ,  Cents 
Negative . 

* -No aluminum in,.reactos,' equivalent temperature for 2000.psi. 

*"luminum st r ips  in .stationary elements only. . Equivalent, temperature.for 
stationary elements. 

91 



TABLE 4. 2 (Cont'd) 

8 
Equivalent Temp. F 5' Rod Bank Position, Integrated AKE, . Cents 
at ;.2000 psi ' ;. " ,. In. Negative . . . . . . 

372.9 8.895 460.9 
435.5 9. 722 631.7 
51Q. 2 11,291 927.9 
510.2*** 11.172 906.5 
510.2**** 11.079 889.7 

*** Aluminum strips in absorber sections also. Equivalent temperature 
in center of absorber sections is same as for elements. 

. .**** . . Aluminum strips in elements and a.bsorbers. Hydrogen density in .re - 
flector decreased 18.758 by use of styrene plastic. ; Equivalent reflector ,' 

temperature at 2000 psi equals 477OF. . , 

I . . 
I a 

Table .4. 3 gives the .7 rod bank worth determined .by period measurenients I '  
with aluminum in !he core. 

TABLE 4.3 .. . 

! .  . SEVEN ROD BANK -CALIBRAT.ION. 
.. ., . . . . .  . . . . ... ' 

. / . '  ' . 
; . Equiv. Temp. , OF at Bank Worth cents/ Ave. Bank .Position, 

2000 psi Ira. Ira. 
. . 

436.0 . 197.2 - . : ' 
. .  . . 9. '748 

510.2 iva. 3 11.271 
. . .  . . . . . . "  . 

.. . ., . . . 
. . 

4. 3. 3 Discussion of Results 

An inspection of Figure 4.8 shows that above a temperature of 130'~ ' 

the negative QKE versus temperature curves obtained by heating the reactor 
water and inserting aluminum in the stationary and control elements a r e  al- 
most parallel. Therefore it was decided that the temperature coefficients 
reported here should be determined by the slope of the bKE versus tempera- 
ture curve obtained using alluminum for temperatures above 130'~. This 
method of morma8ization does not take into account the absorption of neutrons 
in the aluminum or the imperfect distribution of aluminum iw the core. 
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However, the absorption cross section of aluminum is known to be small, 
and Figure 4.10, obtained using aluminum, is nearly linear as shot& be 
expected. Table 4.4 lists several temperature coefficients determined 
using this method. The slopes were taken from Figure 4.9. 

TABLE 4.4 
TEMPERATbTRE COEFFICIEMTS 

Temp. OF. at 7 Rod Bank Po$ition/In. Temp. C efficients 
2000 psi Cent ;d F 

It should be noted that the aluminum points plotted in Figure 4.8,4.9 
and 4.10 have aluminum in the stationary, o r  stationary and control elements 
only. The aluminum points with aluminum in the absorber sections ando 
styrene in the reflector were not plotted since they were obtained at 510 F 
equivalent temperature only. 

From Table 4.2 it is seen that displacing water from the absorber 
section centers results in a positive AKE of 21.4 cents. Also, the effect of 
decreasing the water density in the reflector gaps to an equivalent 477 '~  is 
16.8 cents positive. The determined negative AKE d v  to increasing the 
core temperature, at 2000 psi, from 103. 5OF to 510.2 F, and the reflector 
temperature from 103.50F to 477O~, measured by displacing water with 
aluminum, is 889.7 cents. 

The AKE integrals were computed using the 7 rod bank calibration 
cmve obtained with aluminlam in the core. (Figure 4.3). 

4.4 Core Material Coefficients 

4.4.1 Experimental Technique 

Individual periods were used throughout in determining rod worths and 
reactivity differences. All material coefficients were determined a t  room 
temperature and pressure, in reference loading 53. 

In determining the boron and uranium coefficients, a standard SM-1 
element was substituted in the core for element #72 and a critical bank 
position obtained. Using this as a reference point, element #72 was then 
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- 1 employe@:as a standard subbtitutiod"eiement. . . *  . . Measurements weremade 
in the foyrfh '&iaa&awc'of the core,. and core symmetry was used .to cal- 

. - culate average coefficients for  the whole core. 
. . .  . . *:, .,' . . . 

., . .. ! . 
. . .  - 

. . 4.4 .  2 Boron .Reactivity Coefficients 

To measure the reactivity coefficient of boron, element #72 was 
stripped clean of boron and substituted for elements in other core positions. 
The ur nium loadkg was held constantt. These measurements indicated 
that B1' in the core was worth an average of 42.54 cents per gram. 

TAB.LE 4. 5 . . 

REACTIVITY C.0.EFHCIENTS OF BORON -10 . . . .  
. . . . 

. . .  Element Position. 
. . 

B ' ~  Worth i n  . ~ e n t ~ / g r a & s  

45 
46 

. . I  . 
. 47 ,. , 

, .. 54 
. .  : .  , . " 54 ::;.:;,.. . .  . . . . . ... 

:/. I: ., ' 57 . . . . :  
L.', ; . . . . . .  . . .  

. . . .  "': 65 ;, . :!, :,. . . 

, ;: ,>. .. . , -- .::.6@;~:. :: 

. . . . .; 67% ' . * 

74 
7.5 
76 

, .. a .  . j . . '  : .. ' 
. . 

>.. ,< . .  . . . . . . :  
. .  # .  . .: . . . . . .  . . . .  ' .  >..... 

.: .<. 

' ;: . 4 j 4 . 3  . Utaniurn Reactivity Coefficients . , 

For the uranium measurements, element. #72 was .loaded with .teb. :re- 
.! ;gular "~~-2yfue , l  plates and eight depleted .fuel plates, : The . . tohi . & .  uran.iub 

. . 1oaCtMg;wasten 463. 9' grams in' .element #72. 
. . .  

Boron -10 was also added in the proper amount to maintain the B 10 
loading,constaant during these measurements. Ira this manner a known 
amount of 369.5 grams u~~~ was removed in each element substitution and 
reactivity changes measured.. Table 4 . 6  presents the results of these,mea- 
surements. The average uranium worth for the core is 0.157 cents per 
gram. a 



. . . . . .  . . . . . .  TABLE 4.6 , . . . . . . .  ' . - '  ' 
. . .  23.5 ~'REACTIC~TY, COEFFICIENTS O F  URANIUM, u .: .: . . 

: . ' 

. . ... . . . . . . .  23 5 
. ' 

..i 

Element Position . . U . . Worth in.Cents/gram , 
. . .  .. ,. . 

45 0. -312 
0.220 ..46. .; :, - .  .,. , , .  . . 

47" . : . . . . . .  . . . . .  0.098 . . : . . . . . . . . .  . . . . . . . . . . .  
: . . . . . .  5 4 .  . . . . . .  . . .O. 321 . . . .  .I  I . .  

. . .  5'5 . . . . . . . . 0.295, 
$? " ' 0.084 
65 0.211 
66 0.146 

' 67. ; . . 0.05'7 
. . . . .  

. a4 . 
. . 

0.110 
.75 . . : '  0.098 . , _. . . .  

. . 
, .. . . . . . . . . . .  7 6  . 0.067 

. . 

4.4.4 Polystyrene Measurements 

The effect of the plastic side plate grooves on core reactivity was de- 
termined by adding extra polystyrene to the core in the form of sheets pl c- "3 ed between the side plates of adjacent elements. The worth of 195. 67 in of 
polystyrene was 0. 57 cents negative. This indicates that the total volume of 
side plate grooves (267.78 in. 3) is worth less  than 1 cent in reactivity. 

4- 40 5 Conclusions 

Inspection of the data in Tables 4. 5 and 4. 6 indicates an almost linear 
relationship between the two material worths a s  a func ion of position in 

nsistency of this data.with the APAE d5\ and 0 ~ ~ ~ - 2 1 2 8 (  
data 'Ore* for Th'f'and U ~ 1 0  is noteworthy. 

&Ye 

The polystyrene data verifies the minimal reactivity effect assumed for 
the side'plate grooves. For all  practical purposes, these grooves can be 
considered the same a.s water in the core. 

- i . . . . . . . . .  . I  , .. 8 

4. 5, :1' ~ ~ e l i m i n a x - ~  ?dockup - Open ? and closed 'l .; i.,: L:.:. . . . . . .  . . .  . . . .  
, ~. . .  . . . . . . . .  . . - .  . .  . . {  . . . 1 , 1 :  

. Using the water reflected preliminary mockup a s  a reference,, various. . ., 
steel reflector thicknesses were .studied. With an open 7 control rod  array, 



the worths of 1/8 and 1/4 inch reflectors were measured by placing 1/8 
and 1/4 inch thick sheets of carbon steel on one side and one corner of the 
active core. The worths of these reflectors on four sides and four corners 
were determined by factoring the results for the one side, one corner mea- 
surements by four. The worth of a two inch reflector was also measured. 
The reflector configuration was the same as shown in Figure 4.1 except the 
sides had 1 inch of SS, 1/4 inch of water, and 1 inch of SS lamination instead 
of that. shown. 

With a .closed ,7 control rod array the .two inch reflector worth .was. mea- 
sured .using a .5 and a '7 rod bank. The:.refPector .was identical to the two inch 
reflector described in .Section .4.. 5. 1. The .reflector worth data .for both the 
open and .the closed '7 rod ar ray  a r e  tabulated in Table 4. '7. 

TABLE 4. '7 
REFLECTOR .EF-FECTS VERSUS CONTROL ROD ARRAY. ' 

Reflector Worth Cents 
, Control Rod Array 1/8 in. steel 1/4 in. steel 2 in. steel 

Open 7 
7 R.od Bank 

. Closed 7 '  
7 Rod Bank 
5 Rod Bank* 

* Rods F and G fully withdrawn 

4.5.2 Final Mockup - Open '7 Array 

During .the final mockup experiments, more complete reflector mea- - . . 

surements were made. Figure .4.11 shows how the side. reflector was assembl- 
ed for. steel thicknesses up to 5 inches. . , 

Since the maximum steel available allows for only 2-1/2 inches of steel-' 
on.all 4 sides, data were obtained-for both four.sides, four cornered reflec- 
tion, and two adjacent sides-two corner reflection. Figure 4.12 describes 
the .reactivity effects of the design lamination .of steel and water side reflectors 
and solid steel corner reflectors. The preliminary mockup reflector .points 
a re  also plotted in Figure .4.12. It should be notedthat all the final mockup re-  
flectors, had.the same corner reflectors; i. e. , even .though the side reflectors 
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varied in.thickness, .the thickness of the corners remained constant. If the 
reflector corners had been varied .in.thickness the.shape .of the curve,'in 
Figure .4.. 12 would change .slightly. Table 4.8 presents the data, . :  

. . . 8  ! .  . ., . . . 
. . .  

' TAB:LE 4. 8 . . . . . . . . 

. .EFFECT OF VARYING REFLECTOR THICKNESS FOR THE, ' . . .  

. . . OPEN 7 CONTROL ROD ARRAY . . 

Laminated Reflector Thickness AKE -.Cents , 

Inches of Steel . 4 Sides, 4 Corners .2 Sides, 2. Corners 

0. 5 . -53,5 -26.2 . ' 
.. . . . : ..1:5. +lI. 6 + 6. 3 . '  
. . . . .. . . . .  2.5 .  . . +48.5 ' . . +25.9 . . 

. . . . . . . . 5. '0 . . . . .  +'38. 9 . . 

The data overlap shown in Table 4.8 indicates a ratio of almost a'factor 
of two for the reactivity effect of 4 sided.4 cornered reflectors to 2 sided-2 
cornered reflectors. This factor applied in the thick reflector region resulted 

- in a four side-four cornered laminated reflector worth not exceeding 485.0 
cents in the SM-2 final cold clean mockup. The nature of the curves presente'd 
is such that this treatment should be viewed with reasonable konfidence. 

4. 6 Control Rod Array Evaluation , 

The control rod array evaluation measurements were made on the-pre- 
liminary mockup. For comparison, the critical positions for the open 7 and - -  
closed 7 bank arrays a r e  tabulated in Table 4.9. 

TABLE 4.9 
. . . . CRITICAL BANK POSITION VERSUS CONTROLROD ARRAY 

. . ,  . .. 

Control Rod Array 

. Open .7 
. '7 Rod Bank 

Closed .!7 . . 
. . 

$ Rod Bank . ': 
i :  

' 5 Rod Bank! 
, .  < .. . . 

'.. % .  . . ."ode . F and.F fully withdrawn . ,  . . . . 

Critical Bank Position, Inches 
, Water Reflector 2 .inch SS Reflector , 



An inspection of Table 4.9 shows that the open 7 rod a r r ay  has a high- 
e r  initial critical bank position. However, with the bank calibration data 
obtained for the closed '7 a r r ay  it is not possible to determine which control 
rod a r r a y  controls the greater  excess reactivity, Rather, owe should compare 
the integral rod bank worth of the closed '7 rod a r r ay  with the integral rod bank 
worth of the open seven array,  by generating a calibration curve similar to 
Figure 4. 2 fo r  the closed 7 array.  However, the critical rod configurations 
described in Section 4.7 imply that the open 7 ar ray  is slightly more reactive 
than the closed '7 array.  

4. 7 . Critical. Control Rod Configurations 
. . .. 

Tables 4.10 and 4. If present the critical control rod configurations and 
rod worths for various cases  of both open and closed 7 arrays .  All cases had 
an infinite water reflector on all sides of the core. Rods omitted in the tables 
were fully inserted. 

TABLE 4.10 
, CRITICAL ROD CONFIGURATIONS - OPEN 7 ARRAY 

Rods Withdrawn Critical- 
Case 21. 56" Critical Rod Position-inches Worth - Cents/in. 

1 C D 11. 700 50.4 @ 11.982 inches' 
2 C E 14.420 29.6 @ 14.855 inches 
3 E C 14. 580 29.75 @ 15.029 inches 
4 E F 13.883 46.0 @ 14.153 inches 
5 A, E F 4.271 34.2 @ 4. '710 inches 
6 By E D 9.405 45.4 @ 9.733 inches 
7 *D E 12.353 3'7. 5 @ 12.5'58 inches 
8 A, *D C 3.850 30.0 @ 4.295 inches 
9 A, *D E 5.800 24.5 @ 6.298 inches 
10 E. G D 6.733 52.4 @ 7.051 inches 

. . 
. . . . 

''Rod D maximum withdrawal 20.435 in. 

3 .- F A 13.335 49.95 .@, 18,647.inches 
4 ' A  F 11.316 36.6 @ 11.751 . inches 
5 A B 13.093 .27.0 @ 13. 60'9 ' inches 
6 B: , '  A 13.495 29.6 @ 13.93'7 inches 
1 .  F, G D 12.001. 38.7 @ 12.452 inches 



The.following.,pa.irs .of rods fully withdrawn were subcritical: 
. . . . > ,  . .. - . . .. . .... 

' . ~ ' a n d . ~ , ; ~ a n d . ~ , ;  F.andC, F a n d D , - a n d D a n d A .  , .  . - . . 

It. should .be noted that the critical 'control rod configurations .were 
o,btained .hsing the preliminary mockup;..however, this data is conservative 
from a reactivity standpoint since the critical position of the final mockup 
had the .rods further wiQhdrawm. 

4.8 Miscellaneous Reactivity .Measurements 

4.8. 1 . Eff ect.,of Rotating., Elements 
. . 

. E l e m e n t s  12, 13, 14, 15, 16, 72, 73, 74, 75, and76 were.rotated90° 
to the normal element, origntation .with,.the boron tape .faain&the West side of 
,the .core (ref. Appendix. A). Thi.s change was worth .8.91 cents. negative. 

. . 40 8. .2 ;..Effect of Substituting. Stationary .Elements..for- Control Rods -. 
. ,. . 

: : Using .the .standard SM-1 element in..position .#72, critical six rod  bank 
po.si&ions were .taken and calibrations made with rods A, B, and .C fully with- 
drawn inturn. .. Element #72, with its normal. uranium and .boron loading, was 
then .substituted .for .rods A, B, and C respectively, and .new critical positions . '  

and calibrations determined. 

The substitution element differed f r o b  the control rods, having 157. 6 
grams more u~~~ and 0.34 grams more B ? O ~  Table 4.12 shows the results of 

"these measurements. 

,TABLE 4.12 
..EFFECT OF SUBSTPTUT.ING STATIONARY FUEL ELEMENT'S 

6 Rod Bank 6 Rod Bank Worth- worth- / 

Critical Position cents/in. cents 

Rod A withdrawn .5. 914" 209 @ 5.945 l1 +3T. 6 
#72' substiktbon .in Rod A 
position '5. 733lV . ) .  206 @ 5. 767" 

.. ' 

Rod B withdrawn 6. 175" 239 @ 6. 207" +:3 6. '0 
#72 .su.betitution .in .Rod B 

6. 022" 231 @ 6. 061" position 

Rod C withdrawn .5. '720" 217. 5 @ 5.775" 4 4 3 , s  
.#72 substitution .in Rod C 
position 5. 520" 219.0 @ 5. 560" 



Inspection of Table 4 .12  reveals essentially no change in the bank 
calibration due to the substitutions made. The a r e  is,  a s  expected, more 
reactive due to the extra fuel in the substitution element. 



- .. . - 

CHAPTER 5. - SM-2.MOCKUP NEUTRON FLUX MEASUREMENTS 
.,. 5 

Bare gold, bare uranium, and cadmium covered uranium foils 0.25 inches 
in diameter were activated in the SNI-2 cold clean mock-up.,- Gross-nbutrm M a 1  
flux measurements and fine structure studies were made with both an infinite 
water reflector and with the laminated steel  reflector described in Figure 4.1. 
The seven rod bank position for the former case was 7.14 inches; for the latter 
case  6.97 inches. 

.- 

. The.cadmium covered uranium activations were taken :to, investigate spec- 
tral var.iations. The cadmium .covers were 0,020 inches thick. 

All gold activations were taken with the foils taped to plexiglass str ingers 
and inserted in the water gap between plates "iff and "j" of each element. 
(See Appendix A for plate locations. ) The uranium and cadmium covered 
uranium activations were made by taping the foils directly to the fuel plates 
(pldte "if' in each element unless otherwise stated). . Figure 5.1 shows a fuel 
plate instrumented in this manner. These foils were placed on the south side 
of the plates in  accordance with the core orientation of Figure A-+ in Appendix 
A. The centers of the foils were positioned with an accuracy of - + 0.020 inches. 

The ifollowing nomenclature i s  used in this chapter to accurately define 
foil locations. 

5.1.1 Position - location of foil measured from the bottom of. the '. ' .  

active, core in inches. : 

\ 
'+ 

5.1.2 Axial plane - plane perpendicular to the core axis and measured 
from the bottom of the active core in inches. 

5.1. 3 Radial plane - plane parallel to the north - south plane of the 
core, measured from the central radial plane. 

5.1.4 Central radial plane - that plane parallel-to the north-south 
'\plane of the core and passing through the core center line. 
P 

.: . Figure. 5.2 shows the locations of various radial planes in.  the west side 
.:sf the. core, these.planes being perpendicular to the. plane .of the ,figure. In 
the.following tables, W.. R. P. stands .for west radial plane; E. R. Pi stands for 
east radizl plane. 

.> All. activities unless otherwise. noted a r e  normalized to,the .core average 
. =  1.00. 
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Maat 

I steel 

Water 

FIGUR6 5.2 
LOCATION dk' RADIAL PLANES 

Sectipn of Core Through Center of Elements 41,42,45, and 44 
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5 ,2  Axial Traverse 

5.2. 11 Water Reflected 

' Tables 5 .1  through 5.8 l i s t  all the foil m.eaaurements made. fok- the 
water reflected.case. ..Figures. 5; 3. and 5.:4 show. only the .axial traverses 
made in elements 3 1, 33, 34, 41, 42, and 43 with gold foils. 

- -. - . . . - . . . - 

5.2.. 2 Steel Reflected . - 
.. . .  . . .  . . . . . . 

... Tables 5. .9 through 5.114 list all the foil measurements mad.e for the 
l a m a t e d  steelreblected c a s e .  Figures 5.5 and 5; 6 show -only the"axia1 
traverses -made .in elements 31, -39, 34, 4Bi 42 and 43. As  indicated on. 
thene figures, these measurements consist of normalized uranium and gold 
activations ; .. Figure 5 y.7 ~shows. the -axial distribution of cadmium covered 
uranium foils in elements 41, 42, and 43. 

5.3 Csse Average 

Because of the spectral shift a t  the bottom sf the active core axial 
t raverses were made with base uranium foils in the zero to three inch 
axial positions, and with bare gold foils in the remaining axial positions. 
Sufficient overlap of data existed for pioper normalization r e  mote from 
regions' of rapid spectral changes. These axial, centerline t raverses  - were 
p.lcntted ar,d integrated over the active core. 

Fine structure measurements were obtained across  the face of the 
center plate 0% elements 41, 42, and 43 a t  several  axial positions. These 
measurements were combined to obtain an overall average-to-centerline 
ratio in each fuel cell. In the water reflected sore ,  cell  average-to-center- 
line ratios of 11.08, 1.17 and 1.44 were obtained for core  rings B, 6, and 
D, respectively. In the laminated steel reflected core, cell average-ts- 
centerline ratios sf 11.06, 1.16 and 1.16 were obtained dss core sings B, C, 
and D. respectively. These rat ios were applied to the centerline measeere- 
ment to obtain the relative fuel cell power production which in turn were 
combined to sender an overall core average which was normalized to unity. 

This method approximates a core.average which could be obtained 
if the duel elements had beenmapped a t  many axial positions in a manner 
similar  to that illustrated in Figure 5.8. 

All data reported in this chapter Bas a probable error sf - + lo%.. 



TABLE 5 .1  
AXIAL FLUX TRAVEASES WITH WATER REFLECTOR-BARE GOLD ACTIVITY 

Element 12 in Element 13 in Element 14 in 
Position 5.88W.R.P. 2.94 W.R.P. Central R. P o  - 
- l / 2  1.05 1. 40 , 1-52 

.9$ 

.836 

1.11 

I? 23 

I,. 12 

9 . TO5 . .90 .90 t .. 

13 .452 , 553 .499,  , I 

17 . . . 2 1 3  . .293 .284 

21 .094 -108 
5 .  

0 113 
. . 

TABLE 5.2 . . 

AXIAL FLUX TAAVERSES - .  W1TH;WATE.R; REFLECTOR-BARE . . GOLD ACTIVITY 

Element 21 in Element 22 in 
8.82 W.R.P. 5.88 W.R,P. 

Ebement 23 in 
'2.94 W.R.P. 

%,28 



TABLE* 5 .3  
AXIAL FLUX TRAVERSES WITH'WATEW BEFLECTOW-BARE GOLD ACTIVITIES 

Element 31 in  Element  33 in  Element  34 in  Element  41 in 
Posit ion 8 .82  W . R . P .  2 .94W.R.P .  Centsa1W.P. 8 .82W.R.P .  

- 112 1.36 2.98 3.16 1 . 6 y  

TABLE 5 .4  
AXIAL FLUX TRAVERSES WITH WATER REFLECTOR 

ELEMENT 42 

Posi t ion 
B a r e  Gold in  
5.88' W.I R:P. 

B a r e  Usanium in B a s e  Uranium .in 
5. 8 8 ' w . d . ~ .  5.25 WI R. P. 

5.70 

B a r e  Uranium in 
4. '83 W. R. Po 



TABLE 5 . 5  
AXIAL FLUXSTRAVERSES WITH WATER REFLECTOR 

ELEMENT 43 

. .  AXIAL .FLUX TRAVERSES WITH WATER REFLECTOR 
B M E  URANIUM IN ELEMENT 43 

Position 
Activity in 
4 . 0 9  W.R.P .  

Activity in :Activity in Activity in 
2 . 9 4 W . R . P .  % . ~ ~ w ~ R . P .  i . 1 9  . W . R . P i  . 



Posif  ion 

-2- !/2 

TABLE 5. 7 
AXIAL . . .  .FLUX TRAVERSES WITH WATER REFLECTOR .. . ' BARE ~RANTUMI-FOILS IN CONTR'OL ROD C . 

Activity in % Activity in Activity in Activity in 
1.04 W.W.P. . 57 W.R.P. Central R. P. . 8 7  W. R. P .  



TABLE 5 ,8  
NEUTRON FLUX MEASUREMENTS WITH WATER R,EFLECTOR - 

BARE URANIUM FOILS IN 5 INCH AMAL PLANE 

Element 45 Activity 

in i,. ~ ~ . E W P  . .  . . . i  4.39 
in 4.19 ERP 

' 

' 3.47 

in 4,63 EWP 3.02 
in 5,88 EWP 11. '79 
in 7.13 ERP , . 2.53 

Element 47 

in '7.57 EWP 2,28 
in 8.8$'2EWP . .  . 1.08 
in 10.'07 ;ERP .2.5'5 
in l o 9  O'J ERP (Plate a )  . ,  2.53 

Element 5'8 

in 110.0'7 EWP 
in .lo. 0'7 ERP (Elate a )  

Element 6'7 

in 10; 07 EWP 
iri' 7.57 EW,P (Plate a) 
in 8.81 ER,P (Plate a).., 
in ]LO.O'l EWP (Plate . a) . 

Element '76 

in 7,113 EWP 
in 7.. 13 ERP (Plate a )  
iq-'7;13 ERP (Plate r) :. 
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1 TABLE 5 . 9  
AX;HAL FLUX TRAVERSES WITH LAMINATED STEEL REFLECTOR 

Ellernelah 12 in 5.88 W. R. P. Element 13 in 2 . 9 4  W. R. Po Element 14 in Central R. P. 

I Position Bare;Uganium Base @%dl Bare Uranium Bare Gold Bare Uranium Bare Gold 

BARE URANIUM IN ELEMENT .14 IN CENTRAL R. .Po 

Plate a Plate i 



TABLE 5.10 
AXIAL FLUX TRAVERSE WITH LAMINATED STEEL REFLECTOR 

EBement.21 in 8.82  W. R. Po Element 22 in 5.88 W. R. B. Element 23 in 2.94 W. R. Po 
Bare Uranium Bare ,Gold Bare  TJ~anium -, Bare Gold Base Uranium - Bare Gold Position 

Element 33 in .2.94 W. R, IP. 
Bare. Uranium Bare  Gold 

Element 31 in 8.82  W. R. Po 
Bare  Uranium Bare Gold 

Element 34 in Central R. P. 
. Bas'e Uranium Bare  Gold Position 



Position 

. .. 

TABLE 5.11  . . 

AXIAL FLUX TRAVERSES WITH LAMINATED STEEL REFLECTOR 
. .. ELEMENT 41 

Cd. Covered Cd. 
Bare Gold in ~ a r e . ' ~ r a n i u m  Bare Uranium Base Uranium . Uranium iq Fraction in 
8 . 8 2  W.R.P.  in 9.97W..R.P.  in .8 .82  W.R.P.  iw.'7.6'BW.R.P. .8.82 W.R.P.  . 8 .82W.R.B.  

1. 28 1. '71 .224  ';' ' .867 
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. . 

TABL-E' 5,12 
. . 

AXIAL -FLUX TRAVERSES WITH LAMINATEDSTEEL REFLECTOR -,ELEMENT 42 

Bare Bare 
&ad ~r'aniurn 
in 5.88 in '7.13 
W. R. P.  W. R. P. 

Base  Bare 
Uranium '.:~raniba-m 
in .5. 88- in .5. 2G 
W.R.P.  W.R.P.  

. .. 

Base Bare . Cd. Covered - Cd. Fraction 
 raniu urn Uranium Uranium in 5 .88  
in 4:73 in 4. 63 in 5. 88 W. R. Po  

Position -W.R.B. W.R.P. .  W.R.P.  
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Position 

- Position 

TABLE 5.13 
AXIAL FLUX TRAVERSES WITH LAMINATED STEEL REFLECTOR - ELEMENT 43 

Bare. ,Uranium Base. Uranium . Bare  Uranium' ' Baee Uranium Bare  'Uranium 
in .4.19 W. R. B. in.4:09 We R. B. in.3. 57 W. Re-B. in 2. 94 W. Rp. Po i ~ x . 2 ~  31 W. R. P. 

4. 79 
3. 36 
3.56 
3. 26 
2. 33 

.622 

Base Uranium 
in 1.79 W. R. P. 

Base. Uranium 
in.1.69 W. R. P. 

Cd. Covered 
uranium in 
1, a9 w. R. P. 

4. 06 
2. 17 

- .  2. 31 .2. 28 . . .... .. ' . :20 51 ... . .. .. 
2.08. 2.02 .". 2. 14 :. ' .  

lo .5.4 . , 

,, 391 . . 
Cd. Covered 
Uranium in Cd. Fract ion.  Base Gold in 
.2. 94. W. R, Po .in.2.94W.R0P. 2.94W.R.P. 

Gdb Fraction 
in 

1; 7-9 w: R. P. 



TABLE 5.14,  
AXIAL FLUX TRAVERSES WITH LAMINATED STEEL REFLECTOR - 

CONTROL ROD C. 

. . . . 

~ 1 1  Bare Uranium 
. . 

Activity in ,  . . Activity in : Activity in . Acti~i ty;  in :. : .  
. . 

o . s i t i s n  1.14, . W . .  .R .P1 1.04 W.R. P. -57 w . . ~ R ~ ' ~ P .  Central . . . .  W. P. , . 
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FIGURE 5.8 

FUEL ELEMENT MAPPING 

10.15 inch Axial Plan with Laminated Steel Ref lector  
Normalized to Core Average Equals 1.0 

ELEMENT 41 E L E M E N T  42 ELEMENT 43 
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' 

F I G U R E  5.9 . . 

ELEMENT AVERAGES - R E L A T I V E  TO 
CORE AVERAGE EQUAL TO ONE 

W A T E R  R E F L E C T O R  
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FIGURE 5.10 

ELEMENT AVERAGES -RELATIVE TO 
CORE AVERAGE EQUAL TO ONE 

LAMINATED STEEL REFLECTOR 
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5.4 Local FBLIX Distributions 

.; Figure.  5. B 1 presents the. bare uranium Qraver ses across-. the center. of 
elements 42, 4.3,- and control rod. C. . It. was obtained by cross-plotting -data 

.from .Tables:'5.4;- 5.6 and 5.7 in the 3, 5, !7.15, and 9 inch axialplanes. The 

.seven rod bank. was withdrawn to. 7.14 inches. 

5.4.2 . Laminated Stee.1. Reflection 

.. Figure 5.62 shows the-bareuranium traverses across  the center of 
elements 42, 43, and control rod. C, obtai'ned by cross  plotting from Tables: 
5; 12, 5.13 and 5.. 14. in the.3, 5, 6.98 and 9 inch axial planes. The seven 
rod bank:was withdrawn :to 6,98 inches i 

(i 

5. 5 Core-Reflector Interface: Flux Distribution 

Figure 5.13 is a mapping of the girdle neutron flux with bare uranium 
foils for the water reflected core. 

. Figure 5,k4 is a mapping of the girdle neutron flux w.&th bare'uranium 
foils for  1/8 inch .of steel at the ,core boundary, 

. Figure5.15 is a mappingof5the girdle neutron fluxwith bare uranium 
foils fo r  1/4 inch of steel at the Core boundary. 

Figures 5.113, 5.14, and 5.. 115 indicates satisfactory dedrease:in the 
neutron flux.peaking as a function of s teel  sk i r t  thickness.. 

5.6 Conclusions 

Several serious flux peaks a r e  evident, internal .to the core, in the 
stationary elements surrounding control rod C, Certain of these peaks ex- 
ceed values of four times the core average. Peaks at the leading edges of 
the control rod C fuel element are severe but will presumably be surpressed 
with internal poison Boadings as previously recommended for the SM-1. (4) 
The large thermal peak at the bottom of the core may be due principally to 
the presence of c s n t o l  rod fuel penetration into this a rea  concomitant with 
deep bank insertions. Since all activations reported here were taken at the 
initial 68°F core condition, they are undoubtedly quite pessimistic. - It is 
therefore suggested &hat proper rod programming (control rod'C initially 
fully inserted) should minimize, if not eliminate, the power peaking at the 
bottom of the control stationary elements and internally adjacent to control 
rod C. 
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'1 Bare fission foils activated 5 inches above :bottom., of'.ac-tive.icore. 
I '(i ' . Normalized .to:l.  0 at: 2.884 inches radially in t h e  5 inch axial plane. 

: , . . 

. . 

A :Plate 
, 3 

1.. A Plate 

. .  L1C 
& ~ . l a tk  a 

- Foil located at center' of mea-ti 
A Foil located a t  edge.: of meat.' 

64 

.a4 

FIGURE 5.13 
GIRDLE -NEUTRON FLUX-WATER REFLECTED 

65 

75 

66 

76 :&&. 

67 
LO 
: 

119 0.94 L3'7 
A ,&, ' 

P l a t e  j 

Plate .a/ 
4 

plate r 
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- Bare fission foils activated 5 inches a,bove bottom of active core.. 
Normalized to;l. 0 a.t 2.94 inches radially in the 5 inch axial plane. 

-- Foil located at Center of Meat. ! 
Foil located at  Edge of Meat i 

Steel skirt located 0.060 inches from edge of side plate (0.015 inches 
from cell boundary). I 

- 

. - .FJG,URE 5.14 
GIRDLE . . .NEUTRON 'FLUX - 1/8 INCH .SKIRT . .  . . . . . . . . . 
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. ... 

".Bare fission foils activated 5 inch& above .bottom of: active core. 
'Normalized .to 1 . 0  at 2.94. inches radially 'in t.he .5  inch akial p'lane. 

.- Fo,il located a t  Center..d. Meat 
,.a, Foil located' a t  Edge .of Meat 

i Steel. skirt  :located 0,060 inches from edge :of side:plate, (0.01 5 inches 
from cell boundary). 

? ,  FIGURE 5.15 
GIRDLE NEUTRON FLUX - I/4 INCE SKIRT ; - 
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CHAPTER 6 - SM-2 MIDLIFE MOCKUB EXPERIMENTS 

6. 1 Introduction 

The-SM-2 midlife mockup composition was based on analytical cal- 
culations of the ABco Reactor Analysis Group. The 45 elem eats of the 
core  were arranged into a se r ies  of 4 "rings11 for  the calculations. The 
concentrations of u~~~ and B1° at the caBcuPated midlife were determined 
for both the stationary and control elements in these llrings. l V  The xeno-n, 
samarium, and eraananent poison buildup was accounted for by adjusting P the amount of B 0 calculated to be  in each llringlq at the reactor midlife. 
Figure A. 5 in Appendix A shows the lvriragll arrangement. The axial varia- 
tion in the u~~~ and burnup was of necessity ignored in both the calcu- 
lations and the mockup. However, calculations indicate that ignoring the 
axial variations due to burnup is conservative from a reactivity standpoint, 
i. e. , if the  axial variations were accounted for,  the 7 rod bank would be 
withdrawn more a t  criticality and thus more shutdown reactivity would be 
available. 

Two midlife mockups were assembled in order  to approach as closely 
as possible the determined SM-2 midlife loading. An ele%ment by element 
loading description is given in Appendix A for  the preliminary and final 
mockups, loading references 49 and 52, respectively, Unless otherwise 
noted, the kneasuremeasta were made with an infinite water reflector. 

6 . 2  Preliminary SM-2 Midlife Mockup 

The preliminary mockup was critical on the 5' rod bank'at 4.602 .inches 
withdrawn. Several period measurements were made at the cr i t ica l  position 
to determine the .a rod .bank .worth. The averagela rod bank worth was 345 
cents per inch at 4. 5'06 inches. Table .Go 1 presents the .data. 

TABLE 6 . 1  
. . 7 ROD BANK CALIBRATION 

Average 7 Rod Bank Bank Worth Deviation 
Position, Inches Cents/in. , From Average 

4.690 347 4'3 .  5 +b. 58 
4.664 342 T 3 . 5  -0.87 
4.723 342 4 3 .5  .. -0.87 , 

4.728 345 T 3 . 5  '0 .00 
4.726 349 + - 3 . 5  +I. 16 
Average worth 345 + - 2 cents per  inch at. 4.706 inches. 



The flow divider reactivity evaluation .was made by inserting stainless 
steell.shee$s between the outer r h g s  of elements. Figtare 6.1 shows the flow 
divider Bscation. Flow dividers of 18. 1, 30. 8, 49. 0, and 67.1 mil thickness- 
e s  were m~cked-up. An additional measurement was made for a .6'7.1 mil flow 
divider with a 2. 5 in; laminated steel reflector. Table 6. 2 pre.sents the data 

. . .  obtained. .. : .. . . . .  . . . . 

. . . .  . . , . 
. I  ' .  , . .  

TABLE 6.'2 " .. . . . . 

* . . .  . FLOW'DIVIDER. MEASUREMENTS , , : : ,  

. . . . .  

Flow ~ i v i d e r  dKF . . 
., Thickness, mils . . Cern s -- . . 

. . . . .  

. l a . 1  . .  -24,$ . .  

30. '8 -41.6 
. 4 9 . 0  . . ,  -63.3 . 

6aS 1 -81.5 
67. 1 (With 2. 5 in. Reflector -79.8 

4 sides and 4 corners) 

Figure 6. 2 describes the effect on core reactivity of varying flow 
divider thickness. The extrapolated value for a flow divider of 0. 095 inch 
thickness is -96.6 cents ( a ME). Since the mock-up does not allow the . 
variation of center to center fuel element spacing, it was impractical to 
measure the effect s f  changing this spacing to accommodate the 0.093 inch 
flow divides and the proper water channels, E t  is assumed by linear ex- 
trapolation that the combined core alterations should not introduce a re- 
activity effect more negative than the -128 cents so obtained. 

6. 2. 2 Reflector Measurements 

The r efllector measurements made .during the cold clean '.sM-2 finall 
mockup were repeated almost point by point for the SM-2 preliminary tinid- 
life mockup. The same reflector as'sembly was used (Figure 4. l l ) ,  and 
both.2 sided- .. . 2 .:cornered and 4 sided-4 cornered reflectors were measured .. 

as before.. Figure 6. 3 describes the reactivity effects s f  the .laminated:re-' 
flectos'for both 2 aided-2 cornered reflection and 4 sided-4 cornered re- 
flection. . Table .6. 3 presents the data. 



FIGURE 6.1 

FLOW DIV IDER L O C A T I O N  

FLOW DIVIDER SHOWN BY DASHED L I N E S  
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, TABLE 6.3 
AKE FOR VARIOUS LAMINATED STEEL REFLECTORS 

. " 

' A K E - C ~ I I ~ S  A.KE :- .-cents 
Inches. of Steel 4-Sides, 4 Corners 2. sides, 2 Corners 

. . . 5 .-92. 2 . . . 

1. 5 .-26. 5 . -13.8 
2. 5 14. 1 7. .6 

18. 9 4.0 
5. 0 21.3 

The data overlap indicates a ratio of almost a factor of two in the re-  
activity effect of the 4 sided-$ cornered reflector to the 2 sided-2 cornered 
reflector. This factor was used to extrapolate the 4 sided-4 cornered re- 
flector worth curve, and resulted in a laminated reflector worth not ex- 
ceeding + 44 cents for the SM-2 midlife mockup. 

A comparison of the midlifereflector data with the  clean.^.^-2 re- 
flector. data reveals that the worth of a thick .laminated stainless steel.. re- 
flector i k  o.nly about half that for the midlife mockup. . Also, the reactivity 
"'break-even..po%ntV occurs for a thinner reflector for the clean. SM-2 than.. 
.for the midlife mockup. 

, 

6. 2. 3 Critical Rod Configurations 

The .critical rod measurements were .o,btained .by brinx .the .reactor 
critical two corxt;ko~ 'rods at  a time. The .other f i.ve rods were .fully ins ertedi 
These measurements were made with a 67.1 mill flow divider and 2-1/2 .inch 
reflector (4 sides, 4 corners). ,T.he following tabulation. (Table .6. 4) presents 

" several critical. rod configurations relevant to the .determination of suitable 
.''stuck .rod criteria. " 

"r 

: ,  
, . . . 



TABLE 6.4 , 

PRELIMINARY SM-2 ..MIDLIFE CRITICAL ROD CONFIGURATIONS 
ROB .POSITIONS - INCHES WITHDRAWN 

Core A ' B C D E F . G 

2 
1 ., 9.: 240 0 11.400 0 

3 10.:239 0 10.238 0 

4. 11.400 0 9.181 0 

5 5. 600 0 21.600 0 

6. 0 9.164 1 2 . 5 0 0 . r  0 

: 7 0 10.263 11.400 0 
8 .  0 '  10.887 1 0 . 8 8 5  ' 0 
9 o f1.400 io. 494 . , o 

10 0 5.469 21.600 0 

11 . ,  . io. . as& o 0 .  . 
, .. 

0 
. . 

1.2 . ' :  :11.140 . . O .  0' 0 .  
13. . 11 .400 : 0 0 0 

14 7.658 0 0 0 

15 0 0 0 ' 0  
16 0 0 0 0 
17.  , .  , 0. 0 0 0 

6 .2 .4  F l u  Measurements 

During.'the preliminary mockup, only a few f l u  measurements were .  . 
made. The flux measurements were made in symmetric elements, numbers 
43 and 45. Bare fission foils were used in .element 45 and cadmium covered 
fission foils in .element 43. Two foils were placed in .each el,ement five inches - 

above .the bottom of the 'active core, one .at the irataes edge and one at the center 
of thecen te r  fael plate. The activities were normalized to 1. 00 at 2. 94 inches 
radially .in the .five inch axial plane. The reactor cpnfigurations included a 

- -  .67. 1 mil flow divider and a 2- 1/2 .inch .refleetor on all four sides with corners. 

Since.element 43 and 45 a r e  symmetric it is possible to calculate .the 
cadmium fraction for thep  ositions measured. The cadmium fraction a t  the 
center of the center fuel plate .of element 45 o r  43 is 0. 79 and .the .cadmium 
fraction at the edge of the .center fuel plate nearest control .element C is 0. 8$. 



The worth of these measurements is doubtful due to the mockup limit- 
ations. It was therefore decided that further detailed f lux  mapping of the SM-2 
final midlife mockup would be essentially meanhgBess. 

6.3 ,Final SM-2 MidRife Mockup 

The final mockup was critical on the 7 rod bank at 4.946 inches with- 
d r a m .  A calibration of the 7 rod bank was determined to be 341 cents per 
inch at 4.975 inches. Since the preliminary and final SM-2 midlife mockup 
critical positions differed by only about one-third of an inch the reflector and 
flow divides worth measurements were not repeated. 
h 

6. 3 . 1  Critical Rod Cowfigurations 

Table.6. 5 presents'additional critical rod configurations determined for 
use in the evaluation of "stuck rod criteria, " 

TABLE 6 - 5  
SM-2 MDIJFE FINAL MOCKUP CRITICAL ROD CONFIGURATIONS 

ROD POSITIONS - INCHES WITHDRAWN 

.. : Case A .  B . C .E F G 
. % 

0 .. 6 0 16.885 ' 0 0.006 ' 0 16.888 

a o ' o o 1 4 ~  726 .. o 14..72'7 o 
8 14.692 . 0 0 14.691 0 0 '  0 

Table 6.6  presents the worth in .cents per inch of the .rods on .which 
.criticality was aMahed. 



Average .Position . Worth .of Rod Bank . .. 

Case Rod Bank . Ca8ibfated .in..hches ' , ., ' .Cerats/hch . ' 

2 

By using symmetry conditions,. information for rodPE can aAso be obtain- 
ed from Tables 6. 5 and 6.6. 
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THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



A. .-I.; .:. Fuel,:Blemen& Data . . I - , - . . 

Ad I?  .Id.: Fuel Plate. Data .: stationary : T, Control Rod 
. .: 

, .. . 
. . . . . . Plate W.idth(in. j 2h.'7'7i+ 005 - 2.554:+ - .005 . . 

. . . :,: , plate Thickness (.in,. ) 0.0408.+ . 0001 .O. 0401:,.+, .OOO1 

. . . .  . 
: . . . ~ . l ~ t ;  : ~ e n g t h  (in. 1 : 22-15/16 - + 1/32 22-15/16., . - 1/32 

Meat Width "(in. ) .2.51- . - + . 04  2.32;.+ - .  ? 04 
Meat Thickness (In.. ) 0,031. . - +:. , 001 . 0.'030.-..+ -- .001 

. \. 
Meat ~ e n g t h  (in. ) 

' . . , . .  . - .Mass DO2 (gm) . 

;  ass U235 .. . jgrn)'. 
: 1 .  

, .. . . 1: . .: ~nr.ich&ent'(%) . . ,  . 

. ' .. . . . 
. ,   ass; ~ a t r i x . : ~ t e e l  (gm) 

. ..$ 
- . .  

. .  , 
' ; .  S t e e l  ~ 1 , a d ~ T h i c k n e s s  (in,) 

. , .  

'' : . ~ . ' 1 .  2 : ~ a s i e  Side: Plate :Data 

.,.Ref. Loading .No. :Dim ens'ion stationary ,i Control. Rod 
. . 

' . :  I . 4 .  

.. . . .  . 
, :Dimensions actual 
. .  . 7 .  . . . 

33 .. . . . 

Plate. width. of SM-2 
.specified- mass 
equivalent thickness 

: Width (in, ) .. 2..848 
Thickness (in*), 0 .0245 '~  

. Length (61, ) - '  27-4/4 -b 4/16 
Mass (gm): 239.8 bT. 6 - 

w i d t h )  2.863 ' 

Thickness (in4 0.0244 
Length,'(in,:) .27-1/4 + 1/16. 

.Mass(g,m) 2 3 9 . 8 - c . 6  
: - 

49- 53 . . 

.-Side plates with Width (in? ) , . 2,. 863 
channels.. Plate ' Thickness (in.$ 0.0327 
widthof'SM-2speki-' ' Length (in.). 2'7-1/4+.1/32 
fied mass equiyalent Mass  (gm) . . 328,O . - Po 5 
.khichess  , . 



.:.A. I .. 3 .BoTys$rene~Grooves Data 

3 . '  '. Volume-:(em . ) 
Mass.  (em) 

- .    ens it^ .(gm/cm.?) 
: :. Ridge: Width (!no:) 

.I.: Groove.:Widfi.~(.Bn. ) 
:Ridge: Height (in.) 

L .' W e b  thickness. (in,. ) 

, . Number: of Rid ies  

A. 1.4 Additional Clad ,Data 

. Thickness (in. 
Width (in; ) 
Length (in. 
Mass (gm) 
Thickness (in. ) 
Width (in. ) 
Length (in.) 
Mass 

. Stationary : ControlRsd 

! Stationary . , Control Rod 

.., A. 2 ; control  ROd.Data . ' 

' , .  
A .  2.1.: Control ~ o d ~ a s k e t  - Type304 S. S. . 

' . . Thickness - 0.b54 in. ' :: : ~ e n s i &  - 7.8 5 +' . 0 6  gm/cm - 
3 

/' 

Outside~Diameter.  - 2.79T:in. sqdare.. ' . . 

:Inside:Diameter .-2.689:iaae.square ' ' 

. . 

- .; A. 2.2:. Control. Rod: Absorber Data: 
. . 

a .. 

56.4 gm I3l0 - 4 plates- 2.620 in., square  

.Absorber. Plate: 

. .Plate.:,Leng# . , .26-B/16,i.n. 
.I Plate? Width ' . -2.464i'in. , . 

" ,  ~ l a t i ~ h i e k n e s s  , .o. 156-.in. 
., Meat. Length .' : .-20-131/i6. in..' 
Meat; Th i ch . e s s  - r  -d. 090 in. 
: Clad :Thickness . . 0.033 -.iht. 
,. Min.::Inactive.edge.-.. 0. 035 :in. 

.  ax. ..inabtive-edge : v0..125in. 
. Distance between 

: . meat and bottom .of 
plate 1/4. in. 



A, 3 : Core:Array..:- Reference: Figures. A. 11 and:A..2 

.'.:..Cell S.ize : - .2.9375' in. 
:. Core.Diameter . - 2O0..5625':in. 
. ~ c t i v e ,  C o r e  Length - 21.6 - + . 2  in.  

A. 4 .Fuel  Plate Orientation - Reference Figures A. 3 and A. 4 

..' A? 5 'Ref lector..Data 

.. A. 5,. 2 -;. Corner: Reflector.. Data 

Right :Isosceles: Triangle, h y p ~ ~ ~ n . u s e , ~ =  6-1 5/16 in. . .. 

, 26-718 in. length 
. . 

- ' A. 6.11 Reference..Loading Number i: 

~ i ~ h t f u d l  elements grouped around r o d  C 
. ~ 0  boron 

:.S$ationary:Elements: . 3.3,34,35,43,45, 53, 54: &. 55 
1 8  Fuel Plates. - 833.40 gm ~235/e lement  

. 6667.. 20 gm $35 

. . .: Control,Element C 
16; Fuel Plates 2,675.84 g m  ~ 2 3 5  

: Sixfuel elements and rod:C in open seven control rod array. 
. - .  

' , No boron . . 

:Stationary Elements: 23,25,42,46 63; and 65 
18 Fuel P l a t e s -  833.40 gm ~435/e lement  

5 0 0 0 . 4 0 g m ~ 2 3 5 ,  . ' 

: 'Control- Element C 
116.. Fuel Plates. - 6.75.84 ' gm U 235 



. . -  
Core  ~ a h t i e e ~ e s i ~ n a t b n s  . .- . .  . 

. . , .  . . 
. . . . 

. . 

.'. 
- . :'Open? . .  Seven. . Control Rod-:Array 

. . . . . . .. . . . .. . 
; ~ o n b ~ o i ,  ~ o d s :  A; B, C ,  D, E, F ,G. .. i .  

. . 
. . 



Stationary Element Fuel P-late Arrangement 

. Not Drawn t o  Scale 
18. Fuel. Plate. Grooves 

.. . 
. . 

. , . . 
J~t+in.less.:~f&el Side ~ l a i e s  

.. S .  . . 

' . :.. ~ ~ G U R E  A. 3 , , 

,. . 

. . . . 

Control Rod. 
. . 

Element Fuel- plate: ~rrangeme~t  ,.. . 

. Polystyrene 

. Grooves 

. . 
I... r 

Not ~rawnjto' Scale' 
1.6 Fu&l,.Plate. Grooves 
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A. 6.3 Core  Loading Com~os i t i ons  

Reference Loaded Mass  
Loading . U235-stationary 
Number comments  Elements - (gm) 

Sub- cri t ical  
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7.Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array  
m e n  7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array  
Open 7 Array 
Open 7 Array 
Not Completed 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array  
Open 7 Array 
Open 7 Array  
Closed 7 Array  
Same as No. 33 
Subcr itical 
Open 7 Array 

The underscored f igures a r e  not "significant figures", but a r e  only t o  be taken as indicative. 

Loaded Mass  , Total Mass* Loaded Mass  Loaded Mass  Total  Mass* Loaded Mass  
~~~5 control  ~ 2 3 5  in Active ~ 1 0  Stationary ~ 1 0  Control ~ 1 0  in Active Stainless Steel  - 
Elements-(gm) Cor e-(gm) Elements-(gm) Elements-(gm) Core-(gm) Stationary Element-(gm) 

Loaded Mass  Total  Mass* 
Stainless Steel  - Stainless Steel  in 

Control Element-(gm) Active Core-(gm) 

62100 + 1000 
63400 T 1400 
64&00 7 lQ00 
66000 7 1000 
67'00 T 1300 
68300 7 lo00 
6 9 ~ 0 0  + 1000 
71800 T.1100 
72800 + 1100 
74600 + i i o o  
76Zoo T 1700 
77800 T i i o o  
7nOO . 1 i o o  
8l_s00 + 1100 
-83400 5 1100 
85200 T 1100 
87100 5 1100 
92900 1200 
96600 T 1'Zoo 
io23or+ 1200 
105300 7 1100 
114800 T 1300 
90700 - - +-1100 - 

86000 + 1100 
80500 + i i o o  
ioOzocr+ i z o o  
109800 T 1300 
129100 + 1300 
149700 5 1500 
169800 7 1100 
209600 + 2000 
209300 7 - 2300 
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A. 6 . 3  Core Loading Compositions (Cont'd) 

Reference Loaded Mass Loaded Mass Total Mass* Loaded Mass Loaded Mass Total Mass* Loaded Mass  Loaded Mass Total Mass* 
Loading u235-stationary ~ 2 3 5  Control ~ 2 3 5  in Aetive B1° Stationary ~ 1 0  Control ~ 1 0  in Active Stainless Steel - Stainless Steel - Stainless Steel in 
Number Comments ~ l emen t s - (gm)  Elements-(gm) Core-(gm) . Elements-(gm) Elements-(gm) Core-(gm) Stationary ~ l emen t - (gm)  Control Element-(gm) Active C o r e k m )  

Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 
Open 7 Array 

* Total Ivlasses in Active Core Account for  Position of Control Rod Bank. 

** Preliminary SM-2 cold-clean mockup. 
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4 ;  A.',6.4.-,Ref ..,. , . erence: Loading .Number. 49:. -.-Preliminary-.SM-2 :M.idlif e Mockup' 
'. 

' 10 ' - . Total ~ o a d e d ~ l a s s e s :  - 2 8 6 9 ~ ' k 2  grn u255  16.1 g m  B 

- ' Open 8eve.n Control. Rdd. Array " 
i . :  

1 

Ring, B . 

t .  

, 
. . 
i '  

. . . . 

, . . >. l. 

:. ' <' ..FIGURE A. 5' - ,,: 

.. . 
Ring D: ~ t a t i o n a r ~ - ~ l e r q e n t s '  12, 13',..14,. 1 5 ,  16 ,... 21,- 27, 31, 3'7, 41, 

4'7, 51, 57, 61, 67, 72, '73,': '74, 75, '76 
' . ' -. . . , . 

15 Fuel plates - 694.50 gm u ~ ~ ~ /  element 
- . . 2 4  Bofon tape's - 0; 506 gm, ~ l O / e l e m e n t  ' :  . 

0.1224 in.. additional steel  plates! 
' . . Fuel. Plate Arrangement '(numbered as in Figure.. A. 3) 

. , ':. Boron tapexon. North side; . of: . fuel. plate. 

235 
b .  1 fuel plate . -  46. 30, gm .U . ,  , 2 .la e r s  boron tape.(O. 0211. + 10 . - 

1 000 5 gm Bl0/-tape). -0.0422 gm B 

c .  4.0.0102 in. s teel  plaies -.0.'0408 > in. s .:. . ' . . 

d . '  l f u e l  plate---46,  30 g m ' ~ ~ ~ ~ , ,  2 la ers boron tape~(0.6211-+ Po - 
.0005 gm .BlO/tape) -0.0422 gm B 

. .* ~. . .  
.. A- 13 



e. 1 fuel plate5- 46.30 g m - ~ 2 3 5 ,  1 layer boron tape (0.0211 
+ .0005 gm .BlO/tape) - 0.0211 gm ~ 1 0  - 

f .  1 fuel plate - 46.30 gm ~ 2 ~ 5 ,  2 layers boron tape (0.0211 
+ .0005 gm BIO/tape) - 0.0422 gm BI0 - 

g. , 1 f u e l  p l a t e -  46.30 gm u ~ ~ ~ ,  2 layers boron tape-(Oi0211. 
. .. +.: .0,005 gm BlO/tape) - 0.0422 gm d - 0  - 

. . 

h. 1 fuel plate:- 46.30 g m ~ 2 3 5 ,  1 layer boron.tape(0.0211 .% 

... ; + .0005 gm BIO/tape) - 0.0211 gm I310 ' - 

i. 4 000B02 :in. steel plates - 0.0408 in. . . 

j. 1 fuel p l a t e -  46.30 gm ~ ~ ~ 5 ,  1 layer boron tape(0.0211 
. . . + .0005 g q  ~ ' O / t a ~ e )  -0: 0211 gm - 

k. . 1 f u e l  plate,-  46.30 gm u~~~~ 2 layers boron tape:(O. 0211 
. . + - 0005 gm ~aO/ t ape )  - 0.0422 gm ~ 1 0  

1. I .  fuel p l a t e  - 46.30 gm ~~~5~ 2 layers boron tape-~(0 .02~1  
. : - + .0005 gm B!O/tage) - 0.0422 gm, .do 

m. 1 f u e l  plate--  46.30 gm u ~ ~ ~ ,  1 layer boron tape (0.0211 
a0 - . - +  : 0005 gm. .~lO/t.ape) - 0.0211 gm B - 

no 1 f u e l p l a t e . -  46.30gm u ~ ~ ~ ,  2 layers borontape.(0.0211. 
. . - + .0005 gm B!o/tape) - 0.0422 g m ~ 1 0  

o. 4 0.0102 in. s tee l  plates - 0.0408 in. 

, - 
p;  1 fuel  46.30 gm u ~ ~ ~ ,  2 layers boron tape-(0: 0211 

10 ' . . ,.. + ..0005 gm BlO/tape) - 0.0422 gm B - 

q. 1 fuel plate 46.30 gm ~ 2 3 5 ~  2 layers boron tape (0.0211 
+ .0005 gm I31O/tape) - 0.0422 gm 3310 - 

r. 1 fuel plate 46.30 gm u ~ ~ ~ ,  1 layer boron tape (0.0211 
+ .0005 gm BIO/tape) - 0.0211 gm B1O - 

Ring,C:. Stationary Elements 22, 23, 25, 26, 42, 46, 62, 63, 65, 66 

1.4. Fuel Plates - 648 ;20  gm ~ ~ ~ . ~ / e l e m e n , t  
14  Boron tapes - '0.295 gm BlO/element 
0.1632 in.additiona1 steel  plates 

: ~ u e l  Pla te .  Ar rangement (numbered as i n  ~ i g u r  e.A. 3) : 

" j Bar on. tape. :on North ,side.,of' fuel. p,late. 
. . 



- 

a; 1 fue l  plate.:- 46. 30 g g ~  u ~ ~ ~ ,  -1 .:layer boron .. !?Pe : 
. ..to. 0261, + .0005 gm. ~ ~ O / . t a p e )  - 0.0211 .gm B - . . 

b. . 1 fuel p l a t e -46 .30  gm u ~ ~ ~ ,  1- layer boron :ta e 
- 

18 
, .,(o. 0211.+ .0005 gm BlO/t.ape) - 0.0211.. gm B 
I .  

c .  4 0.0102 in.. s t 6 1  p l a t e s -  0.0408 in. 

d. 1 fuel plate 46.30 gm u ~ ~ ~ ,  1 layer boron tape 
. (0.0211 gm BlO/tape) - 0.0211 gm B10 

. . 

e. 1. fuel plate 46.30 gm' u235, 1. layer boron tape 
.(0.0211. gm BlO/.tape) - 0: 0211 gm 
- ... .. . . ., 

f .  '1 fuel.plate46.30 gm u~~~~ . l l a y e r  boron tape 
(0.. 02 11. gm: B1O/tape) - 0.02 11 gm B10 

i . ;  ' ' 

go.  r..;.i4 . . .; 0; 0102 ..in,. steel. plates - .  0. 0408 .in. 

. :I).fuLi, p l a t e - '  46.30 gm ~ ~ 3 5 , :  1. layer boron tape, 
. . 10 ' '(0; 0211~m. Ba0/taRe) - 0.0211. gm B 

i. 1 fuel plate - 46.30 gm ~ ~ ~ 5 ,  1 layer boron tape 
(0.0211 gm BIO/tape) - 0.0211 gm 

j. '. 1 fuel plate - 46.30 gm u ~ ~ ~ ,  1 layer boron tape 
(0.0211 gm Bl0/tape) - 0.0211 gm ~ 1 0  

k. 1 fuel plate - 46.30 gm u ~ ~ ~ ,  1 layer oron tape 
(0.0211 gm Bl0/tape) - 0.0211 gm B a8 

1.' !4 0.0102 in, @eel plates - 0.0408 in. 

m,. .;,l fuel. plate - 46.30 gm u ~ ~ ~ ,  ' 1 layer boron .tape 
(0'. 0211 gm Bl0/tape) - 0.0211 gm :BIO 
. . .  . . 

n. . 1 fuel plate * $ -  .46.30 gm ~ ~ ~ 5 ,  1 layer boron tape 
, ( 0 ~ 0 2 6 1  gm. Bl.O/tape) - 0.021Bgm. 1gkO 

- I :  . , . 

p. . i.fue13plat6 - 46. 30 gm ~ ~ 3 5 ,  1 laier' boron tape  
: (0.0211 g m  BaO/tape) - 0.0211 grn B10 

p ;'';;,!4 0,:0102: in. . steel .plates - 0. 0408 in,. 

qi , ;  :..I fuel plate - 46. 3 0 g m U ~ ~ ~ ,  i layer  boron tape 
:(o. 0211gm ~!D/tapi)  - 0.0211. gm B ~ O  

r. 1 fuel plate - 46.30 gm u ~ ~ ~ ,  1 layer boron tape 
(0.0211 gm Bl0/tape) - 0.0211 gm BIO 



Control Elements A, B,! .D ,  E,, .F,: .G .. . . . 
. .. . .  . 

12 Fuel Plates - 506.88 gm c235/element . ' .. 

12Boron tapes-,:0.235 gm~!.o/elem.ent , .  I 

. ' 0.1632 ,in, additional steel  plates . . 

.: Fue1:plate Arrangement (Numbered.as in F'igure.'. . . 4) 
. . 

Boron tape on. North side.-of fuel plate' .: 

a. : 1 fuel,.plate.-. 42.24 gm u ~ ~ ~ ,  ,I layer boron ta e 18 
. .(0.0196 - + .0005 grn.~lO/tapk) - 0.0196 gm B 

b. 4 0.0102 in. steel plates - 0.0408 in. 

c. 1 fuelplate 42.24 gm u ~ ~ ~ ,  1 layer boron tape 
(0.0196 - + .0005 gm Bl0/tape) - 0.0196 g m ' ~ 1 0  

d. 1 fuelpla te  42..24 grn u ~ ~ ~ ,  1 layer borontape 
(0 .01964 .0005 gm BlO/tape) - 0.0196 gm ~ 1 0  - 

e. I. fuel:plate - 42;'24 gin u ~ ~ ~ ;  1. layer boron..tape 
(0.0196 - a .0005 gm Bl0/tape) - 0.0196 gm ~ 1 0  

; g. 1 fuel plate - 42.24 gm ~ 2 3 5 ~  1 layer boron ta e 
1B (01 0196 - +.. 0005 gm*.~lO/tape)  - 0.019'6 g m B  . , 

h. ' 1 fuel  plate:- 42.24 gm u ~ ~ ~ ,  1 layer boron tfte.: 
, -(0.Od96 + .0005 gm ~ l O / t a p e )  - 0.0196 gm B . . - 

i. 1 iuel p l a t e -  42: 24 gm u~~~~ 1 layer boron ta e 
. . - 18 

, . (O~0196 '+~00005  gm Bl0/tape) - 0.0i.96 g m B .  

k. 4 0: 0102 in; s teel  plates. L0..0408 in.o. '.' 
. . 

. . . , . . .  

1. 1 fuel plate - 42.24 gm U 235 1 layer boron tape 
(0.0196 + .0005 gm B10/tap4 - 0.0196 gm ~ 1 0  - 

. . .  

m .  1 f u e i  plate. - 42.24 gm ~ 2 3 5 ,  1 layer. boron ta e 18 : . . 

. (0; 0196 - 9, .  0005 'gm B1O/tape) - 0.0196 '~t$  B 

n. 1,fpel plate.:- 42.24 gm ~ 2 3 5 ,  1 layer boron tape.  
. (0.0196:+ - ; 0005 gm .Bl0/tapk) -0.l0196 g m  BI0 . . 

. . 

. . 
. . .  



. , . .- 

0.: 4 ;  0.0102 i n .  ~ tee!  plates - 0.0408 in. 

p. 1. fuel plate 42.24 gm u ~ ~ ~ ,  1 layer boron tape . 

(0.0196+ - .0005 gm Bl0/tape) - 0.0196 gm B1° ' 
.. i ' L '  

Ring B:: Stationary Elements 33, 34, 35, 43, 45, 53, 54, 55 
. :.: . . . . . . 

.. . . _ 
..: 13 Fuel - 601.90 gm  element 

9 Boron tapes - 0.190 gm BlO/elernent 
0.2040 in. additional steel p1at.e~ 
Fuel Plate Arrangement (Numbered as in Figure A. 3) 
' .  Bo*on tape.on North side of fuel plate 

. . . .. 

a. ' 1 fuel p la te  - 46.30 gm u ~ ~ ~ ,  1- layar bgroti 

, . .  . . - 
vie (0.0211:-+ .0005 gm BIO/tape) - 0.0211 gm B 

. . !  8.. . "  . 

bb . 4 0.0102 in. steel' plates - 0.0408 in: 
. . 

235 . . $ . ,  . . . 
' .ci;? : l i ~ e l . , ~ l a t e . - -  46,  30 gm U . . 

. . 
, . _ .  I . . 

d. l f u e l  plate - 46.30 gm 1- layer bgron ta e 
:(0.0211 +: - .0005:gm BJO/tape) - 0; 0211 gm Bit- 

e. 1 fuel plate: - 46.30 g u ~ ~ ~ ,  1 layer  bqron tape 

.. . 
(0.0211<. - + .  0005 gm BTO/tape) - 0 . 0 2 1 1 , ~ 1 0  

. .  . . .  : . . .  . , _  

f .  4 0.0102 in. s teel  plates - 0.0408 in. 

235 . . .  g. ' 1' fuel plate; - .46; 30' gm U 

h .  l f u e l  plate:- 46.'30 g m ~ 2 3 5 , :  1 layerboron tape 
- : . ( O , o  0211 + ,0005 gm Bl0/tape) - 0.0211 gm B1° 
. .  , - 

i." 1 fuel plate - 46.30 gm u ~ ~ ~ ,  1 layer boron ta e 
(0.0211 - + .0005 gm Bl0/tape) - 0.0211 gm B lf 

j. 4 '0.0102 in. steel plates - 0.0408 in. 
. .  . _ , . .  . 

k.. ' 1 ,fuel p l a t e  - 46.30 gm u ~ , ~ ~ ,  1 layer boron ta e '  
. (0.0211.+.  - 0005 gm Bl0/tape) - 0.0211 gm B 

, . . . 

18 
1. 1 fuel plate, - 46? 30 gm U 235 

. , . ,  , . . .  . . . . . 

m. . .-4 0. 0.102 ,iii. steel. plates..-. 0b 0408 ,in. . 
. 

n. 1 fuel plate,- 46.30 gm u ~ ~ ~ ,  1 layer boron tape 
.(0.0211.+. - 0005 gm Bl.O/tape) - 0.0211 gmB10 



. 

0. 1 fuel plates-  46.30 gm u ~ ~ ~ ,  . 1-.layer boron ta e 
- . . P (0.0211~. .+ .0005 gm BlO/tape:) -;-O. 022i gm. B 0. 

235 y .  . : ' .  , ; . '  p. . 1 fuel  plate)- 46.30 gm'U .- . , 

. . " .  .L, . 
. . " .  

q. 4 0.0102 in. s tee l  plates - 0.0408 in. 

r. 1 fuel plate - 46.30 gm u23S9 1 layer boron tape 
.(0.0211-+ .0005 gm ~ I O / t a g e )  - 0.0211 gm ~ 1 0  - 

::;Ring A: : Control Element C . . 

. _  : 

. . 

11 Fuel Plates -:464.64 g h  1123~  . . , ' . 

7 Boron tapes - . O m  13'7 gm 
: 0.2040 .. . i n .  additional st.eel plates , . . . . 

. . 
. .  3 

. Fuel P1ate:Atrangement. ( ~ k m b e r e d  as i n  Figure- A; 4) 
Boron .tape .on No:rth side..of' fuel plate . . 

. . 

:a;' 1Puel  plate: - 42.24 gm. u ~ ~ ~ ,  i .  layer boron . bpe  
. (0.0196 - c- .0005 gm ~ 1 o / t a ~ ~ )  - 0.0196 gm ~ 1 0  

' . .  \ 2 .. . 

b i  4 0;0102 in. steel. p,l'ates - 0,0408 in. 

c .  . , 1 fuel plate;- 42:24 -gm U 235 ,  
. . . . 

235 d. - 1 fuel plate! - 42 .24  gm U . , 1 layer boron ta e 
:(0.0196+ - .0005 g m , ~ ! . ~ / t a ~ e )  - 0.01.96 g& B I# 

e. 4 0.0102 in. s teel  plates' - 0.0408 in. 

235 . f .  .4;.fuel plate.  - 42.24 -gm BJ . 

g. 1 fuel p l a t e -  42.24 gm u ~ ~ ~ ,  1 layer boron $ape 
(0.0196 .+. - 0005 gm B!O/tap.e). - 0.0196 gm:,BlO . . : 

. , 

h .  4 0.0102 i n  s tee l  plates - 0.0408 in .  

i. I. fuel p la te  - 42.24 gm u ~ ~ ~ ,  1.  layer boron ta e 
- 18. (0.0196 c . ,  0005 g m  BlO/tape) - 0.0196 g m  B , 

. . 
235- : j. 1 fuel  - 42.24 gm U 

. . 

k. 1 fue l  p l a t e -  42.24 gm u ~ ~ ~ ,  1 layer boron ta e 
(0.0196 + .O005 gm BIO/tape) - 0.0196 gm B - I I  : 

. . 

1, . : 4 0.0102. in. s teel .  plates - 0; 0408 in, 



m. 1 fue1,plate - 42.24 gm u~~~~ t layer boron .tape 
. (O? 0496.3 - .0005 .gm .B1O/tape) - 0.0196 gm .I310 

. . .... 
235 no. B fuel plate:- 42.24 gm U , 

o. 4 0.0102 .in. s teel  plates - 0.0408 in. 
. - 

p .  1 fuel plate.:-42,24 gm ~i~~~ 1 layer boron tape 
~(0.0196; + .O 0005 gm BIO/tave) - 0, q196 gm ~ 1 0  

- .  -. . 

A. 6.5 Reference Loading Number 33 - Preliminary SM-2 Cold-Clean Mockup 

Total ~ o a d e d  Masses - 36400.08 gm u~~~ 470 5 gm, I310 
@.en Seven. Control Rod Array 

- - .  A1l;Staiionar y Elements: 

18 Fuel Plates - 833.40 gm  element 
18 Boron tapes - 8.085 gm ~lO/e le rnen t  

i Fuel plate-~rran~ement(~umbered as in ~ i ~ u r e - ~ .  3) 
. , 

,Boron .&alpa..on .North side .of fuel plate 

a. . 1 fuel plate - 46,. 30 m u~~~~ 1 layer boron tape 
.-(0.060.+ - .001 gm Blt/tape) - 0 . 0 6 0 ~ r n ~ 1 ~  

b. 1 fuelplate - 46.30 m u~~~~ 1 layer boron tape 
- % (0.060 + .001 gm B ()/tape) - 0.060 grn ~ 1 0  

c. 1 fuelplate - 46.30 m u~~~~ 1 layer boron tape 
(0.060 - + .001 gm Bl%/tape) - 0.060 grn BI0 

do 1 fuel p l a t e -  46.30 g m  ~ ~ 3 ~ ~ .  1 layer borontape ' ' 

(0.060~+:. - 001 gm BlO/tape) - 0.060 gm ~ 1 0 .  

e.  I f u e l p l a t e  - 46.30 m~~~~~ 1 layer borontape 
(0.060 - + .008 gm Bl%/tape) - 0.060 gm ~ 1 0  

f . 1 fuel plate - 46.30 gm ~ 2 3 5 ~  1 layer boron tape 
(0.060 + .001 gm, BlO/tape) - 0.060 grn B ~ O  - 

go 1 fuel plate $ -  46.30 m ~ 2 3 5 ~  1 layer boron tape 

- 1% (0.060 e .001 gm B /tape) - 0.060 gm B ~ O  

h. 1, fuel plate - 46150. m u ~ , ~ ~ ,  1 layer boron tape 
. - (0.060. - + .001 gm.af;l/tape) - . 0.060 . gln..BIO 

. -. 



- 

i. .1 fuel plate - 46:30 gm ~ 2 ~ 5 ~ -  1 layer boron tape 
. (0.060-+ - . 001 gm ~ lO/ t&e)  - 0.060 gm B ~ O  

. ; .  . . 

j.  1 fuel p l a t e  - 46.30 gm ~ 2 3 5 , .  1 layer bbron .tape ' 
( 0 -  0 6 0 c  . - .001 gm BM/tape) - 0.060 gm ~ 1 0  

! 

. .-- 

k- a .  fuel plate .- 46.30 m ~~~5~ I layer boron tape 
- (0 .060+.  001 gm Blf/@&) - 0.060 grn 

: '. , I - 
I . .  . .  

1. 1 fuel plate - 46. 30 m u ~ ~ ~ ,  1 layer boron -tape 
(0.060 - s .001 gm Blt/bape) - 0.060 gm ~ 1 0  

.. , . . . .. 
m;' I f u e l  plate - 46.30' 1 l a y e r  boron tape 

:(0.060;+ - . 001 gh.Bl t / tap6j ' -  0.060 gm B ~ O  
. . 

n. J f u e l  p l a t e -  46. 30 m ~ ~ ~ 5 , .  1 layer boron tape 
(0.. 060 . ,.+ - .001 gm Bl\/.hpape) - . 0.060 . gm. ~ 1 0  

o. 1 E u e l p l a t e - 4 6 . 3 0 . m ~ ~ ~ ~ , .  i . l ayer  borontape 
(0.060-:+:. 001, gm: Bl5/tape) - 0.060 grn 

-: . . 

p. 1 fuel plate - 46.30 gm ~~3~~ 'i :layer boron .tape 
.(0.060',+ .001 gm B!O/tapape) - 0.060 gm ~ 1 0  

. . - . . . .  . 

q '  1 fuel plate - 46.30 gm u ~ ~ ~ ,  1 layer boron tape 
, . (0.060:s. .00 l  gm...~lO/tape) 0,OgO gm ~1.0 

- .  

r. 1 fuel plate:- 46. 30 m u ~ ~ ~ , -  'l'layer boron tape 5 ; .: (0.060;+ . 001 gm BI /tape) - 0.060 gm ~BIO - .  . . . . 
. . ;  

a All. Control ~ l e rnbn i s :  

16 Fuel Plates , - 675.84 gm ~ ~ ~ 5 / & l e m e n t  : 
16 Boron :tapes :- 0.896 gni BIO/element 

: Fuel plate- ~ r r a n ~ e m e n t ( ~ u m b e r e d  as in. .~ igurelA:  , . 4) , : 
. ~ d r o n  tape'on North 'side d fuel plate. ; 

a. 1 fuel plate - 42.24 gm u ~ ~ ~ ;  1 layer boron tape 
(0.056 - + .001 gm BlO/taPe) - 0.056 gm BIO 

b. 1 fuel gilate. - 42. ~ ! 4 ~ ~ ~ ' , b 2 3 5 ,  1. layer boron. tape 
: . (0.056 - 9. . 0 0 I  gm B /.tape)' - 0.056 gm do 

c ;  - .l:'fuel p1at.e:- 42.24 g;hi~.235,. 1 layer boron tape 
.(0.056 - + .00l  g m  BlO/t.&e).- 0.056 g m  ~ 1 0  



- d. 1. fuel p la te  - 42.24 m ,,U235, 1 layer boron tape  . .. 
,:; . .  

., . 
(0,. 056.+ - . 0 0 1  gm B15/tape),- 0.056 g m  ~ 1 0  . . + ; -. 

. . 
e ;  1 fuel plate - 42: 24 &tJ235,. 1 layer boron tape . .. ' . 

r; . . _ . . .. (0.056 - + .  0 0 J g m  Bfii/tape) - 0.056 g m  . 

f . , ::I.fuel p l a t e -  42.24 gm u ~ ~ ~ ,  1. layer boron .tape 
. -  ': (0.056 - + .001 gm.. BlO/tape) - 0.056 gm B ~ O  . .- 

. . .  
, ,.. 

g; '  1'"iuel plate - 42,24 gm ~ ~ ~ 5 , .  1. layer baron tape 
. .(0.056 + .001 gm BlO/tape) - 0.056 gm BIO 

- .  
. . 

h. 1 fuel p l a t e -  42.24 gm u235,. 1 layerboron tape 
10 ' -(0.056+ - .001 gm BlO/tape) - 0.056 gm B 

. . . . 

i. . 1fhel - 42.24 m ~ 2 3 5 ,  1. layer boron tape 
# ,  -(0.056:+ - .  .001 gm Bl%//tage) - 0 .056  gm ~ 1 0  

. . . . 

j. 1 fue l  plate - 42.24' gm 1 layer boron tape 
(0:056 - + . 0 0 1 , g m . ~ ~ 0 / t a ~ e )  - 0.056 g m , ~ 1 0  

k. 1,fuel  p l a t e -  42,24 u235, 1 layer boron tape 
. (0.056 - + .  001 g m  Blt/@e), - 0.056 grn, 

m.. - ., 1 fuel p l a t e -  42.24 m . u ~ ~ ~ , .  1 layer boron tape 
(0.056 - + .001 gm B1%//tape- 0.056 gm, B?O 

n. 1 fue l . p l a t e~ -42 .24  m ~ 2 ~ ~ ,  1 layer boron tape 
- 1%. - (0 .056+ .001 gm B /tape*- 0.056 gm, ~ 1 0  

o. 1 fuel plate - 42.24 gm ~ 2 3 5 ~  1 layer boron tape 
(0.056 - c . 00 l  gm ~ l O / t a p e  - 0.056 gm I3I0 

, 

p. 1 fuel plate - '42.24 m ~ ~ ~ 5 ,  1 layer boron  tape 
(0.056 - + .001 gm B15/tape:- O1 056 gm Bl0  

. , . . 

A. 6.6 Reference:Loading Number 50 - ~ ~ - ~ . ~ o c k u p  No. 1 
. . .  

I C-losed Seven ' : ~ m i @ o l . . ~ o d  ~ r r a ~  
I 

Loaded 'Mass  u ~ ~ ~ ~ .  Stationary Elements, 19353.40 gm . Loaded Mass ~ 2 3 5 , ~  Control Elements 2956.80 gm , 

Tota lMass  u~~~ in Active- Core 20345: +; 13 gm - 



I Loaded Mass BIO; ~tationary:Elements " 8b 8 2  9.. 21  gin 
. . . . .  . .  ; ., . Loaded Mass B1O9> Cotitrol Elem'ents - , 1. .032 gm 

Tow1 Mass I3I0 in Act ivecore  - . 
... 

.. 9.2&-+1 - 2 1  gm 
Loaded Mass Stainless , _  Steel,' stat i o n a h  -' 

. . . .  L 

, . 
.: E:lements 

! 
165800.-.+1/00gm - 

~ o a d e d  Mass stainless Steel Control 
. . . . .  . . . . : ~ l e m e n ~  '" . . , . .  ,34760 .+ 930 gm 

. . . . .  - :  

~ a t a l  Mass Stainless ~ i e e l  .in Active ' ' . '  
; I 

-.' Core . . . . .  . . .  . . 
I 8 3 3 0 : +  1 3 0  gm 

: . . . .  
. - 

. . . . '  , > . .  - . . 

All Statjonary. Elements: * . ,: 
. . .  . . . . . > . . 

11, ~ u ~ l ~ l a h s ~ ~  J '  - 50g0 30 gm  element 
1I.,Bsron tapes - 0.232 gm ~ l O / e l e m e n t  
. . . . 

: Fuel Plate.Arrangement (Numbered as. in Figure A. 3) 
Boron tape'qn North side, of fuel plate 

. . 
3 %  

a. 1 f u e l  plateL- 46.30 g& ~ 2 3 5 ,  1 .layer boron .tape 
-(0.0211.+ - 0,0005 gm B~O/.hpe). - 0.0211 gm ~ 1 0  

' 

. . . . 

b. . 1. 0. Cj102'in.~~~ steel  plate, -~0.0102.:in. 

. c. 1 fuel'plat6'.- 46. 30 gm..v2'35,''1 layer borontape 
(0.0211~ - +-. 0'005 gm BiO/tape- 0'.0211 gm ~ 1 0  

, . 

d. l.f@ plate - 46.30 gm ~ 2 3 5 ,  1 layer boron tape 
(0.0211.: + .0005 gh:lO/tape: - O1 0211 g m  B a 0  - 

. . 
e . .  2 : 0.0102 . i n s t e e l p l a t ~ s - : o .  . . . . 0204 in. . 

, 

f . 1 Iue l  plate - 46. 30 gm u~~~~ 1 layer  boron tape 
:(0.0211. 9 .  .0005 gm ~ l ~ / t a ~ e )  . . - 0 ;  0211 gm I310 - .  . . .  . . .  . . .  

g. , I. 0.0102 :.in. s teel  plate:- 0.0102'in. 
. . .  . . 

h. 1 fuelpla te  - '  46. 30:gm u~~~~ (l.'layer boron ta e 
- . , .. . . 

1B (0.0211,+ .. 0005 gm ~lO/.tape),. - 0.0211 g m B  . ,,. . . 
. .  . . I . '  . . . . .  

j. 1 fuel plate.- 46.30 gm ~~3~~ 1. layer boron ta e 
, -(o. 0211;c - .0005 gm ~lO/hpape) - 0.0211 g m : ~  18 :. 

. . . . . . .  , . . , . . .  ... . . .  j. - ' . '%  .O,: 0102 in. s teel  Piate' - 0.0102 :in;. . . . .  . . . . . . .  . . . .  . J  .:.. : . . .  . . .  .. .< . . . . . .  
- . . . ..> ..:,. 

* 0.0525 'in. ,thick :side plates by adding extra steel  ..to basic. gideplates. 
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- -  

g. 8 O b  0102 .in steel plate.  - 0; 0102 .in. 
. . . ,. 

235 h .  1 fuel p la te . -42.24 gm U. , -  1 layer boron tape 
goo 0196.:+- - 0005 gm BIO/tape) - 0.0196 g m . ~ 1 0  

i. 1 fuel  plate - 42.24 gm ~ 2 3 5 ~  1. layer boron ta e 
, ;(0.0196 - c 00005 gm. BIO/tape) - 0.0196.gm B 

. . 

16' 
. . . . . : . , . 

j.  l 0.0102'in. s t ee l  p l a t e -  0.0102 in., 
. . . . .:, . . . 

k. 1 fuel plate: - 42.24 gm ~235 , :1 .  layer boron tape 
. (0.0196 - + .0005 g m ~ ~ " / t a p e ) .  - 0.0&96 g m  ~ 1 0  

. . . . 

1. 1.0.0102 in.. steel. plate + i 0.0051 in. s . teelplate - 0.01 53in.  
. . 

235 m..  1 fuel glate - 42.24 gm U , , 1 l a y e r  boron ta e 
(0.. 0196 - + .0005 gm Bl0/.hpe) - 0 ;  0196 gm. B 1f 

n. 1 fuel p l a t e -  42.24 gm u ~ ~ ~ ,  2 layer boron ta e 
(0.0196 - + .0005 gm BlO/tape) - 0.0496 gm. B 18 

0. k .0,'0102 in. steel p l a t e -  0.-0102 in. 

g .  I. fue l  p l a t e -  42.24 gm u~~~~ 1 layer boron fa e 
- 18 (0.0196 + .0005 gm.~lO/tape) -0 .0196gm.B  . 

. . . . 

A. 6.7 : ~ e f e r e n c e ~ o a d i n ~  Number 51 - SM-1 :I'vIochP No. 2 
. , . . 

.:. ~ 1 . o s e d : ~ e v e n  Control. Rod. ~ r r a i  : : . . 

Loaded Mass u~~~~ Stationary Elements . B9353,40 gm 
Loaded Mass u~~~~ Control Elements j .  2956.80gm 
Total Mass ~~~5 in Active Core 20494 + 14 gm 
Loaded Mass g l O ,  Stationary Elements ' 1 3 . 1 4 s  .2_6 gm 
Loaded Mass gao9 Control Elements 1.984 .042 gm 
Total Mass do in Active Core 1 3 . 9 4 s  - .25 gm 
Loaded Mass Stainless Steel, Stationary 

Elements 165_800 - + UOO gm 
Loaded Mass Stainless Steel, Control 

Elements 347€jO3+ 920 gm 
Total Mass Stainless Steel in Active Core 184900-+ 1 3 0  gm - 



All: Stationary Elements:*. , . 

235/. element 11. Fuel Plates . ' - 509.30 gm U 
17 Boron Tapes . . - 0.34% gm ~ & O / e l e h e n t  

. ~ . Fuel Plate ~ r r a n ~ e m e n t   umbered a s  in Figure A. 3) 
Borian tape. on. North side- of. fuel plate' 

a. - 1fueP p l a t e -  46.30 gm u ~ ~ ~ , .  2 layers boron.tape 
: (0.0204.t  - .0004 gm ~ ~ O / h p e )  - 0.0408 gm B ~ O  

b. l 0.0102 itil S t e e l p l a t e -  0.0102 in. 

e .  1 fuel plate - 46.30 g u~~~~ I layer boron ta e 
(0.0204 - + .0004 gm BR/tape) - 0.0204 grn B 18 

d. 1 fuel plate - 46.30 gm u~~~~ 2 layers boron tape 
(0.0204 + .0004 gm BIO/tape) - 0.0408 gm E3l0 - 

6 .  2 0.0102 in., Steel Pla tes  - 0.0204 in. 

f .  '1 f u e l  .-plate: - 46.30 gm u~~~~ 1, l a y e r  boron b. e 18 
, (0.0204 + .0004 gm B1O/tape) - 0.0204 gm. - . . 

go 1 .0.0102 in. s tee l  plate : - 0.0102 .in. 

h. 1 fuel plate;- 46.30 gm u ~ ~ ~ ,  2 layers boron tape 
,. 10.0204.+ - .0004 gm ~ l O / t a p e )  - 0.0408 gm ~ 1 0  

i. 1 fuel plate:- 46.30 gm ~ 2 3 5 ,  1 layer boron tape 
(Oi 0204 + .0004 gm B1O/tape) -50.0204 gm ~ 1 . 0  . . - 

J 1 i O .  0102 in. steel pla te<-  0.0102 in. 
. . 

k. I fue l  plate.-  4'6.30 gm u ~ ~ ~ ,  2 layers b6rontape 
(0.0204+ .0004 gm, BlO/tage) - 0.0408 g m ' , ~ 1 0  . - 

1 , 1 0.0102 in. s.tee1 plate,-  0.'0102 in. 

235: - m. 1 fuel 46.30 gm U . , l . l aye r  boron. 
- 

? i e  (0.0204.+ .0004 gm BIO/tape) - 0.0204 gm B 

no .2 . 0.03102 in, steel plates - 0,0204~in. 

a o. 1 fuel p l a t e -46 .30  gm u~~~~ 2 layers boron tape . . . 

. . .  
.~(0.0204, + .0004 gm, ~ l O / t a p e )  - 0.0408 gm B1O 

. * 0.0525.in. th icks ide  glztes b y  adding extra s t e e l t o  basic s i d e  plates. 



1 fuel plates- 46,. 30 gm u~~~~ 1- layer boron tape P o  . . 

- . .(0..0204:+ - .0004 gm BlO/.tape) - 0.0204 g~ l l  B ~ O  
. . . .. 

q. 1 .0.0102 in. s tee l  plat&-- 0.03102 in. . . 

r. . 1 fuel plate:- 46. 30 gi ~~~5~ Z laye r s  boron tape. (0.; 0204'.+.:. _ . 
$0004 gm .BaO/tape) - 0.0408 gm. 

All.:Cqntrol Elements: : . .  

10 Fuel Plates - 422.40 gm U 2351 element 
1 5  Boron tapes - 0.284 gm ~1O/e~e rnen f  

z Fuel Pla te  :Arrangement '(Numbered as in. Fjgure- . .  . A, 4) 
'. Boron .tape on North side.of fuel plate . . 

a :  1 fuel  plate' - 42i.24 gm ~ 2 3 5 . ~ .  ,I layer w r o n  tape 
. : (0.0189',+ : 0004 g m  ~lO/ . tape)  - 0.0189. gm ~ 1 0  . . - 

b. B 0.0102 - s tee l  plate:- 0.0102 .in. : 
. . 

c .  1 fuel plate - 42.24 gm u ~ ~ ~ ,  2 layers bo ron ' t ap  
(0,0189 -e .0004 gm Bl0/tape) - ,  0.0378 gm ~ d . 0  - 

do 1 duel p l a t e - .  42.24 gm ~ ~ ~ 5 ,  1 layer boron .ta e 
. (0.0189!+ - .0004 g m . . ~ ~ ~ o / t a p e - )  - 0.0189 g m B  kb 

e. 2 0.0102 in. steel plate - 0.0204 in. 

f , . .  1. fuel plate: - 42.24 gm ~ 2 3 5 ~  2 layers b 0 r m  tape , . 

: . , .. (0..  0189.;+ . - .0004 gm B!O/tape) - 0.0378 g m  B1O' 

gi l .0 .0102.  in. s tee l  p l a t e -  .. 0.0102' . in. 

h. 1 fuel p l a t e -  42.24 gm ~ 2 ~ 5 ,  1 layer boron tape 
: . (0; 018.9: - + a 0004 gm ~kOl/tape) ; - 0.0189 gm ~ 1 0 .  

i. 1 fuel plate - 42.24 gm u~~~~ 2 layers boron tape 
(0.0189 '+ .0004 gm ~ l O / t a p e )  - 0.0378 gm B I O  - 

j': 1 ,  o.0i02 in. st& p l a t e -  . . .  O; . 03102 in.,. 

k. 31 f ue l  plate.:- 42.24 gm ~ 2 3 5 ~  1. layer boron tape I 
(0.0189: - + .0004 gm'BlO/ailpe). -0 .0189 gm. B10. 

. . . . ,  . .  . . / "  . ,. , 
1- 1 . d. oaoi i n .  s tee l  p la te++ 1. 0.0051. . . in. steel p l a t e -  0.0153 in. 

. . . . . . . ,. . 
" . .  _ . .  ' 

. . 
. . ,. 

, ... . .  - . - 



- 
m. 1 fuel plate - 42.24 gm u ~ ~ ~ ,  2 layers boron tape 

(0.0189 + .0004 gm I31O/tape) - 0.0378 gm ~ 1 0  - 

n. 1 fuel plate - 42.24 gm ~ ~ ~ 5 ,  1- layer boron ta e 
(0.0189 + .0004 gm BIO/tape) - 0.0189 gm B - 18 

0. 1 .0:0102..in. s teel  plate:- 0.0102 In. 

pa 1fuelpla tc i~-  42.24 gm ~ 2 3 5 ,  2 layers boron tape 
: . (0; 0189 - 9:. 0004 gm. ~ lO/ . t ape)  - 0.0378 gm ~ 1 0  

A. 6.8 Reference Loading Number 52 - SM-2 Midlife3Mockup No, 2* 

'. Total Loaded .Masses - .  29190.24 gm U 235 20.39gm B ~ O  

O ~ e n  . . .  Seven Control Rod:Array . 

.Ring D: : Stationary Elements 12,14,16,21,27,41,47,61,67,72,74,76 

235/ 15 Fuel Plates - 694.50 gm U element 
31 Boron Tapes- 0.632 gm BlO/element 
0, I224 in. additional steel  plates 

,- : Fuel Plate. Arrangement (Numbered as in Figure, A. 3): 
Boron Tabe- on North side:. of: fuel.plate 

a. 1 fuel plate - 46.30 gm u ~ ~ ~ ,  2 layers boron tape 
(0.0204 + .0004 gm BlO/tape) - 0.0408 gm ~ 1 0  - 

b. 1 fuel plate - 46.30 gm u ~ ~ ~ ,  2 layers boron tape 
(0.0204 + .0004 gm BlO/tape) - 0.0408 gm ~ 1 0  - 

6. 1 fue!;plate - 46.30 gm ~ 2 3 5 ,  2 layers boron tape 
..(O1 0204 - + -0004 gm. Bl0/tape) 2 0.0408 g m ~ l o  , , 

" .. 
. . . . 

d. 4 0.0102in. s teel  p la tes  - 0.0408 in. 
. .. . . 

. .. e. .: . 1. fuel p l a t e  - 46.30 gm u ~ ~ ~ ,  2 layers boron tape 
. . (0.0204+ .0004 gm BIO/tape) - 0.0408 gm - 

, .  f .  . . 1 fuel p l a t e -  46.30 gm 2 layers boron. tape 
- (0?  0204.+ .0004 gm BlO/tape) - 0.0408 gm ~ 1 0  - 

. . go i. fuel plate,-  46.30 gm u ~ . ~ ~ ,  2 layers borontape 
. (0.0204'. + .0004 gm BlO/.tap4 - 0.0408' gm ~ 1 0  

. . * : Ring Notation as in. Figu- re.^. 5. 
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e. 1 fuel plate - 46.30 gm u~~~~ 2 layers boron tape 
(0.0204 + .0004 gm ~ l O / t a p e )  - 0.0408 gm ~ 1 0  - 

-- 

do . 4 OJ 0102 in. steel plates - 0.0408 in. 

e. 1 fuel plateL- 46.30 gm u~~~~ 2 l a y e ~ s  boron tape 
;(0.0204 + .0004 gm .BJO/tape) 0.0408 gm ~ 1 0  - 

. . 

f. 1 fuel plate:- 46.30 gm ~~3~~ 2 layers boron tape 
;(0.0204 . . - + .0004 gm BlO/tape) 0.0408 gm ~ 1 0  

go 1.. fuel plate: - 46.30 gm u ~ ~ ~ ,  2 layers boron tape - (0.0204. . . - + -0004 gm B!O/tape) 0; 0408, gm ~ 1 0  

h. ' l f u e l  plate:- 46.30 gm ~ ~ ~ 5 ,  2 layers boron tape 
(0.0204+ .0004 gm BlO/bape) 0.0408 gm ~ 1 0  - 

i. 1 fuel p la te  - 46.30 gm u ~ ~ ~ ,  2 layers boron tape 
(0.0204 + .o 0004 gm Bl0/tape) 0.0408 gm BaO - 

j. 1. fuel plate - 46.30 gm u ~ ~ ~ ,  2 layers boron tape 
(0.0204 + .0004 gm BlO/tape) - 0.0408 gm ~ 1 0  - 

k. 1 fuel plate,-  46.30 gm u ~ ~ ~ ,  2 layers boron tape 
(0.0204 + .0004 gm Ba0/tape) - 0.0408 gm I310 - 

1. 1 fuel plate - 46.30 gm u~~~~ 2 layers boron tape 
(0.0204 + - .0004 gm BlO/tape) - 0.0408 gm ~ 1 0  

m. l .fuel p l a t e -  46.30 gm u ~ ~ ~ ,  2 layers boron ta e "  
(0.0204 - + .0004 gm  tape:) - 0.0408 gm. B 18 

n. 1. fuel plate - 46: 30 gm u ~ ~ ~ ,  2 l a y e r s  boron tape 
,, (0.0204+ - .0004 gm.~aO/ tape)  - 0.0408 gm. B1O 

. . . . . 
o. 4 ~'0.0102 in .  s t ee l  plates - 0.0408 in. 

p. 1 .  fuel plate;- 46.30 gm u~~~~ 2 layers' boron tape 
, . (0.0204 - + .0004 gm I3l0/t.apage) - 0.0408 gm ~ 1 0  

q. '1  fuel p l a t e -  46; 30 gm u~~~~ 2 layers borontape 
(0.0204.+ - .0004 gm ~ ~ . O / t a ~ e )  -0.040.8 gm..BaO 

r. 1 fuel platci;- 46.30 gm u~~~~ 2 layers  boron tape. 

I .. (0.0204 - +.. 0004 gm Bao/taPage) 0.0408 gm ~ 1 0  



Ring.c:  : Stationary Elements 22,,23,25,26,,42,46,62,63,65,66 
. . 

14 Fuel Plates - 684.20 gm  element 
18 Boron tapes - 0.367 gm ~ l O / e l e m e n &  
0.1632 in. additional s teel  plates 

. Fuel Plate arrangement (Numbered as in Figure A. 3); 
Boron tape on North side of fuel piate. 

.- 

a. 1 fuel plate - 46.30 gm ~ 2 3 5 ,  11 layer boron tape 
(0.0204 - c. .0004 gm BlO/bape) - 0.0204 grn ~ 1 0  

b ?  1 fuel glate: - 46.30 gm u~~~~ 1 layer boron tape  
.(0.0204i+ - ; 0004 gm BlO/tape) -' 0.0204 grn B ~ O  

c.' 1 fuel plate:- 46.30 gm u ~ ~ ~ ,  I l a y e r  borontape 
< _ .  (0.0204. - c .0004 gm BlO/tape) - 0.0204 gm. B ~ O  

d. 4 ,  0.0102 in .  s teel  plates - jO.0408 in. . . 

e . '  1. fuel plate - 46.30 gm u ~ ~ ~ , .  2 layers boron tape I 

. (0.0204. c .0004 gm ~ l , o / t a ~ e )  - 0.0408 gm B10 - 

f .  1 fuel plate.-  46.30 grn u ~ ~ ~ ,  2 layers boron tape 
(0.0204 + .0004 gm Ba0/tape) - 0.0408 grn ~~0 - 

g. 1 fuel plate - 46.30 gm u~~~~ 1 layer boron tape 
.(O.O204 ,+ .. 0004 gm BlO/tape) - 0.0204- gm B10 - 

h. . 4 0,. 0102 in. stee,l plates - .0.0408 in. 

' '235 i layer  boron ta e i. 1 fuei p l a t e -  46.30 gm U 
(0.0204 - + .0004 gm B a 0 / . t a p ~  - 0.0204 gm. B 18 

j .  1 fuel plate:- 46 .30 gm u~~~~ 1 layer boron ta e 
(0.0204 + 0004 g m  B1.0/.tape) - 0.0204 gm B - 18 

k. 4 0.0102, in. s tee l  plates - 0.0408 in. : a 

1. 1 iuel  p l a t e  - 46.30 gm' u ~ ~ ~ ,  1 layer  boron ta e 
, (0.. 0204 c .0004 g m  B10/tape) - O1 0204 gm B - 1B 

rn. 1 fuel plate - 46.30 gm u235, 2 layers boron tape 
(0.0204 i- .0004 gm BlO/tape) - 0.0408 gm B1° - 

n. 1 fuel plate - 46.30 em u~~~~ 2 layers boron tape 
(0.0204 + .0004 gm BlO/tape) - 0.0408 gm B1O - 



0. 4 0.0102 in. s teel  plates - 0.0408 in. 

p. 1 fuel plate.: - 46.30 gm u ~ ~ ~ ,  I-, layer boron ta e 
. . :(0.0204+ .:; 0004 grn ~lO/tapape) -0.0204 g m B  - - .  . . - .  

at 
q. 1 fuelpla te  - 46.30 gm u~~~~ 1 layer boron tape 

-(0.0204 + .. 0004 gm ~ X O / t a ~ e )  - 0.0204 gm ~ 1 0  - 

r. 1 fuel plate:- 46.30 gm u~~~~ 1 layer boron:kpage 
; (0 .0204 + roo04 gm ~!O/t.ape) - .0.0204 g m , ' ~ a O  

. , 
- 

.': . . Coti&rol. Elements B,, D, F 
' I  . . 

13  Fuel Plates - 549.12 gm U 2351 element 
15  Boron Tapes - 0.284 gm BBO/element 
0.1224 in additional steel plates 

.:: Fuel Plate-Arrangement.(Numbered as in Figure A..4) 
1 Boron tape:on North side .of fuel plate. 

a. 1 fuel plate - 42.24 gm ~ ~ ~ 5 ,  1 layer boron tape 
(0.0189 + .0004 gm ~ 1 0  tape) - 0.0189 grn ~ 1 0  - 

b. . 1 fuel piate:- 42,24 g m ' ~ 2 3 5 ,  1. layer boron tape 
. (O.0189+ - .0004 gm ~ 1 0  tape) -0 .0189 gm ~ 1 0  . Z  

; c. 1 fuel plate> - 42.24 gm U235, 1. layer boron .kt e 
:(0.0189 +... - 0004 g m . ~ l o  tape) -0 .0189 gm B a8 

d. . 4 0.0102 in. s teel  plates - 0.0408 in. 

e. 1 f ie1  plate - 42.24 gm u ~ ~ ~ ,  1 layer boron ta a 
(0.0189 + .0004 gm ~ l O / t a p e )  - 0.0189 gm B - at 

f .  1 fuel *late- 42.24 gm u ~ ~ ~ ,  2 layers boron .tape 
, : .  a(0; 0189 + . . .  0004 gm ~!O/tape) { 0.0378 g m . . ~ 1 ~  '. - 

g: . 1 fuel p l a t e -  42.24 gm ~ 2 3 5 ,  1 layer boron ta e 
- 18. ( 0 . . 0 1 8 9 ~ . 0 0 0 4  gm BlO/tape) - 0.0189 gm B . 

. . h .  . 1 fuel plate:- 42124 gm ~ ~ ~ 5 ,  1. layer boron tapage 
:(0.0&89:+ .0004 gm ,I3aO/tape) - 0.0189 gm ~ 1 0  

.- , . 

i6 4 0.0102 .in. s tee l  plates - 0.0408 in. 
, . I .  

... . 



j.  1 fuel plate - 42.24 g u ~ ~ ~ ,  1 layer. boron ba e To 18 (0.0189 s .0004 gm B /tape) - 0.0189 grn B - 

k. 2, fuel plate - 42.24 gm u~~~~ 2 layers boron tape 
(0.0189 -+ .0004 gm Bl0/tape) - 0.0378 gm ~ 1 0  - 

1. 1 fuel plate - 42.24 gm u~~~~ 1 layer boron ta e 
(0.0189 c .0004 gm ~ l O / t a p e )  - 0.0189 gm B - I& 

m. 4 0.0102 in steel  plates - 0.0408 in, 

0. ' 1 fuel plateL- 42: 24 gm. u~~~~ l..layer,boron tape 
(0.0189 - +,.. 0004 gm B1O/taPe) 0; 0189 gm B ~ O  

p. 1 fuel p l a t e -  42,24 gm u~~~~ .1 layer boron tape 
(0 .0189 - c 0004.gm BlO/tape) 0.0189 gm B10 

'Control Elements A, E, G 

12 Fuel Plates - 506.88 gm  element 
1 5  Boron tapes - 0.284 gm ~ lO/e l emen t  
0.1632 in. additional steel plates 

Fuel ~1ate:Arrangernent '(Numbered as in Figure- A. 4) 
': Boron  tape&-^ North side.:of fuel plate 

a .  h fuelplate :-'la. 24 gm u ~ ~ ~ ,  1 layer bor0n.h  e 18 . . (0.01189c .0004 gm Bl0/tapage) - 0.0187 gm B - 

b. 1 fuel plate.. - 42.. 24 gin ~~~5~ ' 1 l a y e r  boron ta e 
- 18 .:(0.0189 9 . .  0004 gm Bl0/.hpe) - 0.01187 gm B.  

c. 1 fuel plate- - 42.24 gm u~~~~ 1 layer boron ta e 
.(0.0189 +. .0004 grn ~ l O / t a ~ e )  - 0.0187 gm B - .  . . . . 

I B  
dp  4 0.0102. in. skeel.pla&s - 0.0408 in. 

e. , I fuel p l a t e -  42.24 gtn ~ 2 3 5 ~  2 .layers boron tape 
. - (0; 0189 +: .0004 gm ~ l O / t a p e )  - 0.03i8 gm B1O - 

f .   fuel plate.: - 42.24 gm , u ~ ~ ~ ,  1 lajrer boion tape .  
(O.Oa89.c - .0004 gm BIO/t.ape) - 0; 0189 gm 



go . 4 . 0; 0302 in, steel'pla.tes, - 0.0408 ' i n .  . . . . . . I .  
. . 

..: ., 

hi 1fuelplate::  - 42.24 gm u ~ ~ ~ ,  2 layers boron tape 
0189;:+ - .0004 gm~lO/ t ape )  - 0.0378 gm: BI0 

. . 
. 

i .  . . 1 .  fuelplate !- 42.24 gm tJ235?. 1 l a y e r  boron tape 
:(0.018$+ - .00,04 g m , , ~ 1 0  tape) - 0.0189 g m  ~ 1 0  : 

j .  4 0.0102 in.  s teel  plates - 0.0408 in.  
. . . . , .  . 

k. 1 fuel plate - 42.24 gm u~~~~ 1 layer boron tape 
.(0.0189'+ - .0004 gm BlO/tape) - 0.0189 gm ~ 1 0  

1. 1 fuel plate - 42.24 gm u~~~~ 2 layers boron tape 
- (0.0189 - + .0004 gm ~ 1 0  tape) - 0.0378 gm 

. m e  4 0.0102 in. s.teel plates: - 0.0408 in. 
. ' .  . .  . "  

n. 1 fuel plate - 42.24 gm u ~ ~ ~ ,  1 layer boron tape 
-@. 0189 - + .0004 gm BIO/tape) - 0.0189 gm I310 

o. 1 fuel plate - 42.24 gm u~~~~ 1 layer boron ta e 
(0.0189 - + .0004 gm Ba0/tape) - 0.'0189 gm B a t  

p. 1 fuel plate - 42.24 gm ~ ~ ~ 5 ,  1 layer boron ta e 
(0.0189 - + .0004 gm BlO/tape) - 0.0189 gm B 16' 

Ring B: . Stationary Elements 33,35,53,55 

13  Fuel Plates - 601.90 gm  element 
13 Boron tapes - 0.265 gm BlO/element 
0.204 in additional steel  plates 

Fuel Pla te .  Arrangement.' (Numbered as.iil. Figure -A,.' 3) 
: Boron tape.:csn North side: of fuel plate 

a :  1 fuel plate: - 46.30 gm u~~~~ 1 .  layer b o ~ o n  tape 
. (0:. 0204:.+ - .0004 g m  .B!O/ta$e) - 0.0204 g m . . ~ ~ O  - ---'. 

\., 

b. 1 fuel plate:- 46.30 gm ~ ~ ~ 5 , ' l ' l a ~ e r  boron tape ' 

' '. 
: . , (Q.0204 - + :0004 gm .. , .  Ba0/tape) . . - 0.0204 gm ~ 1 0  , .  

I 
. . 

c .  4 0.01102 in. s teel  plates - 0.0408 in. 

d. 1 f u e l p l a t e -  46.30 g m . ~ ~ ~ ~ ~  1 layer b o r o n h p e  
.(Ob 0204. + .0004 gm ~ m / t a ~ e )  - 0.0204 gm ~ 1 0  - 



- , . . . .  

e .  1 f u e l  plate:- 46.30 g m ' ~ 2 3 5 ,  &:layer boron tape 
- (0..0204+:. 0004 gm B!O/tape) i 0.0204 gm ~ 1 0  
. - -  - 

I . : . . .. .. . . . . . 
: 

f.  4 0.0102 i n .  steel plates. '- 0. b408 in.' . . 
~. :I - . . 

. & , I fuelplate.  - 4 3 0  ,gm i~235:,. I la-jvir dor+ tape 
' (0.0204+ .0004 gm I3lo/tape) - 0.0204 gm ~ 1 0  - .  

h. 1 f u e l  plate :- 46.30 gm ~ ~ 3 ~ ;  1 layer boron ta e 
- 18 (0.0204:+ .0004'gm B@/tage) - .O. 0204 .gm B .:, 

i, 4 0,0102 in. s tee l  plates 0.0408 in. 

1. 1 fuel  plate - 46.30 grn tJ235? ,I. layer boron tape 
(0.0204 + .0004 gm I3'OLtape) - 0.0204 gm ~ 1 0  - 

k. 1 fuelgla te46.30 gm ~ ~ 3 5 ,  1 layerboron tape 
. %(0.0204+ . - .0004 gm ~ I O / t a ~ e ) ,  - 0.0204 gm ~ 1 0  

. . . . 

1. 4 0.0102 'in. s t ee l  plates - 0.0408 in. ' 

. . 

m. 1 fuel  plate46.30 gm ~ 2 3 5 ,  1 ~ a ~ e r . ~ @ o r i  tape 
(0.0204 - + . o - o o ~ , ' ~ ~  ~1~Oft.z@$] .,- -0: 0-2041 gm ~ 1 0  

- ,  

n. . 1 fuelpla te  46.30 gm ~ 2 . 3 5 ,  1 l ayk  boron .tape ' . . 
. (0.0204 .+ a~&416hl_sbO/fap&):f- o 0  o ~ & ' g m  ~ 1 0  - 

. .  . 
o. 1 fuel plate 46.30 gm u ~ ~ ~ ;  l ;ayer boron tape 

. . (0.020.4 .+.-o - 0004/@ , ~ 1 - ~ ~ 1 t f i ~ , - -  0: 02'04 g m  ~ 1 0  

. . 

g .  4 0.0102 .in, s teel  - .0.0408 in. . .. - 

q. 1 fuel plate - 46.30 gm ~23 .3 ,  1 layer boron ta e 
(0.0204 - + .0004 gm I3l0/tape) - 0.0204 gm B I# 

r .  $ fuel plate - 46.30 gm ~ 2 3 5 ,  1 layer boron t a  e 
, : 1(0.0204 - ,+ .0004 g m  BlO/tage) - 0.0204 gm ~1 

, . 8 
Stationary. Elements 34,43 45,.54 , . ,  . . 

. . . . . , 
: 13.Fu61 Pla tes  - ,601: 90 grn ~ ~ ~ ~ / e l e r n e n t  ' ' 

' 12 Boron Tapes - 0 .245  gm Ela0/element 
0.2040 in.! additional s tee l  plates' 



Fuel plate- Ar rangbnfent (Nu-ber ed;Bs in ~ i g u r e  A.  3) ' . 

Bor0.n tape :on .Nbrth. si$&.sf"fbel plate. . . ., . " . .  . 
. -- 

a: 1 f ue l  plate -- 46.30 gm u~~~~ 1. layer boron ta e 
- 18 . : (0.0204 + .0004 gm BlO/tape) -0 .0204 gm B . . . . 

b. . l fuel.  plate - 46.30 gm tJ235, 1- layer boron tape 
--(0;0204..+ .0004gm E@O/tape) - 0.0204 gm B I O  - 

c. 4 0.0102 in' steel plates - 0.0408 in: 

'. d . "  : 1.. fuel p l a t e  - 46: 39 gm ~ 2 3 5 ,  ' 1 layer boron ta e t (0.0204+ .0004 gm BlOIbape) - 0.0204 gm BI 
. . - 

. . I 

e .  1. f6el plate : - 46.30 gm u ~ ~ ~ ,  1 layer boron tape 
: (0; 0204 + .0004 gm BlO/tape) - 0.0204 gm ~ 1 0  - 

: . 
r .  

E 4, 0.0102 .in. stee1,plat.e~ - .0.0408 in. 
. . 

g. 1 fuel plate8 - 46.30 gm u235? 1. layer baron tape 
:(0.0204 + .o 0004 gm~!!/tape) - 0.. 0204, gm BlO - 

h. : 1 .fuel plate - 46.30 gm ~~~5~ 1. layer boron ta e 
:,(0.0204:+ . - .O 0004 gm BlO/tape) - 0.0204 gm :B 18 

. . 

, i. 4 0 . 0~02 . i n . .  steel plates - 0.0408 ip. 
. . 

. s . j. 1 f u e l  p la te- -  46 .  30 gm ~ 2 3 5 ~  1. layer boron ta e a t  
, (0: 0204+ .0004 gm BlO/tape) - 0.0204 gm 'B  - 

k. 1 fuel plate - 46.30 gm u ~ ~ ~ ,  1 layer boron tape 
(0.0204 + .0004 gm BIO/tape) - 0.0204 gm ~ 1 0  - 

1 

1. 4 0.0102 in. s t ee l  plates - 0.0408 in. 

m. 1 fuel plate - 46.30 gm u~~~~ 1 layer boron tape 
(0.0204 + .0004 gm B1O/tape) 0.0204 gm ~ 1 0  

4 

- 

n. 1 fuel plate - 46.30 gm ~ ~ ~ 5 ,  1 layer boron tape 
(0 .0204  + .0004 gm ~ l O / t a p e )  - 0.0204 gm ~ 1 0  - \ 

' ' 235 . o. l .fuel plate: - 46.30 gm U . 

. p. 4 '0 ... 0102 in. s tee l  plates - 0.0408 in. 



. q. I , fue l  glate : -  46.30 gm u~~~~ 1 layer boron ta e 
- 18 

, - , :(0.0204+'+,. 0004 gm ,~IO/ tage) ,  - 0,0204 gm B . . :  
. . 

r. 1 fuel plate - 46.30 grg u ~ ~ ~ , .  1 layer boron tape 
goo 0204 c .0004 gm ~lO/kape)  - 0.0204 gm ~ 1 0  - 

.. . , .  . .  . . . . , 
. , 

Ring A: : ~ o n t r & , ' ~ k m e n t  C 
. . .  . -. 

235 
, . 

11: Fuel ~ i a t e s  -464.64 grn rJ 
9. 'Borbnhpes  - 0.l70 gm- NO 
0.2040 in additional steqp plates .. . . . 

. . . Fuel P l a t e  Arrangement (Numbered a s  in Figure  A. 4) ,' 
' '  . , ,.Boron tape..on! Nor ths ide  d fuel plate ,, 

8 .  1 fuel p la te  - 42.24 gm u~~~~ 1 layer @on ta e 
' . . ..(0..0189::4 .O004 gm ~1O/.tape) - .  - 0.Ok89 gm. B 18 

. . -  

235 bi 1 fuel plate. - 42.24 gm U . , I-. layer boron .tape 
:.:(Q. 0189..+ - .0004. gm. B&O/taPe) - 0.0189 gm BIQ 

. ;  . . 

c ;  . .  4 0 .0102  . in-. steel plates . .  - 0 :  . , 040'8 in,. 

. do . ., 1 fuel  plate42.24 gm ~ 2 3 5 ,  1: layer boron ta e B . ,- (0,0189. . - .  + .0004, gm BlO/.kpe) 0,-0189 gm B! . . 

. . 
e. 1 fkelplate,42.24gm ~ 2 3 5  . .:. . . .. 
f .  4 ,O0OB02.in.' s teel  plates - 0.0488 in. .., 

. . 
g. kfuel  - 42. 24'gm ~ 2 3 5 ~  1. laye,r'ioron tape 

. . , 
( 0 ;  0189 + -0004 gm Bl0/tape) 0.0189, gm B1O . . - .  

. . .  

h. : 4 0.0102:in. steel plates - "  0.0408 in. ' . . '  

i. 1 fuel - 42.24 gm ~ ~ 3 ~ ~ ; '  I' la);&: boron tape 
, . ;:{O. 0489 -. + .0004 gm BlO/taPape) - O i  0189 gm B l o  

. . . . . . 
a .  

j .  <fuel plate:- 42.24 gm u ~ ~ ~ ,  ' I ' iayer boron tape 
. ,  . . (0.0189's .0004 gm- '~aO/hBe)  - 0 . 0 ~ 8 9 ,  gm ~ 1 0  . I, - . < 

. , . . 

k. 4 0 .010i  in steel  plates - 0.0408 in." 
. .  

235 1. 1 fuel plate: - 42.24 gm U -. 

. . 
p. 1 fuel glate42.24 gd u~~~~ 1 layer boron tape 

(O.Ol89 '+ .0004 gm BlO/trape) - 0.0189 gm go - 



. , .. . . n, 4 O p  0102 ..ino steel glates- - 0.0408 -in, 
- .  . .  . .  .. . . . . .  L. (. . , 2 * 

, , . . . . . . . 
. . : 0. . l,-.fuei plate 42.24-gm ~ 2 3 5 ;  1 'iyer boron tape . . 

.-t(O.. 0189,:+ .0004 g m  B!O/tape) - 0.0189 gm ~ 1 0 , -  . . 9 ' :  - . .  . 8 .  

' ' 

p. 1 fuel plate 42.24 gm ~ 2 3 5 ~  1 layer boron tage 
(0.0189 - + .0004 gm B1O/tape) --0.0189 gm BIO 

.- 

A. 6 . 9  Reference- LoadingNumbers 5 3  - Final SM-2 Cold Clean Mockup 
. .. 

Total Loaded Masses - 36400.08 gm u~~~ - 60.9 gm ~ 1 0  
4% 

Open Seven;. Control ,Rod Array ' 

. ~ o a d e d : ~ a s s , ~ ~ ~ ~ ,  Stationary. Elements - 31669.20 . .  v gm , 

> .  Loaded-Mass ~ ~ 3 5 ,  control  , .  . . Elements . . - 4730.88 gm 
. . . 

. . :  
. . .  

. Total .. . M a s s  ~ ~ ~ 5 ,  i n  Active: Core. - 33205.+ 20 gm 
. .  . . . 

- 

Loaded Mass B~',' Stationary Elements - '53.0 gm ' ' , 

LoadedqMass BaO, Control Elements - 7.99 gm 

Total ~ a s b . ~ ~ ~  in Active.:Core - 55.6 - gm 

Loaded Mass Stainless Steel, Stationary Elements - 195200 - s. 1800 gm 

; Loaded Mass  Stainless Steel,. Control. Elements - 40800 .+..I000 - gm 

Total Mass .Stainless Steel' in Active.Core .-. 216900% 2000 ,gm - - -  
A.11:Stat:ionary Elements: 

: 18; Fuel Plates - 833.40 gm  element 
- : One fuel plate, in each space,.(Figure. A,. 3) 

Boron tape-on North s i d e d  fuel plate 

.; ~ l e m b n i  : ~ ? O ~ o a d i n ~ ( ~ r n )  . Element :: ~.?%oadin~(~m) , Element B!O~oadin~(~m)  

1: 2 4.398 . . 23 a. 374 35 '1..353 . .. : 

a3 . 1,391 . .25 4.332 3'il 1,416 
14 1.401 .26 1. ,368 4 1 I.'3'75 . 

15 4.sa1 : . ..27 . . a. 400 42 4.359 
16 ' 1.. 4il0 31 1.407 43 I. 359 
2b . . a. 339' 33 8.381 45 I .  321. 



7 .  ; 
. . 

.' !,' ' i' . ;. '.' " 

[ .  Element : B!O~oadin~[~rn) ' Element B Loading(grn) : Element ~ : ~ ~ ~ ~ o a d i n ~ ( ~ r n )  - 

. . I .  . . . . 

All cqnt>ol'. Elements: . . 

. . 
16 ~ u e i  pla tes  -;675.84 gi  element ; 

Onefuel~:plate:ineachsgace:,(F%gure~A,4) : ., . , . 

'. Boron .tape on North side of iuel plate' 

1: Element 
\ . . .  .. : 

:: B I O  Loading (gm) 
. , 

i. 134 
,1,,1.34, : ,  

1.~134 
I .  a34 
1.134 

. . , . I. 1.34 
I. 134' 
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I Corner Reflector. - Type ,304's .  S. 
. . . 

Analysis Wt: % 

...' . C' 

. . Mri 
P 

, s 
. Si 
': c r  

. Ni 
:I C u 

Mo 
Pe 

,Side.:.Reflector Plates - .  Type 304 S. S. 
2 

Analysis.: i.- 
. . 

C .  
"Mn 
P 
s 
S i 

:: Cr 
'Ni  
:, Fe 

:Stationary Element End Box- T y p e 3 0 4 , . ~ ;  S. . . . . 
% . . . .  

Analysis ,,W.tp.% , 
. . 



+ - 
Stationary Element and Control Element 8 mil side Plates- - ' ~ y p e .  302 S. S. 

. ', C 
Mn 

. P  
S .  
Si . 

.: Cr  
Ni 

:. C u .  
. M0 

:, Fe 

0.091 
1.64 
0.018 a 

O . ' O B ~  
0. 56 
l a .  54 
8. 50 
0.21 
0. l a  
Balance 

& .  

. - . . 

:S.tationaiy Element and Control Element: 15 mil  s i d e p l a t e s  -.:Type 304: S. s.' . . " 

. . . . - .  

. Analysis W.t. % . . 

:: c 
Mn 

. . P  
S 
S i 
'Ni 
iCr 
i .Fe 

Stationary Element and Control Element 25 mil Side Plates - Type,304 S. S. 



.-contrpl Element 31: mil  S i d e P l a t e s q  Type 304  S. S. 

.Stationary- Element and .Control Element 25 mil Side* Plate. Channels. - '  

- Ts& ,302: So S.. 
. . . . . . .  ... 

.,. ~ n a l y s i s  ' '. W.t. % . . 

'..:: . . c 0: 092 
. Mn 2 3 
P ;  0.. 026 

s O.Oa,S 
S i . 0.22 

. Ni .. a. 22 
Cr  117. 48 
Fe .-: Balance , ' .  



. . .  

:-: Fuel Plate; FrameandCov6r  Plate.:- Type 3 0 4 ~  S. S. ' 

' 

.. 
.. . 

. Analysis . Averagq.W.t. % . ' .' 

Absorber Frame and Cover Plate - Type 304L S. So 
I . Analysis .. Average.W.t-o % ' . 

0.022 . . 

,I1 0 45 
0.023 
0'" 021 
0.60 
9, aa . , .  

18.7'7' 
Balance 

- .  

,.Stationar y:.'Elernent and control Element 10 mil. Additional Clad - 
Type.302.S. So . . 

Analysis 

C 
Mn 
P 
s 
f$ i 
q- 
N t  
Fe 

0. kQ 
0.64 
0.026 
j,oo 011 
0: 32 

. 17.00 
8. $0 

... Balance 



.Element and Control  ~ l e m e n t  5 mil Additional Clad - , . 

4 .Type 302 So So '  , 

I . Analysis . .  . Wta % 

Aluminum Strips - Type1100 H14 

Analysis Wt, % 

S i 4.00 
:. c u  0.20 
'Mn 0.05 
zri 0.10 

. Others 0.15 
.. All ' . .. Balande.(99.0 'mini ) 

Water Analysis 

Total. Solids 250 gpm 
.PH . '7..8 

I ' .Chloride .46.6 ppm 
, . 

Iron 1. k.ppm , 
Chromium - . lbss 'than' 0.06 ppm 
Nickel less  than 0. l .,ppm 

Boron Carbide - Chemical Analysis 

Anal.ysi,s Performed by ; ;..Total.Boron - W.t. % 

New ~ r u n s w i c k :  ~ a b o r a t o r  ?8.92 O/o I 
.., Lucius Pitkin, Hnc. '79.57. O/o 

. . 

-.. . NOTE: .: Standardized against natural .boron in the, form of reagent grade 
boric acid. 



, Boron-10 in Boron - Isotope Analysis by-Mass Spectograph , 

q s o t p  e Atom % 

B-10 20.0% i- 002% 
B-11. (by difference) 80.0% 

NOTE: Analysis was performed on the New Brunswick sample. 
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C. 1 Theory of. Errors  . .. 
3 .  

. . . ' Z  ! 

. . C. 1. 1 - h-tsoduction 

There a r e  four .types of err0r.s: . -  ' . . . . 
.. . 

1. Constant or  systematic e r rors  (meter callbbr.arations wrong; z'ero 
off; results influenced by s0.p e secondary phenomenon which has 

. . : be-en .neglected; ete; . . 

G .. 

2; Berss~a,l:Errors (setting cross hair to one particular side sf . 

center; actuating stop watch .&so soon; etk. ). If the individual f I 

in .consistent in these. errors ,  they a re  merely a subdivisi.on of . . 

; the first  type. 
. . .  

3. Mistakes (errors in .reading a scale, i. ei 6.3 for 5.7; e r rors  in. 
re.cor&ag data such as transposition, .i. e. 165 for 156; 'etc. ). If 
sufficient dgta .have been .taken, .and the discrepancy of one .ob- + . : 

ser.va&ion with the mean is large, enough to be certain, the .observa- 
. . .tion .can .be legitimately rejected; - .  

. , . .  . 
. . ,  

4 Accidental errors. These a r e  e r rors  due to the combined effect..of ' 

a number of .causes, each of which is just as likely to have .a ($1 
- effect a s  a (-1 qffect. 

. . . . 

 he first  and second types a r e  (in general) consistant or systematic, 
the .this@ type is e r ra t iq  the fourth statistical. The fourth .is therefore the 
.only typ'e .that can .be treated mathematical8y. 

A number of methods have appeared for the mathematical treatment of 
this fourth type of error.  Of these, the only one which can be shown by experi- 
ment to cornform with the actual behavior s f  nature is that sf "least squares. " 
Least squares obtains i ts  name from the fact that i t  makes the sum of the 
squares of the "residuals, l1 rather than the sum of the residuals, have the small- 
lest possible vqlue. A sesidual is the difference of aay gived observation from 
the value predicted by all the observations combined ((i. e. , the distance of a 
point from a curve; or the difference sf a single observation from the average 
of all ; etc. ). 

C. I. 2 Probable Errors  of Averages 

There a r e  two types s f  probable errors,  namely externall, Re, and in- 
ternal, Ri, that apply to the average, or mean, of several  similar observa- 
tions. The external p. e. (probable ersor):depeands on the difference of each 

- 



\ 
of the.similar observations from their me?n. It is, in short, a measure s f  
the consistency of the quantitJes entering into the mean value. If, however, 
each of the quantities which a r e  averaged have known probable errors(whiich 
may be different for each quantity), then an internal g. e of the mean can be 
computed which depends .entirely on these individual probable e r ro r s  (and is 

- therefore independent of their consistency). 

In ekperssing the p. e. of a mean, common practice is to be conserva- 
tive and use the larger of the internal or external g. e. The ratio of the two 
probable e r ro r s  Re/Ri should be approximately unity. The deviation ~f this 
ratio to values above unity is a gauge of the presence of constant or sygternatic errors. 
To be specific: if n be five, a ratio of two is an indieation, and a ratio of three 
almost certain evidence, of the presence of constant o r  systematic errors;  
while if n is 20, a ratio of 1. 5 is an indication, and a. ratio of two almost cer- 
tain evidence of such errors.  

Both the value of the mean and i ts  p. e. a r e  influenced by the relative 
weights, p, of the .results entering into it. Qbvdoaes8y if owe observation is 
considered twice a s  reliable a s  another, i t  should i-nfluence the result twice 

I as much as the other. lf the observations a r e  all of equal reliability, we as- 
sign a weight of one to each. These observations a r e  commonly referred to 
as "unweighted. " 

The residual, v, is simply the difference between am individual ob- - 
servation, x, and the mean, $ of all  the observations, do e. , v= x - x . 

. . ..) ' ' ..> _ _  . 

. T h e  following- cases a r e  described: . .. 

. . .  

1. 'The .external p. e. , Re, of the weighted mean 2 of w .observations 
.. . . . . xi,. x2, . . xn having .relative weights pl ,  p2, . . . pi .  . . 

. . 
. - . . 

. . .  
- ,. . ; ,. . The weighted mean is 

. ., . . 
- h . E q :  (1) and in all the following e&m.tions, the summations. .. .-: 

run from one to n. 

The external p. e. of the mean is . I 



The seasdB would then .be expressed as 
. , 

:ii + - Re 
. . . . 

The weights p used i n  these  formulas may be assigned arbitrari ly 
(from experimental conditions) o r  they may b e  from known probable 
e r r o r s  as in:Sec. 3, Eq. 5. 

2. The external p. e. , Re, of the mean of n .observation$ x i ,  x2, . . . x, 
having .equal weights. . ~ q u a t i o n s  (1) and  (2') become 

.Re .= 9 - 0. 
(n- 1) .  n 

The internal p. e. ,  Ri, of the weighted mean W of n observations 
X I ,  x29 2 , the probable e r r o r s  of which a r e  rl, r2, . . . r,, 
and the weigh s of which a r e  p l ,  p2, . . . p,. If the p. e. is known, 
the weight of a quantity is usually taken as proportional to the se -  
ciprocal of the square of its p. e. , i. e. 

Here c is a purely arbi t rary  constant. B may be.taken as unity, 
but i's commonly chosen to make the arithmetical work as easy as 
possible. Its value does not affect the results. 

5 ; :  

The weighted mean is (same as Eq. (1) -T i i 81 9 

Its internal p. e. is 



. . 4. The internal p. e. , Ri9 of the.. mean .i of n observations xl, x2, 
, the p. e. of which is thesame,  namely r. 

. t 

Equations 36) and ('7) became 

It is to be emphasized that the probable e r r o r s  :r in .b.oth -Sections 3 
. . . .  and 4 must be  completely independent. In particular, they must 

not involve any e r r o r  that is common to all of them. 

C. 1 .3  Probable. E r r o r s  of Functions 

In general . . terms suppose 

. . . . .  

w h e r e  z l ,  22; eic. a r e  observed quantities with, probable e r r o r s  ri, r2, . ete. 
.We .desire to find the .p. e. R of Z. 

. . . . .  
" . . . . .  

The results  f,bq sevekal common functions a r e  summarized in the  accompany- . , 

ing fable. . . 

Function Probable. .Er ror  R 
R =t7/rl 2+r22+rg  ' + - - a  z = 21, +Z2 + 23 4-0 a (12) 

, Z,  = log@ R = + .  - r (17) 
I 

* - z 
Z = loglo z R =+ - 0.4343-$- (f 8) 

Z = a f (z l ,  22,. .. ) R = a t imes  the p. e. of f (zl, 22,. . .  ) .(19) 



4 
. Ci 1 . 4 ,  ,The .Sts"aight Line  unction.,^ = a + b x . 

Suppose a number of values of y have been observed for a range of x. 
A graphical statement of the problem is this: when the data a r e  plotted on 
graph pager, what straight line gives the "best" possible fit and, when one 
is selected, what is the uncertainty in its slope and its intercept? A mathe- 
matical statement of thekame problem is, this: what a r e  the "best" values 
sf a and b indicated by the experimental data, and what a r e  their respective 
uncertainties, 

The graphical attack gives no definite answer to. the problem, for no 
two people will agree a s  to the  best line, and the .uncertainties can .only .be 
gues,sed. The mathematical attack using least squares gives a .unique answer 

' . and .definite uncertainties. 

The least. squares formulas for a and b a r e  respectively .. 

where. D = ( p) ( Tpx2) - (1 p ~ ) 2 ,  

and the weight of each observation of v is p. The value of p may vary for 
different y values because of changing experimental co'nditions; or  it may 
be constant. These formulas require the calculation 'of "six sums (made 
over n observations) of the experimental quantities x,~~-y:' and p. 

':? :: 
The probable e r rors  in a and b a r e  respectively4: 

where n- 2 

'Here the residual v Is the .observed y minus the y calculated from 
a 



. If the p. e .  i n  the y of ~ 4 .  (26) is desiredz at 'spy particular value of x, say 
b 

'at x ,.= , then. this is found from 
' . . *  - .  

. . . . 
. _ "  :_ . 

, . .. , . S T '  'f 
. e (27):. 

. . . .,, . . >; 
i .. . D :  

~ C . ' ~ l .  5 Probable Errors  of Counting Rate.. Determinations ' , 

. . . . . . .  . . , , 

The p. e. sf a .counting determination ,is ,. . 

; : ..  R =-+ 0. 6745 . .  , - 
. . 

where n is the.number of particles actually counted. .. . 

It is c.ustomary to describe the activity of a radioactive sample in 
rate terminology and .thus LE n partic,les were .oberved in t'minutes, the count- 
ing rate, N, of 'the sample is 

The p, e. in h e  determination of the  counting sate would be  - 

The, p. e. in the'counting rate of anactivated foil is a function of the 
. 

observed dountiaagrate (in counts per minute) with its p. e. minus the count- 
ing,rate of the background (in counts per minute)' with its p. e. Using 
.equat io~s (30) and (12), the p. e. in the .counting rate .sf an activated foil is 

. . 

where % is the counting rate of the foil including background, N is the 
counting rate due to background, t, is the time during which the B oil was 
counted, and tg is the time during which background was counted. 



" . .  C . 2  Application . . of Er ro r  Analysis to Data 

.C. 2.1 Notation : - Core. Compbs'itiow arndI3amk Worth with.. Probable 
E r r o r s  

Mumber ,sf :~tatbonary fuel plates 

Number. sf control fuel plates 

Mass of U 235 p e r  stationary fuel plate 

. D Mass .pf u~~~ per  control fuel plate fW 

235 Loaded mass  of U , stationary elements 

Loaded mass  .of u ~ ~ ~ ,  'control elements 
. . 

Average seven rod  .bank position 

Gl Brobabl'e e r r o r  in 6 in. I 
H Control fuel plate meat length in. ' 

Hl Probable e r r o r  in H 
. . 

in. 

I - J Mass .of u~~~ in active core, control sod bank :gm . ... . 

. . 
. .. 
! "  . ? + .  

. . .  Jl Probable e r ro r  in.  J ! k'm . .  . 
. . .  

K .  Total .mass. of ~~~5 'in .active .core gm 

K1 Probable e r r o r  in K gm 

Number sf atatisnary element side plates 

M Stationary element side plate mass  

M . Number. of stationary element additional steel plates 
. . . . 

. .  P Mass p e r  stationary element additional steel  plate $m 

b 



Brob.abBe er ror  in .P I gm 
' . .  

.Steel xgasa,.Bn active core. per a&ati.onary fuel plate : : ' ' g,p 
. . 

Probable e r ro r  in a 
. . .  . 

gm 
. %  

Loaded mass of stainless steel, stationary e1ement.s gm 
. . 

.Probable .error in Q fw 
. . 

Number of control side plates 

Control element. side plate mass 
. ~ 

Brobab1e er ror  in S 

Number of controB element additional steel plates - 
Mass per control glement additional steel plate gm 

,Probable. e r ror  baa V 

Steel mass per 'control fuel plate 

Probable e r ror  in.b 

Number of controll. rods 

.ContrsJ. rod basket steel mass 

Pro.babRe er ror  in e 
. . 

Loaded mass of s t a i n l e ~ s  steel, control elements 
. . 

Probable e r ror  in .W 

Active .core length 
. . . ) t  

Bro.bable e r ror  iaa,.X 
. . 

Mass ob stainless steel i n  active core, controlrod bank - 
. . . . .  . , , 

. . 
. . . . . .  . 

Probable e r ror  in .Y 



d Z Total mass of .s tahless  steel in activ.e core 
. . 

. . .  
Z Probable e r ror  in .Z .l, x . . . .  . . .  . . . .  . . . . ' . . . a  

. f Strips-of mylar tape per stationary fuel plate 
. . . . . . 

g. Strips of mylar tape per control fuel plate 
. . .  

h Mass of per stationary tape 

. . . . .  ' .  .: . . % .. . . .  , . 

Mass of per control tape 
>.. ,- . . . 

. . ' .  
k . . _  Loaded mask of BlO, . . .  skti.oniry elements 

. . . . . .  

k . . . . .  ' Probable error  in k . '  
-- .1 

. . .  

1 :. .. Loililed mass of BI0, control elements' . ' , 

. . . . . .  . . . . .  

... . . . .  . .> 
m 'Adass of el0 in active core, control rod bank 

. . . . .  .. , 
. . 

Probable err,hr in m "1 
. . . . . .  

n Total  mass of ~ 1 0  in active ,core . , 

, , 

"1 .Probable e r ror  in .n 
' ,  

P Reactivity in .cents ' ' 

P1 Probable e r ror  in p 

91 . . Distance moved .by seven .rod bank 

q1: Probable e r ror  in q 

r Seven r0.d bank worth 

kl Probable e r ror  i n . r  



C. 2. 2 Equations .- ~ o r e . k o m ~ o s i t i o n  and Bank'worth with 
.Probable. Errors  

1. Mass of u~~~ in A ~ t i v e  Core, Control Rod Bank 

2. Total Mass of ~~~5 in Active Core 

3, Loaded Mass of Stainless 'peel, Stationary Elements 

Q + - .  Ql := (Aa + LM $ NP) + - @all2 + ( L M ~ ) ~  + (Np112 

4. Loaded Mass of Stainless Steel, Control Elements 

w +  - = ( B b i  RS*. d e + ~ . v ) +  - d(Bb.l)2+,(RSl)2+ (dell?+. ( ~ 5 ) ~  , : 

5. Mass of Stainless Steel in ~ c t i v e l  core,  Control Rod Bank 

(]Bb..+RS.)@ , -(Bws).' G -2 x @Bbl,)2+ (R~l)2 
Y$Yl=.[ 

, +d+dde1).+,[: x d4+(1)+.(.. 'G . x B b + R S  -. , 
. . 

.- . 

6. Totall Mass.of Stainless Steel in Active Core 

7 .  Loaded  ass' of B ~ O ,  Stationqry Elements . . 

. - " k1. = Afh - +Aml 



8 .  ..: Lpaded  asso of : B ~ O ;  '.$ontr,ol Elements 

10. Total Mass of g'1° in Active Core 

11. Seven Rod Bank Worth in cents/inch 



. C. 2. 3  atat at ion.-it dative, N&.K"o~ Fluxwith Probable .Errors , 
C.PM of Standard .in System 1. (Scintillation .counter 1) 

CPM of Stanaard . . .  - . . I  .in. .. :.. Systee . .II (SciIhtiB~ation..countq :2) . . .  . :.( : , . 

CBM of .Ba@Kgrbbarid~.ta' .System 4 
. .  . 

CPM of ~ + g r o u n ~ . i n  syste.h II > .  . . .' ,,. 
. .  . 

CPM of B'bd~' b. Syitem H ' 

I 

. . CBM of Foil in System .HI[ : ' . : : '. , , , . - . . . 

Corrected Counts of Standard in..Syste.m 1, 
, . . .  

Probable. .Erro~p in A 

Corrected Counts of ,Standard , . , . . . . , .  in ,System !... LI 
.. 

Probable .Error in Aq . 

Corrected Counts of Foil in System I . . . . . 

Probable. Error  in C 

Corrected Counts .of Foil in .System II 

Probable. Error  dn..Cv 

Ratio of Counts of Foil in System I to Standard in System I1 

Probable Error  in R . 
Ratio of Counts of Foil in System IQ to Standard in System I 
~xbbab le  Error  in Rq 

Product of Two Ratio$ (above) 
.Probable.. Error  in M 

Square Root of Product of Two Ratios 

Probable. Error  h. :B  

Foil Counting Time. 

Background Counting :Time 



. C .  2. 4 ~~ua t ions-F te la i ive  Neutron Fluxwith Probable. E r ro r s  , 

1. Corrected Counts of Standard in System 1 

2. Corrected Co.unte of Standakd in System 

3. Corrected Counts of Fail in System I 

. c + - c, = iF1. - B 1 ) . ,+ .-.. O; 6 7 4 4 - 5  
t F  tg t 

4. Corrected Csmts  of Foil in System .H 

5. Ratio sf Corn@ of Foil in System 1 to Standard in System II 

C 
R k R 1  = !- + - : AV - A' 

I 

6. Ratio of Coints of Foil inSystem Il.40 Standard ,.~n~Syste.m I . . 

'7. Product of the Two Ratios 

- M + MI = RRfkRRv 

8. Square Root: s f .  Product of Two Ratios 



- APPENDIX D 

EFFECT OF DELAYED ,NEUTRON UNCERTAINTIES ON 
REACTIVITY REPORTED IN DOLLARS AND CENTS 
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D. 1 -Introduction 

The availability of delayed neutron yield and half-life data with probable 
e r rors  ( m L -  5800, "Reactor Physics Constants") has grompted-a re-evaluation 
of reactivity determined -by the inhour- equation. This re-evaluation -is pre- 
sented here, with a probable e r ror  analysis for the conversion of reactor 
periods to reactivity in cents. 

It is shown in this analysis that previous reactivity values reported in 
cents, using early delayed neutron data (Glasstone and Edlund, "The Elements 
of ~ u c l b a r  Reactor Theory, " 1952) a re  affected only slightly by this re-evaluation. 

411 reactjvjty data described in this *e"'ort wereacalculated by .the. inhour 
equation plotted in cents a s  a function of reactor period for a @.of 0.0064. 

T h e  following inhour equation was used to calculate r,eactivity: . '  .. ~ 

.. . 

b 
. ,  . < 

. . .  

where: 
= neutron lifetime (about '5 x: sec) . . 

. "  
T.. = -period in seconds 

K,& . = effectivemultiglicatio~ factor (as'pumed be unity) 
; ,r - p . = delayed neutron fraction of ith group && ..- ; 

: ',$ 3,- 

0.i =: aiP " 
. : .' 
, . I : ' . , .  (3 = total 'delayed'neutron fraction ' : 

- relative abundance .of' the .ith group ai : -  hi = delay: constant of the ith group . . 
, "  

. . ,t ; '.. 

  he ,above' equation, although the one, c~skcimarili :used, is not corn- 
kxabt. . T h e  exabt equation is 

..., . .. 



where 

2( i . . ~  effectiveness of i~ group delayed neutrons Cohpared with . , 

. . . .  . . - .  ~l)romgt:neuirons.. ' . . - .  , . .  . ... / . .  .. 
. . 

, . . . 
' . .  :->. ' 

-   ow ever; i?i& . .. .... :, always .:. . . . assumed b e ~ & ~ s e  .. . , of . iackof . data ..the' &' := ,;yi . 
. . . . .  . .  

and hence ti . = -f$&f- ' Where eeff equals the  effective total. delayed. 
neutron fraction. 

.,.. _, . . .  .I . . . .  .. . . .  -. . 
: . .. . 

: :  equatibn'(2). ; " .  , .  . ... . . . . Asbumin& 1 8 .< & 
... 4 . .;: :,>. . .. . . 

' . .. .. . .  . . 
' . , '  

reduced 'to: 
.. , . ... , . . . 

. . . . .( 

( 3) 1 

Because eff is not usually experimentally determined, experimental 
facilities usually repqrt reactivity changes in cents. Therefore in order to 
get an equation of cents a s  'a function of the reactor p,eriod, by definition, 
equation (3) is divided by (J , f f0  The result is: 

I 

I Equation (4) gives the reactivity in dollars as a function of the reactor 
period. By definition one dollar = 100 cents. It will be noticed that essentially 
the same result could have been dbtained by dividing equation (1) by p. . The 
following probable e r ro r  analysis will show that the value of (3 or (a does not 
affect the reactivity value in cents corresponding to a given period unless the 
period is very short ( 4 2 sec) and short reactor periods a r e  generally avoided: 

. . . .  : . . . .  . 

In generai. tek&s, if - . , 

. . , . 
. . 

. :  . . .  . . . I  . .  ~ . .  

Z = f  ( z lP  2'2, ~ 3 ~ ~ .  . .)  
.~. . . 

. Then the probable e r r o r  associated w i t i  ~ ; i k  . ,;. 



-- 
where.:Zl, Z 2 ,  Z3, etc. areobservedquantities withprobable ;errors  ,. , x2. 
etc. . Hence: it follows 'that the-probableerror of v/Pefi is 

. . .~.~~..(-f--)=d!.)-~ Pef i  CeffTKeff  : + ~ p , . - . ~ , ~ ~  ( 
eff . 

Table D .  ]L gives the values used i n  the~.calculafi0ns. . They&werg. taken 
f rom ANL-5800 except for the  v a l u , e s o f ~  and d l  (3 was used.insteadof ., e: e.0 

.TABLE D. 1 

d l  = 2  ,X l om5.  = . 2  x 1 ~ - 5  

dX5 = 0 . 1 5  X 5  = 1 . 1 3  

dh6 = 0 . 3 3  A 6  = 3.00 

Table D. 2 gives a breakdown of the:prolPabPe er ror  in the reactivity in 
cents using a 20 second period. 

'.Probable :errcar breakdown for 20 second ger.iod 
. . 

8 =.2.an x 10': ; 
!= 5.38 x io-11 
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An inspection ofTable,.DL 2 shows that the &ff ect of- the uncertainties in f 
and or  p 9% is negiigible i n  calculating tb6 :probable e r r o r  of the r9activit.l 
in  cents for a 2 0  second period. . For longer persiods the :probableer rors  in 

! 
and (3 would beeven less  impor.tant. Theuncertainties i n  the abundances 

"*of the.first 4 delayed'neutron groups account for  most sf' the:probable..error. 

, ~ i ~ u r  e -D. 1 . i s  a .cur;e,:of reactivity in cents versus gariod in seconds. : 

I ,  

: D. 4 . D.iscuss.Bon of 'Results: 

An inspection of Figure Do 1 shows that the previous reactivity versus 
period curve used does not differ appreciably from the one calculated with the 
new data. Also the probable e r r o r  analysis shows that even though P 
probably does differ from 0.0064 it is not important when reporting rezt!fivity 

w, data in cents. 




