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ABSTRACT

Critical experiment studles were performed varying the parameters
U235, B10 and metal to water ratio, in the SM-2.7 x 7 core .configuration
. with. 38 statlonary elements and seven control rods of the SM 1.(APPR-1) -

type.

An exper1menta1 mock-up of the SM-1 was assembled usmg the basic
SM-2 fuel plates. Excellent agreement between the SM-1 boron loading,
determined by chemical analysis, and the SM- 1 mock ~up boron loadmg, for
'equlvalent bank positions, was noted P

~ Several SM-2 mock- -ups, cold clean and m1d11fe were assembled and
studied with regard to.reflector effects, flow divider effects relative con-
trol rod array worths, cr1t1ca1 rod configurations, and relatlve power dis-
- tributions. :

The results of these experiments indicaté as satisfactory a U239 Joad-
ing of 36. 4 K_-and a B10 loading of 63. 4 grams. for the SM-2. Attention is
. drawn to numeérous power peaks present in the active core. The open seven
control. rod array has a shght reactivity advantage over the closed seven ar-
ray and consequent minor d1sadvantage with respect.to ""stuck rod" criteria,
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SUMMARY

The cold clean water-reflected final SM-2 mockup containing 33. 2
kilograms U235 and 55. 6 grams B10 distributed uniformly in the active
. .core maintained criticality after a seven rod bank withdrawal of 7. 142 inches
-and has an."excess K" ({AK ) of 1520 cents. A flow divider and an infinite
‘steel-water laminated reﬂector respectively are worth approximately. -96. and
# 85 cents. The measured reactivity coefficient, @ 2000 psi, ranges from
-1. 15 cents/°F @ 150°F to -5. 20 cents/°F @ 510°F. The integral reactivity
effect of raising the SM-2 core water temperature from 1030F to 510°F @-
2000 psi.and the water in the reflector coolant graph from 103°F to 477°F
. @ 2000 psi. ﬁ) -889.7 cents. The average measured material coefficients for
U239 and B are 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 the fuel section of control rod C (withdrawn to 7. 14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 array controls slightly..
- more reactivity than the closed seven and consequently is at a.slight disadvant-
age in meetmg "stuck rod'" criteria.

At room conditions a minimum loading of 7. 5 grams of plo uniformly
‘distributed in the active SM-2 core is required to maintain a subcritical
_condition“with the open 7 control rod array fully inserted.

: An estlmated loading of 15. 84 £ 0. 38 grams of B10 jn the SM-1 Core
I was obtained by substitution methods ut111z1ng an assembly of known com-
pos1t10n This. represents a boron loss of 22.0 / 1. 9% from the specified
20. 29 grams.
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INTRODUCTION

The critical experiments described in this report were required as

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-UO9 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 relia-
‘ b111ty 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.

e

o

This report includes the results of all these critical experiments,
originally proposed as 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 are 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 preseénted 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 exper1menta1 data.
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"CHAPTER 1 - SYSTEM DESCRIPTION

1.1 Introduction

- The SM-2 critical experiments were.conducted at the Alco Products,
Inc. ,. Criticality Facﬂlty( ) in Schenectady, N:Y. - 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 Experxments( )
together with descriptions of the basic experimental techniques.

The content of this chapter includes a general description of the.ex-
~ -perimental techniques and core assembly and a summary of preliminary
_criticality safety data. . System nomenclature is also defined for the reader's
convenience. i

1.2 _Experimental Assembly

1.2.1 :Core Support 'Assembly

, - 'The core support assembly consists of a. three-tiered stainless steel
_table 1ocated over the center of the reactor tank floor at the:Facility.
.Structural support, alignment, and position of the:assembly are assured by
‘tie rods and spacers as shown in. Figure:1. 1, :

The ‘core support has the potential of accommodating reactor cores
with a total of 89 fuel elements -and control rods, although a maximum of
“only-38 fuel elements and seven control rods were required for the 7 x 7
.SM-2 array.-. Figure 1.2 shows the assembled SM-2 in piace in the reactor
tank with associated nuclear instrumentation.

1.2.2 Control Rod Assembly

~Reactor control is maintained by the‘insertion or withdrawal of con-
trol rod assemblies,. Figure 1. 3, containing both nuclear fuel and box type
boron absorbers. The control rod assemblies are driven by overhead
drives and drop by -gravity on scram. - Guide rods and dashpot plungers to
act as guides and decelerative- devices respectively are attached to the ends
of the control rod baskets. :
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FIG. 1.3 - CONTROL ROD ASSEMBLY
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1.2.3 Fuel Element Structure

Stationary fuel elements contain up to 18 stainless steel-UOg9 matrix
fuel plates each loaded with 46. 3 gm U235, = Control rod fuel elements con-
tain up to 16 similar fuel plates each loaded with 42. 2 gm U235, The fuel
.plates are of the SM-1 type with increased thickness of the matrix from
0.020 in. to 0.030 in. to accommodate the higher UO, 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 as fuel plate spacers. The grooves
are sufficiently 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 bas1c
side plate and the polystyrene grooves

1. 2. 4 Steel Reflector Assembly

The reflector assembly consists of a number of 1/2 in. stainless steel
sheets along the reactor sides and triangular bars at the corners (Figure 1.1).
Laminations of steel and water were obtained with the use of plexiglas edge -
spacers. Foil activations through the assembly are accommodated by ac-
cess ports,

1.3 Experimental Techniques

1.3.1 Method of Loading Uniform Burnable Poison

Nuclear poisons such as B4C may be added to Mylar film in much the
same manner as ferrous oxide is added in the production of magnetic tapes.
Mylar is a tough, flexible polymer formed by the condensation 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 surfaces. Mylar tapes with various
boron loadings were used in these experiments. Boron in the form of B4C
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 for applying the Mylar. Ap—.

13
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FIG. 1.4 - STATIONARY FUEL ELEMENT
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FIG. 1.5 - CONTROL ROD FUEL ELEMENT

17



| THIS PAGE
WAS INTENTIONALLY
- LEFT BLANK



61

FIG. 1.6 - BORON TAPE APPLICATCR
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proximately five man _days were .required using this device.to load a com-
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 .
loadings were determined from areal loadings, chem1ca1 analyses, and
boron standard determinations (see. Chapter 3). :

1. 3. 2 Reactivity Coefficients of Uranium

- Reactivity coefficients .of U233 were determined by substitution tech-
niques utilizing fuel plates with U235 loadings both greater and less than
the normal loading of 46. 3 gm U235 per plate. -

1.4 Nomenclature and Explanations

1.4.1 ‘Active Core

_That:region. defined by theupper and lower average limits of the U235
d1str1but1ons in the stationary fuel elements and the cell boundaries of the -
_ outer row of stationary elements. :

i 1.4.2 Cadmium Fraction

‘The ratio of bare foil activity tnmus -cadmium covered foil act1v1ty to
bare foil activity. The cadmium used was 0. 020 in. thick for which the
‘cadmlum cut-off energy is 0.5 ev.

1:4.3 Control Rod Withdrawal

Refers to the w1thdrawa1 of the absorber sectlon of the control rod
from the active core and the consequent simultaneous insertion of fuel.

1.4.4 Control Rod Position

.Control rod positions are reported as the distance withdrawn from
the p081t10n of deepest insertion measured in inches. Deepest insertion .
represents.the nominal alignment of the bottom of the active core with the
top limit of U235 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 position
by less than # 0.01 in. Unless otherwise stated, control rod positions are
accurate to # 0. 063 in. and have a precision of # 0. 001 ¢

. 1.4.5 . Core Array, 7Tx 1T

The arrangement of stationary fuel elements deplcted in Flgures A 1
and A. 2 of Appendix A.

21




1.4.6 Data Point, Experimental .

“All experimental data points are plotted as a point {(circled, squared,
or other). Points derived from experimental data by cross plot or 1ntegra-
tion are represented by crosses.

1.4.7  Error, Experimental

_All reported errors are probable errors (50% confidence mterval) in:
precision unless otherwise noted. -

1. 4.8 Reactivity

Reactivity measurements were obtained by the usual period technique
of calibrating control rods. The control rod cahbra.tmn curves are there-
fore descrlbed as d_lf , Where (e- : :

" Excess K determmed experimentally for a perturbatmn corr é)ondmg
to a change in rod position from xq, to X9 is reported as AK = j

For‘AK 1ess than-$1. 00, the expression AK L= —AK—K is satisfactory.

However, when A Ky is large, the expression p = 1- ¢ AKE @ )shouid be
used, where (© ist %e hypothetlcal reactivity that would result 1f the total
react1v1ty change were measured in one. large step

React1v1ty and AKE are reported in dollars and cents using the in-
hour equation to convert from reactor period. A complete descr1pt1on of the
method used is reported in Appendix. D :

-1.4.9 Rod Array

The open and closed 7 rod arrays referred to in thlS report are. des-
cribed by Figures Al and A. 2 of Append1x A

1. 4. 10 Temperature
- . Unless otherwise noted 'all measurements were taken at 69°F.

1.4.11 Trend Digit -

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

22




1.5 .Criticality Safety Data

.Experiments were performed to determine the multiplication of the -
.open 7 array on .scram for the most pessimistic case of maximum U239 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 array of eight stationary elements and one contr'ol_' rod. -
: ('Sf e reference loading (i) in Appendix A. ) The system contained 7343 grams

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 ~Cr1t1ca11ty of Open 7 Array

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

23.
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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 as a basic .step in the
understanding of the potentialities and limitations of the 7 x 7 SM-2 core ar-
~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 approximate the boron-
loadings at which the SM 2 core would be critical with the rods fully inserted
.or withdrawn.

2.2 Exper1mental Techmques

2.2, 1 Procedure

The 1n1t1a1 cr1t1ca1 cores cons1sted of U235‘loadmgs with no distribut-
ed:boron. After determining the minimum number of plates per element for
cr1t1ca11ty, the U239 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 cahbratmns almost over the ent1re bank travel

Th1s procedure ‘was repeated for several d1str1buted bbron loadmgs
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 U235 and 42, 24 gm U235 per station-
.ary element fuel plate and control rod element fuel plate, respectively.: 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 of fuel plates
in the elements was used, so that as boron loadings were changed,the -
uranium fuel plate distributions could be repeated exactly. The pos1t1ons
used are as shown in Tables 2.1 and 2. 2 The position notation is descrlbed
in F1gures A. 3 and A. 4 of Appendlx A,

25
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2.2.3 Metal to Water Ratio

he metal to water ratio was determined as a function of loaded mass -
of U239 jn 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 withdrawn.
The active core masses were those masses within the active core at criticality,
with control rods partially withdra% gnd the .contribution of the absorber sec-
tions neglected. By using loaded U 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 U235 MASS

M/W Mass. U239 (gm)
0.070 6155, 24
0.085™ ’ 8220. 32
0. 100 ‘ - 10275, 40
0.116 , 12330. 48
0.133 S 14385. 56
0. 150 . 16440. 64
0.167 18495. 72
0.185 . - .20550. 80
0. 203 22605, 88
0. 222 24660. 96
0. 242 ' : 26716. 04
0. 262 . 28T771.12
0. 283 30826. 20
0. 305 32881. 28
0. 324 | 34640. 68
0. 344 ' ~ 36400. 08

© 2.2.4 Boron Loadings

The boron loadings were varied by the use of boron impregnated Mylar
tapes as discussed.in Capter 1. The tapes covered the approxbmate meat
areas on the fuel plates, 348.4# 7.0 cm2 and 323. 6 # 7. 2 cm” for the'station-
. ary tape and control rod tape, respectlvely The boron 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 boron. loadmg
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TABLE 2. 4

BORON LOADINGS

Boron Loading Mass B10/stationary Mass B10/control gm B10/Kg g43d
tape (gm) rod tape (gm) in core
No Boron 0 0 0
i 0. 060 % 0. 001 0.056 X 0. 001 1. 305
2 0.120 0. 002 0.112 ¥ 0. 002 2. 610
3 0. 0211 £ 0, 0005 0.0196 = 0, 0005 0. 456
2.3 Seven Rod Bank vs. Mass of U235 and Worth

2.3.1 Seven Rod Bank vs. Mass of U235

The 7 rod bank critical positions and the masses of U235 in the active
core are tabulated by reference loading number (Appendix A) for the various
boron loadings, Table 2.5, and are plotted in Figure 2. 2. The correspon-
dence between boron loading and reference loading number is presented in
Section 2. 3. 2.

The probable errors in points plotted in Figure 2. 2 are within the sym-
bols about each point.

SEVEN ROD BANK CRITICAL POS%EJLL}E Vzé.5MASS OF U239 IN ACTIVE CORE
Reference Total Mass of U:?‘35 Seven Rod Bank
Loading No. in Active Core (gm) Critical Position*(in. )
2 6240 % 10 17. 884
3 6433.2 +8. 6 14. 595
4 6691.4+17.5 12. 508
5 6971.0 £ 6.7 10. 818
6 7240.4 * 6.3 9. 800
7 7523. 8 + 5. 9 9. 043
8 7596.4% 7.0 8.316
9 7930.2 + 6.7 7.771
10 8264.6* 6.5 7. 235
11 8599.7 * 6.2 6. 710
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Reference Total Mass of U235 Seven Rod Bank

Loading No. in Active Core (gm) Critical Position (in.)
12 8897.6 * 6.0 6. 320
13 9201.4%5.9 6. 018
14 9546.7+ 5.7 5. 644
15 9895.31 5.5 5. 320
16 10243.0% 5. 4 4.982
17 10549.5+ 5.3 4.720
18 10905.7 ¥6. 2 4,332
19 11971.6 5.9 3.7170
20 12629.7% 6.7 3.336
21 13674.6 +6.4 2. 632
22 14317.2+ 7.2 2. 251
23 15951.7 *X6.9 1.089
24 11421 +10 10.716
26 10538 + 11 12. 407
27 9409 +13 18. 760
28 13168 £ 10 9. 054
29 14922 = 11 7. 876
30 18511 * 12 6. 822
3l 22117 14 6. 229
32 25740 * 16 5. 889
33 32016 +18 5,799
31 23871 + 29 17.103
38 27586 * 32 15. 703
39 31436 + 36 15. 280
40 34937 * 35 15.198
41 22292 * 31 19. 883
42 7702.4*+17.4 12. 366
43 11041.1# 7.0 6. 010
44 14522.9 +8.1 4.164
45 18033.8 £9.5 3.272
46 21536 *11 2. 623
47 25048 + 13 2.215
48 32114 2 14 2. 070

*Seven rod bank positions are in error 0. 063 in. (probable 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 are 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
is represented by reference loading numbers 2 thru 23; boron loading No. 1,
reference loading nos. 23 thru 33; boron loading no. 2, reference loading nos.
37 thru 41, and boron loading no. 3, reference loading nos. 42 thru 48.

The probable errors in points plotted in Figures 2.3, 2.4, 2.5 and 2. 6
are within the symbols indicating each point.

TABLE 2. 6
0.0 gm B10 per kg Uggg
Reference Seven Rod Bank Position* Seven Rod Bank Worth
Loading No. (in. ) (cents/in. )

2 18. 060 55.1%1.1

2 17. 972 55.11 2 0. 57

3 14. 703 92.59 % 0. 93

3 14, 650 94.621.8

4 12. 585 125.8 *1.3

4 12,555 130.92*2.1

5 10. 889 162.0 +1.4

5 10. 850 157.1 +3, 2

6 9.868 189.7 +1.5

6 9. 855 183.9 £1. 8

7 9.095 214.0%1.9

7 9. 095 216.4%1.9

8 8.351 241.4 £ 2.9

8 8.363 2317. 2 o 2.1

9 7.816 242.7 2.3

9 7.816 242,2 +2.2
10 7. 294 259.8 £1.7
10 7.2173 259.7+ 2.7
11 6.756 302.2 % 2.2
11 6. 756 298.7% 2.2
12 6. 345 313.2%4.1
12 6. 365 318.0% 2.3
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Reference
Loading No.

* Seven rod bank positions are in error £0. 063 in. (probable error in accuracy)

36

13
13

14
14
15
15
16

16
1
17

18
18

19
19
20
20
21
21
22

22
23
23

Seven Rod Bank Position

Seven Rod

Bank Worth
(cents/in. )

o= NN NN W W W W R T 1T OO OO

044
. 055
. 687
672
350
. 350
. 012
.015
. 751
. 756
. 360
. 365
. 785
. 806
. 373
. 366
. 665
. 677
. 306
. 305
. 150
174

311,56 £ 3.
316:1-22;
317.2 £2
314.3 £3.
346.7 X 3,
343.3 £ 3,
367.3 *3.

367.7 3.
348.4 3.
350.0 t2.

364.9 1 3.
366.6 + 3.

351. 7 * 6.
365. 3 *2.
333.8 £ 2.
339.0 7 3,
283.3 T'3.
283.2t 2,
230.3 *1.
228.7 *1.
112.8 41,
120.0 * 1.

I |w [©lw |- |k |3 | |0 |[H]|d [dIF Ik nibk]o k]|



5 *',._' Seey aant

o

e

AL

ROD| AN

L

s

SRR 5 A

B e

-] it

{2

i
b




| THIS PAGE
WAS INTENTIONALLY
- LEFT BLANK



TABLE 2. 7

SEVEN ROD BANK POSITION VS. SEVEN ROD BANK WORTH FOR
1.305 gm B*Y per kg U

Reference Seven Rod Bank Position* Seven Rod Bank Worth
Loading No. (in. ) (cents/inch)
24 10. 789 146. 2 *1. 4
24 10. 798 149.4% 1.2
26 12. 484 120.8%1.3
26 12. 495 121, 1
27 19.110 32.62% 2.9
28 9. 092 181.6 £ 2.6
28 9.107 182.9 *1.9
29 7.914 239.6 2 2.6
29 7.928 242, 9+ 1.9
30 6. 853 235.3% 3.3
30 6. 864 242.8+ 2. 4
31 ' 6.275 260.912.2
31 6. 279 266.7 £2.0
32 5.925 275.722.8
32 5.934 290.1+ 2.2
33 5.839 283.8 2.5

* Seven rod bank positions are in error *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
Loading No.

Seven Rod Bank Position*

Seven Rod Bank Worth

37
37
38
38
39
39
41

* Seven rod bank position are in error * 0. 063 in. (probable error in accuracy)

(in.) {cents/inch)

17,252 51. 68 £ 0. 67
17. 260 52.40 * 0. 64
15. 834 68.70 X 0.176
15. 869 67.98 1 0. 60
15. 380 16.0:.2 1.0

15. 410 75.00 ¥ 0. 77
20. 492 12.89 % 0. 16
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TABLE 2.9

SEVEN ROD BANK POSITION VS. SEVEN ROD BANK WORTH FOR
0.456 gm B10 per kg. U

Reference
Loading No.

42
42
43
43
44
44
44
44
L
45
45
46
46

47
47
48

48

Seven Rod Bank Position*

Seven Rod Bank Worth

(in.) (cents/inch)
12. 434 136.0 +1. 4
12. 345 1160 8k1.2
6. 051 3is. 6125
6. 045 326.8 2.9
4.194 339.813.4
4.197 343.9 *3.1
4. 205 328.323.8
4.214 331.0 X2.9
4. 210 327.4 £3.3
3. 306 345.6 1 3.0
3. 301 341.4%3.5
2. 661 242.9 2.6
2. 672 248.0 2.1
2. 265 224.8% 2.0
2. 259 234.71+2.3
2.135 162.3 1.5
2. 125 154.6 1.8

* Seven rod bank positions are in error 0. 063 in. (probable error in accuracy)
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2.4 Excess K ( AKE)

2.4.1 Integration of Calibration Curves

The "excess K" is defined as:

"X
AKE = jzd dx, where
X

|

is described by the calibration curves for the various boron leadings
(Figures 2.3, 2.4, 2.5, and 2. 6.) The limits of integration are established
as x; = the critical seven rod bank position and xo = the position of the fully
withdrawn seven rod bank (21. 6 in. ).

Integrating the calibration curves directly, yields AKy as a function of
bank position for the various boron loadings. From Figure 2. 2 the mass of
U235 in the active core, for these bank positions, is obtained.

2:4.2, A KE Vs. Mass of U239 in Active Core

Figure 2. 7 represents AK_ as a function of the mass U235 in the
active core for the various boron ]I;:oadingso Experiments with boron loading
numbers 1, 2, and 3 were all terminated at the SM-2 U235 loading, while it
was impossible to achieve this loading in the no boron case. The dashed curve
in Figure 2. 7 connects all the SM-2 points.

2.4.3 A Kg Vs. Mass of B0 for SM-2 Configuration

From Figure 2.7 there are three SM-2 points that have known boron
loadings and AK.'s. Obtaining the masses of B10 in the active core for these
points from Appendix A, AK_, is plotted vs. mass of B10 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 Kg Mass B10 in the Active Core for the SM-2 Configuration

Since the integrals of Figure 2.7 and 2. 8 were obtained assuming in-
variance of the calibration curves with metal to water ratio some deviation of
the final SM-2 mockup Kpg (reference loading 53 with data reported in

o1
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..Chapter 4) from these curves should be noted. Referring to Figure 4.5 of

- Chapter 4, which is based on integration.of 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 2.7 and 2. 8 is extremely sensitive to curve shape, a reliable KE

for the SM-2 final mockup is best determined from the composite mtegral

‘Figure 4. 4 of Chapter 4. .

i ».2.5.2 - Final SM-2 Mockup

- The preliminary SM-2 loadings of B10 ang y235 pre,dicte_danélytical'ly
‘prior to the performance .of these experiments appear to be satisfactory.

b
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 CHAPTER 3 - SM-1 MOCKUP EXPERIMENTS

3.1 Introduction

The SM-1 mockup experiments were performed using the SM 2 ﬂex1-
ble critical experiment rig in order to determine.the limitations of the sys-
tem flexibility.. - In the* course . of the experiment, heterogeneity factors for
different mockups were obtained which serve as a measure of the ability.of
the system to mockup 18 plate fuel elements with fewer plates. Also during
the experiment, a standard meéthod for determining the amount of boron on the
Mylar tape, and hence'in the flexible reactor, was developed using a physical
‘technique. As a consequence of this work an experimental ext1mate of the
SM-1-boron loadmg was :determined. ' '

In the past, two other assemblies of SM-1 core components were made
at-the Alco Critical Facility: the ZPE-1(4) and the' ZPE-2(5); The SM-1
mockups assembled during the experimental program were actually moeckups
of the ZPE-2 configuration. However, the fuel elements in the ZPE-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 skirt 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 it 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 ZPE-2 Prehmmary Final SM-1

_ . Mockup Mockup
Boton Absorbers ~ ZPE-1 ZPE-1 -ZPE-2 ZPE-2* . ZPE-2*
Steel Skirt : = - Yes = Yes: No No No
. Fuel Elements . ~SM-1 ZPE-1' ZPE-1° Pre. Mockup Final Mockup
U-235 gm/element L |
Stationary .. 514.62 514.62 514.62 509.3 . . 509.3-
* ~Control - s - 417.76- 417.76 417.76 422.4 422.4
B10 gm/element ' '
Stationary ? ? ? 0.231 0. 347
Control 2 ? 2?2 0.196 0. 284
Critical Position ' - o
' 5 Rod Bank” - 3.7 3.7 312  1.699 - 3.258

* New boron absorbers.shown experimentally to be 1dentlca1 with those used
~ during ZPE-2. , : 59




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

3. 2 Preliminary SM-1 Mockup

S1nce the amountof boron in the SM- 1 was- somewhat uncertainit 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 rods F and G full
out, compared with 3. 120 inches for the ZPE-2.. :

CalibArati‘on pbints for the.5 rod bank were obtained at various bank po-
sitions. They are plotted in Figure 3.1 alonhg with-points obtained durmathe
- Z PE-1 expemment and the final mockup.

Substitution measurements were made using a standard SM-1 element
The mockup element was replaced by the SM-1 element and. the change in -
reactivity noted. The total change for a]ll 38 statnonax'y e)lements was minus
177 cents. - » oo : :

An ‘initial ,determination of the amount of boron in the SM-1 was made
after gn)e preliminary mockup using a boron worth of 68 cents/gm (- ZPE-1 .
Data ) and the totall reactlvn:y defect, due to the SM 1 element subst1tut10ns

3. 3 F1na1 SM~1 Mackup

The final SM-1 mockup configuration was determined using the results
of the preliminary mockup. . Sufficient measurements were made so that any -
d1fferences between it and the SM 1 could be accounted for.

3 3.1 React1v1ty Eva.luatlon

The final mockup had a 5 rod bank critical position of 3.258 inches
compared to 3. 120 inches for the ZPE-2. The small difference in bank po-
sition indicated that the mockup was quite good. The 5 rod bank calibration
point taken at the critical position agreed well with the ZPE-1 and prehmln-
ary mockup points, as can be seen in Figure 3.1 . An integral of this worth
curve is presented in Figure 3. 2. The total A Kg determined in the: or1g1na'1 -
ZPE-1 and during this experiment differ slightly due to incorrect extrapolatlon,
of the ZPE-1 worth curve. .

'3.3.2 Uranium Worth Measurements

The warth of U- 239 in the core was measured by using fuel plates with
* slightly higher U 233 content than the basic plates in a single element. . This
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element was then substituted for several element positions. An average
U- 239 worth in the stationary elements was determined by integrating over
_the .core volume using symmetry conditions for the. element posmons not
measured. . Table 3.2 presents the data. '

TABLE 3. 2
"y 235 WORTH FOR VARIOUS ELEMENT POSITIONS
. Element No. . " Reactivity Change Cents/ gm U235 ‘
‘ : "in Cents '
12 ' 2.072 0. 0819
i3 2,294 0.0907 -
14 4,554 0.180 -
22 4. 883 . 0.193 -
23 3. 340 0.132 * .
34 7.059 0.279
52 5.743 0.227 -
53 5.313 »O.».,210

Average U 235: Worth in_stationary elements = 0. 154 cemts/ gm U 235

The average U 235 .worth .of 0. 154 cents/gm" 239, compares g)rly
well with the reported value of 0. 187 cents/gm U238 for the ZPE-2 The
difference between these two values can be partially attributed to the drfferences
in experlmental techniques. In the ZPE-2 2 experiments the uranium was added

in the form of uranium-aluminum alloy strips (11.0 x 0. 5 x 0. 005. 1nches) These
. .strips were. inserted into the water hole region between fuel plates. .The method
used in the final mockup experiment was more realistic since.the additional -

. U4 235 ‘was umformly distributed throughout - the fuel plate matrix. T

3 3 3 Boron Worth Measurements '

The worth of BlO/ in the core was measured by removmg the boron from
all the plates of a. smgle element and substituting this.element in several po-
sitions. An average B10: worth in the stationary elements was obtained by
using symmetry ,relatlonsmps Table 3. 3 presents the data.
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Element No.’

TABLE 3. 3

. Bio WORTH FOR VARIOUS ELEMENT POSITIONS

Average Blouwerﬁ:h in stationary elements - 60. 3 cents/gm

12
13

14
22

23

3¢

52

53 -

React1v1ty Change
.in Cents

11.
12,
7,81 -
23.
23,
24,
21,
31.

7

73

80

03
23

78

35
41

Cents/gm U235

- 40,
44,
217.
79.
80.
86.
74.

109

Bl0

= O W =]

In the ZPE-1 experiment the B10 worth was not obtained directly?)
since boron-stainless steel containing 1. 01% boron was used in the experi-

ment.

.effect of the sfcamless steel was not taken into account,

and an SM-1 element.
- elements was.16. 95 cents positive.
- stationary element.

- 3. 4 Experlmental Techniques Evaluatlon

‘However, the B 10 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 reg1on and the

3. 3. 4 : Snbstltutmn Measurements

- A standard SM-1 element.was substituted for the mbckup elements one "
by one in-order to measure the exact difference between a mockup element. -

3.4.1 Heterogenelty Measurements

A fuel grouping technique was used for the heterogeneity measurements.

-The total reactivity change for all 38 of the stationary
The average value was 0. 446 cents per

The plastic.separators on the side plates were modified so that the fuel plates
and stainless clad in.the mockup elements could be assembled in discrete -

- bundles.

The eleven fuel plates per element which mocked-up fuel loading of

the SM-1 were first assembled into one discrete bundle along with the stainless

steel clad in the mockup in the center of the element.

They were then assembl-

ed into two discrete bundles, three discrete bundles, etc., until the maximum
of eleven bundles was reached. : :
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Figure 3. 3 shows the curve of reactivity change versus.number of

fuel bundles obtained from these measurements. Since the.curve is essential-
ly flat between 9 and 11 bundles, it seemed reasonable.to linearly extrapolate
it to 18 bundles, the actual SM-1 fuel element configuration. The heterogene-
ity worth thus obtained was 0. 75 cents for element 22 in which the measure-
ments were made. The average heterogeneity worth was 0. 60 cents/station-
ary 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 B,C
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 loadmgs were defermmed and are com-
pared w1th the chemical analysis in Table.3. 4. " :

.TABLE 3.4
MYLAR TAPE LOADINGS

g. Average L. P1tkm Chem. Avera e BMI Chem. Anal.
B0/,
/cm '

Batch Anal. mg Bi0 /cm? mg B10/cm?2
1-1 0.173 - 0.1840 0. 210
1-2 0. 148 | 0. 1468 0. 156
2-1: 0. 0605 0.0755 0. 0668
2-2

0.0585 . 0. 0646 o - 0.0636 -

Figure 3. 4 is a curve of B10 per cm? versus. react1v1taz in cents obtam— -
ed using this standard sample techmque The amount of B10 in all cores was
determined using this curve., The amount of boron determined to be in the
final SM-1 mockup usingthis' method was 13. 17 grams in the stationary elements

.and 1. 99 grams in the control elements.

3.5 .Experimental Evaluatlon‘of Boron in SM-1 Core 1
3.5.1 Procedure
The amount of- Blo in the SM-1 was determmed by taking the. amount of

B10 in the final mockup and adjusting it by use of the.reactivity coefficients
' measured
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Since .only two of the control rods were full out and the other. five
were.almost fully inserted,. the boron adjusting was-done for the 38 station-
ary elements.” The substitution measurem ents using a standard SM-1 ele- ,
ment gave an exact determination of how the reactivity of an average station-
ary-element should be changed to givée a 5 rod bank position of 3. 120 inches.
The ratio of boron per stationary element t? s)oron per control elemént was
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 final‘mock-
up control element s 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 mockup core
had too much boron. However since the mockup had 5. 32 grams of U 35 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 usmg the measured boron-10
materlal coeff1c1ent -

3.5.2 Data‘Cpmpilavtion .

A ‘Table 3. 5 is a.tabulation of the different factors in the boron determina- -
. tion for the SM-1. The probable errors indicated for the various quant1t1es
were calculated using the methods outlined in Appendix C.

TABLE 3.5 | -

FACTORS IN BORON DETERMINATION
Reactivity difference by substitution measurements + 17,0 .# 3.1 cents
Reactivity difference due to uranium difference ‘ - 31.15 0. 61.cents
Reactivity difference due to heterogeneity factor - 22,7+ 8.0 cents
Net reactivity difference - 36.9 # 8.6 cents
- Compensating Amount of B10 o be added to stationary | i
‘ elements 0. 61 # 0. 14 grams
Amount of B in .mockﬁp stationary elements . 13. 17 t 0. 2§ grams

Determined amount of B10 in sM-1 stationary elements 13. 78+ 0..33 grams.

_.Determined amount of B10 in SM-1 core - . 15.84 # 0. 38 grams

3.5.3 Comparison of Results with.Chemical Analysis

Using,the dftermmed value of 15. 84 grams of B10 in the SM-1 core, the
percent loss of B10 based on a specified (6) amount of 20. 29 grams is 22. 0%¢2
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1, 9% This agrees \glell with the results of chemical analyms by Martm
Nuclear and ORNL whlch showed a 22. 4% loss for fuel plates fabr1cated
by ORNL. : ,

‘The above analy51s does not.take into account any reactivity effect due
~ to having the boron on the fuel plate surface instead of in the matrix.. This
reactivity effect was not ttaken into account since no. exper1mental data ‘'was -
available. - : . : ™
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CHAPTER 4 - SM-2 MOCKUP REACTIVITY EXPERIMENTS

4.1 ..Introduction

~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 made on the pre-
liminary mockup included comparison of control rod arrays, rod bank cali-
brations, critical control rod configurations, and reflector effects. The
core material coefficients, temperature coefficients, reflector effects, effect
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 composmon of the prehmmary mockup is descr1bed in -
Appendix A, reference loading number 33.. It contained 47.5.grams of B10,
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 e

4,1.2 Final Mockup

‘The core composition for this mockup is described in Appendix A,
reference loading number 53. It contained 60. 98 grams of B10, Unless
* otherwise noted, the reactor configuration for this mockup included the 2-1/2
inch laminated reflector on all four sides with four. solid corners as describ-
ed in 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 mockups are. not listed
.separately, since the differences in the mockups are.not large. enough to. cause
an appre01ab1e neutron spectrum shift, and hence do not appreciably affect
the reactivity coefficients. Data obtained on" mockups other than the
final mockup with reflector as described in Figure 4.1, are so noted.
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FIGURE = 4.1
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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 composite of all the calibrations made during the critical ex- -
periment program, and assumes that the worth of the open 7 bank 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 68°F 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 coefficient 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-.....
water ratio, it is likely that this shift was due to a hardening of the.neutron
spectrum. - B ’

4. 2.2 Integral Worth

The integral of the calibration curve is shown in Figure 4. 4. The total
worth (AKE) of the bank fully withdrawn is $33. 18 /£ 0. 43. Since the probable
error of the integral is a function of the bank calibration and rod position,
the reported error should be considered an end point value .only.

4.2.3 Data. Evaluat1on

In. Chapter 2, Figure 2.8, a curve of AKE versus mass of B10 in the
active core for the SM-2 conﬁguratlon cases was presented. The AKg
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, as drawn,
Figure 4. 5 was prepared with the excess, reactivities determmed by integra-
tion of the composite 7 rod bank worth curve.

The differences observed by a pomt 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 m drawing the com-
posite. curve are reasonable ~
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On this basis, the SM'-2 final mockup AKg was determined from
F1gure44tobe$15 20 éO 30. - .

, The error 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 Temperétﬁre Coefficients

It was not feasible to directly measure the temperature coefficients
of the SM-2 over the temperature range desired (room temp. to 5109F).. -
Therefore,..two separate experimental methods were used, the results of.
which, together, describe the temperature coefficient of the SM-2 over-the.
required range. For a temperature range from 68 to 155° F, the tempera-
ture coefficient, at normal atmospheric pressure, was d1rect1y determined
by heating the water in. the reactor tank. In order to determine the tempera-
ture coefficient above 155° F, aluminum strips were used to displace the
.water and thus simulate moderator temperatures up to 510°F. The measure-
ments were made for the SM-2 (reference loadmg 53, Appendix A) w1th stam-
less steel reflector as described in Figure 4. 1.

4.3.1 Experlmental Technique

The water in the. reactor tank was heated by two 15 KVA immersion
heaters. -An agitator was employed to stir the water and insure a uniform -
temperature throughout the core. The water temperature was measured by
. four iron-constantan. thermocouples located ‘in:the: core’ .The:thermo-
couples ‘were connected: directly:to a.Brown recorder... The print ~--out
on .the Brown. recorder. could be. read within 0.19E;. thever the abso-
Tute temperature determination was only w1th1na}-. 2 0.9F. ‘

The reactor was heated continuously, and the temperature plotted as 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
" T rod bank position recorded to + 0. 001 inches. The increasing. temperature
decreased the reactivity, returning the reactor to cr1t1cal1ty The exact time
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 510°F. In the first three
measurements aluminum strips were inserted in the stationary elements only,
but in subsequent measurements the aluminum strlps were added to both the
stationary and control rod fuel elements. .




The equivalent water temperatures were determined for both no,rmal',
.atmospheric pressure and 2000 psi. The density of water at 70" F at normal
atmospheric pressure is the same as the denslty of water at 103 50F and
2000 psi.: : . S

A measurememt was made w1th alummum str1ps in the center of the -
absorber sections equivalent to 510. 2°F to determme the effect of reduced -
_water density in that reglon .

The effect of decreasmg the hydrogen density in the water gaps of the
stainless steel reflector was measured by inserting styrene plastic sheets in
the water gaps. The equivalent water temperature in the refléctor for th1s
measurement was 4779F, wnth the elements and absorber sectlons at 510 F

4 3.2 Expemmental Data

: Table 4, 1 prescnts the results of the heatmg measurements

L TABLE 4.1
HEATING MEASUREMENT
Run 1 : e
Temp. °F - 7.Rod Bank Posmon ) IntegratedAKE from 69o
: S In, - Cents Negative

69.0 6. 978 . T |

91.9 ~ 6.996 | ' R 4.89

96.5 - f7.002 .. 6.5.

99.9 . - 7.009 . ... 8.4
103.1 7.015 . . 10.0.

107. 2 - 7.021 11.6
"111.5. - 7.030 . 140
114.2 7.037 . .. .. 16,0 .
117.6 7.045° - . . . .18.2
120.8 7.056 . . . ... .21.1 -
123.8 - 7.063 s 23.0

126. 4 7.072 e 25.5.
128. 3 7 6

.080 i 2
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‘TABLE 4.1 (Cont'd)

' Ren 2
Temp. °F 7 Rod Bank Pos1t1on Integrated AKp from 69°F,
In. , ' Cents Negative ~—~
129.6 Cno081  29.5
133.2 7,101 ; © . 33.0°
135. 5 7.113 : . 36.2
137.9 7.124 . 39,3
141. 2 © 7.140 . ' 4 43.5
144. 3 7.152 461
" Run3
137.8 12000 37. 5
140. 7 7.130 ' ' 40, 2-
143. 9 7.141 - 43.2
 147.6 7.152 . 46.0
©151.5 7.169 - - 50.6
154.5 7.181 , - : 54.0
155.7 7 5

.184 = o 54

Table 4. 2 presents the results of the alummum measurements. Un- _
less otherwise noted the measurements were made with alummum m the
stationary and control rod f.uel elements :

TABLE 4. 2 : :

ALUMINUM MEASUREMENTS
Equivalent Temp. °F. 7 Rod Bank Position, _Integrated AKE, Cents
at 2000 psi In. - ' ~ Negative
103. 5* 6. 978 ‘ 0
128. 0** 7.041 . 17.0
147. 4%% 7111 | . 35.6
165.0%% . . o 7.178 532
165.0 7.210 . : . 61.8
180.3. .. 7,277 . 9.3
209.3 . 7. 451 | C 12400
202.5 . .- 8,068 0 2n4.
301.0 © 8.149 ‘ 239. 9

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

*;* Aluminum strips in stationary elements o_nly., . Equivalent temperature for
- stationary elements. '
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TABLE 4.2 (Cont'd)

Equivalent Temp. Q’F 7 Rod Bank Position, Integrated AKE" Cents

at'2000 psi ~ . In. ' "Negative =~
- 372.9 o 8. 895 460.9

'435. 5 L 9.722 : 631.7

510.2 S 11.291 S 927.9

510, 2%** . ' 11.172 ‘ 906. 5

510, 2%*** ‘ 11. 079 4 1 889.7

SRRk Aluminum® strips in absorber sections also. Equlvalent temperature
in center of absorber sectlons is same as for elements

'**;%“-* Aluminum strips in elements and absorbers. Hydrogen density in re-
" flector decreased 18. 75% by use .ofostyrene plastic.. Equivalent reflector
temperature at 2000 psi equals 477°F -

Table. 4 3 g1ves the. 7 rod bank worth determined by period measurements
. with alummum in the core.

TABLE 4. 3 A
SEVEN ROD BANK CALIBRATION
. Equiv. Temp ,°F at Bank Worth cents/ Ave. Bank Posmon
2000 psi . » In. ‘ In,
436.0 BT 9. 748

510. 2 177.3 | | 11. 271

4,3.3 DiScnssion of Results

An inspection of Figure 4.8 shows that above a temperature of 130 F '
the negative AKE versus temperature curves obtained by heating the. reactor.
- water and inserting aluminum in the stationary and control elements are al-
most parallel. Therefore it was decided that the temperature coefficients
- .reported here should be determined by the slope of the AK.. versus tempera-
ture curve obtained using aluminum for temperatures above 130°F. This’
method of normalization does not take into account the absorption of neutrons‘ '
in the alummum ‘or the 1mperfect dlstrlbutlon of aluminum in 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 should be
expected. Table 4. 4 lists several temperature coefficients determined
using this method. The slopes were taken from Figure 4. 9.

TABLE 4. 4
TEMPERATURE COEFFICIENTS
Temp. °F. at 7 Rod Bank Position/In. Temp. Coefficients
2000 psi Cent/°F
150 7.150 -1.15
370 8. 850 -2. 50
510 11. 291 -5. 20

It should be noted that the aluminum points plotted in Figure 4. 8, 4. 9
and 4. 10 have aluminum in the stationary, or stationary and control elements
only. The aluminum points with aluminum in the absorber sections and
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°F is
16. 8 cents positive. The determined negative AKp due to increasing the
core temperature, at 2000 psi, from 103. 5°F to 510 2 F, and the reflector
temperature from 103. 50F to 477°F, measured by displacing water with
aluminum, is 889. 7 cents.

The AKy integrals were computed using the 7 rod bank cahbratmn
curve obta.med with aluminum 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 at room
temperature and pressure, in reference loading 53.

In determiring 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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employed as a standard substltutlon ‘element. Measurements were.made
_in the fourth quadrant of the core, and core symmetry was used to cal-
-culate average coeff1c1ents for the whole core.

4.4.2 Boron React1v1ty Coefflclents

To measure: the reactivity coefficient of boron, element #72 was
stripped clean of boron and substituted for elements in other core positions.
The uranium loa.dmg was held constant. These measurements. indicated
that B*" in the core was worth an average of 42. 54 cents per gram.

o TABLE 4.5
REACTIVITY COEFFICIENTS OF BORON -10
. Element Position- - B_10 Worth in Cents/grams
45 . 87.5
46 ' 58.9
' 47 ‘ o . : '25. 5
- b4 ‘ . 87.7
B ;1> S LN o - : " - 57.0
+ e ‘,‘?.665;'3— Lt . B . ) .Y »‘ ' 38° 6
67 o T 14. 6
74 ' - .28.0
75 , 25.6
0

" 4.4,3 . Uranium Reactivity Coefficients

For the uranium measurements, element #’( 2 was .loaded with .tex’ix..-re,-
* ‘gular SM-2 fuel plates and eight depleted fuel plates. ' The total uranium
loading was then 463. 9 grams in element #72 A

Boron -10 was also added in the proper. amount to maintain the. B10
loading constant during these measurements. In 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, : R '
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. ..  TABLE4.6 .
REACTIVITY COEFFICIENTS OF URANIUM 235

Element Position . = U235 Worth in. Cents/ gram
45 0,312
46 . . . 0. 220
L er L 0. 098
AU 7 S 0. 321
55 0. 295
57 0. 084
65 0. 211
66 0. 146
67 . 0. 057
74’ 0.110
5 0. 098
76 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 plac-
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 4.5 Conclusions

Inspection of the data in Tables 4. 5 and 4. 6 indicates an almost linear
relatlonshtp between the two material worths as a function of position in gl}e
core. %fgnsmtency of this data with the APAE 21(5 and ORNL.- 2128(
data for and B10 is noteworthy.

The polystyrene data ver1f1es the m1n1ma1 react1v1ty effect assumed for
the. s1de plate grooves. For:all pract1cal purposes, these grooves.can be
.cons1dered the same as water m the core.

4.5 Reflector' Measurements '

4. 5 1 Prehmmary \/Iockup Open W and Closed 7 Array

Usmg the water reflected prehmmary mockup asa reference varlous
steel reflector thicknesses were studied. With an open 7 control rod array,

106




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 lammatlon mstead
of that shown. :

Wi_th a.closed 7 control rod array the two inch reflector worth was mea-
sured using a 5 and a 7 rod bank. The: reflector 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 array are tabulated in Table 4. 7. -

TABLE 4.7
REFLECTOR EFFECTS VERSUS CONTROL ROD ARRAY:

Reflector Worth Cents ..

Control Rod Array . 1/ 8 m Steel '1/4 in, steel 2 in. steel
Open T |
7 Rod Bank : : ~50. 2 -62.1 #39, 7
. Closed 7 ' _
7 Rod Bank --- --- +50. 4

5 Rod Bank* -—- - +45. 3

* 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 ‘
are 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
.F1gure 4.12 would change s11ght1y Table 4.8 presents the data.

‘ TABLE 4 8 P
EFFECT OF VARYING REFLECTOR THICKNESS FOR THE
o OPEN 7 CONTROL ROD ARRAY '

Laminated Reflector Thickness - AKEg - Cents

Inches of Steel 4 S1des 4 Corners .2 Sides, 2 Corners
0.5 _53.5 . 26,2
1.5 +11.6 : + 6.3
2.5 +48.5 . +25.9
5.0 .t ' +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 +85. 0

_cents in the SM-2 final cold clean mockup. The nature of the curves presented
is suchthat this treatment should be viewed with reasonable confidence.

4.6 Control Rod Array Evaluation

. The control rod array evaluatlon measurements were made on the pre-
.liminary mockup. - For comparison, the critical positions for the open 7 and
‘closed 7 bank arrays are tabulated in Table 4. 9.

TABLE 4.9
CRITICAL BANK POSITION VERSUS CONTROL ROD ARRAY

Critical Bank Position, Inches

Control Rod Array ‘ Water Reflector _2 inch SS Reflector
.Open 7 '
.T Rod Bank , 5. 738 5.598
- Closed .7 o o | , '
' 7TRodBank . _ ) 5. 681 5..500

’5RodBank*: B L 4,180 - 3.910

°* Rods F and G fully withdrawn
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An inspection of Table 4.9 shows that the open 7 rod array has a high-
er initial critical bank position. However, with the bank calibration data -
obtained for the closed 7 array it is not possible to determine which .control . -
rod array controls the greater excess reactivity. Rather, one.should compare
the integral rod bank worth of the closed 7 rod array with the integral rod bank
worth of the open seven array, by generating a calibration curve similar to
Figure 4. 2 for the closed 7 array. However, the crltlcal rod. conflguratnons
described in Section 4.7 imply that the open. 7 array is slightly more rea.ctlve

than the closed 7 array.

4.1 _Critical Control Rod Configurations

Tables 4. 10 and 4. 11 present the critical control rod configuratioxis and

rod worths for various cases of both open and closed 7 arrays.
an infinite water reflector on all sides of the core.

were fully inserted.

All cases had
Rods omitted in the'tables

TABLE 4.10 -
CRITICAL ROD CONFIGURATIONS OPEN 7 ARRAY
Rods Wlthdrawn - Critical- - - - S
_Case _ 21.56" Critical Rod .Posmon 1nches Worth Cents/m
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 AE. F 4, 271 34.2 @ 4.710 inches
6 B,E D 9. 405 . 45.4 @ 9.733 inches
7. ¥ E 12. 353 37.5 @ 12. 758 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. D 6. 733 52. 4 @ 7.

@)

*Rod D maximum withdrawal 20. 435 in.

CRITICAL ROD CONFIGURATIONS - CLOSED 7 ARRAY

TABLE 4. 11
3 F A 13. 335
4 A F 11. 316
5 A B 13. 093
6 B A 13. 495
1 F, G D

114

12. 001

49.95 @ 13. 647
36.6 @ 11. 751

29.6 @ 13. 937
38.7 @ 12. 452

051-inches

.inches
- inches
27.0 @ 13. 609

inches
inches .
inches



The: followmg pairs.of rods fully w1thdrawn were subcr1t1ca1

CandD AandE FandC FandD andDandA

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

4.8 Miscellaneous Reactivity Measurements

4,.8.1 _Effect of Rotating Elements

. Elements 12, 13, 14, 15, 16, 72, 73, 74, 75, and ,76_._were..rotated_90°
to the normal element orjgntation with the boron tape facing-the West side of
the core (ref. Appendix A). This change was worth 8. 91 cents negative.

. 4. 8. 2 : Effect of Substituting. StationaryElements for. Control Rods -

Usmg the standard SM-1 element in. pos1t10n #72, critical six rod bank
pos1t1ons were taken and calibrations made with rods A B, and C fully with-
drawn in turn. - 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 determmed »

The .substitution element differed fraom the control rods, having 157. 6
grams more U239 and 0. 34 grams more B10 Table 4. 12 shows the results.of
“"these measurements.

TABLE 4.12
EFFECT OF SUBSTITUTING STATIONARY FUEL ELEMENTS

6 Rod Bank 6 Rod Bank Worth-  Worth- - -

4 Critical Position cents/in, cents

Rod A withdrawn : 5.914" 209 @ 5. 945 " +37.6
" #72 substitution in Rod A ' ' '

position 5, 733" . 206 @5.767" .
Rod B withdrawn 6. 175" 239 @ 6. 207" 436.0
#72 substitution in Rod B : )
position 6. 022" 231 @ 6. 061" ‘
Rod C withdrawn 7 5. 720" 217.5 @ 5. 775" 4"44'3° 6
#72 substitution in Rod C :
position 5. 520" 219.0 @ 5. 560"
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Inspectlon of Table 4. 12 reveals essentially no change in the bank
.calibration due to the substitutions made. The.core is, as expected more
reactlve due to the extra fuel in the substitution element :
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'CHAPTER 5. - - SM-2-MOCKUP NEUTRON FLUX MEASUREMENTS

5.1 Introduction . ..

Bare gold, bare uranium, and cadmium covered uranium foils 0. 25 inches
in diameter were activated in the.:SM-2 cold clean mock-up.;- Gross:néutron. axial
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 mches, for the: latter
case 6. 97 inches. :

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

All gold actwatlons were taken with the foils taped to plex1g1ass strmgers
and inserted in the water gap between plates "i" 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
(plate "'i" in each element unless otherwise stated). . Figure 5.1 shows a fuel

- plate: mst_rumented in this manner. - These foils were placed.on the south side
-of the plates in accordance with the core-orientation of Figure-A-1 in Appendix
.A. The ce"n’ters of the-foils were positioned with an acc’uracy of + 0. 020 inches.

The following nomenclature is used in this chapter to accurately define
foil locations.

5 1.1 Posmon - location of foil measured from the bottom of the
-actlve core in inches. .

5.1.2 . Axial plane --plane perpendicular to the -core axis and meas‘ured
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.

- Figure. 5.2 shows the locations of various radial planes in.the west side
sof 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. P stands for
east radial plane.

All activities unless otherwise noted are normahzed to the core average
= 1. 00 _
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FIG. 5.1 - INSTRUMENTED FUEL PLATE
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5.2 Axial Traverse

5.2.1 Water Reﬂected

Tables 5. 1 through 5. 8 list all the foil measurements made for the
water reflected case. Figures 5.3 and 5.4 show only the -axial traverses
made in elements 31 33 34 41, 42, and 43 with gold foils.

5, 2. 2 Steel ,Reflected

~'Tables 5.9 through 5. 14 list all the foil measurements made for the
laminated steel reflected case.. Figures 5.5 and 5.6 show only the“axial
traverses ‘made in elements 31,33, 34, 41, 42 and 43. As indicated on
the figures, these measurements consist of normalized uranium and gold
activations. - Figure 5.7 shows the-axial distribution of cadmium covered
uranium foils in elements 41, 42, and 43.

5.3 Core Average

Because of the spectral shift at the bottom of the active core axial
traverses were made with bare 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 proper normalization remote from
Tegions of rapid spectral changes. These axial centerline traverses were
plotted and integrated over the active core. "

Fine structure measurements were obtained across the face of the
center plate of elements 41, 42, and 43 at several axial positions. These
measurements were combined to obtain an overall average-to-centerline
ratio in each fuel cell. In the water reflected core; cell average-to-center-
line ratios of 1.08, 1.17 and 1.44 were obtained for core rings B, C, and
D, respectively. In the laminated steel réflected core, cell average-to-_
centerline ratios of 1.06, 1..16 and 1. 16 were obtained for core rings B, C,
and D. respectively. These ratios were applied to the centerline measure-
ment to obtain the relative fuel cell power production which in turn were

- combined to render an overall core average which was normalized to unity.

This method approximates a coré'a.veraée' which could be obtained
if the fuel elements had beenmapped at many axial positions in a manner
similar to that illustrated in Figure 5. 8.

All data reported in this chapter has a probable error of + 10%.
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TABLE 5 1
. AXIAL FLUX TRAVERSES WITH WATER REFLECTOR BARE GOLD ACTIVITY

: Element 12 in E'le_ment 13 in 'Element 14 in
Position 5. 88W R. P - 2.94 WRP ' Central R. P,
SV CL0s - 140 152

o 145 1.03 - .94

1 546 713 © .836

3 749 1,05 . L1

5 - .82 . 111 1,23

7 o sl4 T L05 1.12

9 705 %0 .90
13 452 553 499
.. .23 293 284
21 .094 ©.108 112

| TABLE 5.2 ' -
AXIAL FLUX TRAVERSES WITH WATER REFLECTOR-BARE GOLD ACTIVITY
. . . Element '~21'1n Element 22 in - -Element 23 in
‘Position 8.82 .W,..R.f,.P_,,, .5.88 W;,ARO P. - 2,949W.R.P.
-1/2 . noz L85 2.28

0 664 . 124 1.52
1 855 .99 1.25

3 740 1.27 1.64
5 817 1.40 . 176
7 783 1.28 1.59

9 656 1.08 1.28
13 400 . 602 711
L 208 302 - 362
21 . 085 114 148

124



TABLE 5 3
AXIAL FLUX TRAVERSES WITH. WATER REFLECTOR- BARE GOLD ACTIVITIES

: Element 31 in Elemeng 33 in Element 34 in Element 41 in
Position 8.82 W.R.P. 2.94 W.R.P, - Central R.P. 8.82W.R.P.

-1/2 | 1.36 2.98  3.16 164
0 .92 - 2.13 2. 50 1.02

1 .18 | 1.49 1.70 .19

3 99 1.98 2. 14 1.00

5 1.03 2.16 2.35 1.16

7 .94 1.95 2.07 1.02

9 757 1.48 1.55 .83

13 . .409 77 .75 . .443
U 217 ~.365 .392 | .235
21 .085 138 . 143 ©.094

TABLE 5.4
AXIAL FLUX TRAVERSES WITH WATER REFLECTOR
ELEMENT 42
Bare Gold in. Bare Uranium in Bare Uramum in Bare Uranium in

Position ~ 5.88 W.R.P.  5.88W,R.P. . 5.25W,R.P.  4.73 W.R.P.
-1/2 2.47 5.70 | |

0 1.69 2.85 3.79

1 1.23 1,311 2.15

3 1.71 1.69. | 3.04

5 1.83 1.79  1.98 3.01

7 1.55 | ' |

7.15 - 1.577 1.751 2.43

9 1,20 1.170 1.320 194
13 | | " '
17

21




TABLE 5.5
~ AXIAL FLUX TRAVERSES. WITH WATER REFLECTOR
__ ELEMENT43
L S | Bare Gold in
Position 2.94W. R P
vz 3.09
0 o 2}21. o
1 161
3 2.17
5 2.29
7 2.08
.15
"9 1.56
3 .78
| o - .385
‘ 21 141 -

‘TABLE 5.6°

AXIAL FLUX TRAVERSES WITH-WATER REFLECTOR
' BARE URANIUM IN ELEMENT 43

- Activity in Act1V1ty in. - Activity in . Activity in Act1V1ty in
Position 4_09WAR__1_?° 357WRP 2.94W.R.P. 231WRP 179WRP

-1/2 E | . 5 6.96
0. . 4.14 395 4.30
1 2.164 1. 654 2.49
3 2. 678 2.117 3.17
5 3.090 2,286  2.271 2.392 . 3.33
7.15 2.65 - 2.02 _  2.02 2,16 3.32
9 1.932 1.546 1,537 = 1.537 1.734
13 1.020 o 165 761
17 516 .384 3711 - .356 373

21 - .228 189 172
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TABLE 5.7
AX[AL FLUX TRAVERSES WITH WATER REFLECTOR
* BARE URANIUM. FOILS IN CONTROL ROD C.

Activity in

- Activity in -

?osition 1,04 W.R.P. .57 W.R.P,
-2-1/2 |
-2 1.470 832
:—1—1/2
-1 2.08
Ve 2.26
0 2.23 1.486
1 2. 44 1.85
3 -, 3.31 2.32
5 3.27 2.41
- 7 15 6}’,;;24‘ 6.82
7.40 7.65

- Activity in - Activity in -
Central R.P. .87 W.R.P,

682
.812
977

2.30
- 2.40
i .6?80

10. 63
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TABLE 5.8
NEUTRON. FLUX MEASUREMENTS WITH- ‘WATER REFLECTOR -
" BARE ‘URANIUM FOILS IN 5 INCH AXIAL PLANE

. Element 45 Activity
. in LG9 ERP . O 4.39
in4.19 ERP - S 3.47
" Flement 46
in 4,63 ERP | 3.02
-in 5, 88 ERP ' 1.79

in 7,13 ERP 2.53

Element 47

in 7.57 ERP 2.28
in 8.82’ERP . 1.08
in 10.07 ERP . '2.75.
in 10.07 ERP (Plate a). . 2.53
Element 57 o
in 10.07. ERP . 2.37
-in 10.07 ERP (Platea) . 2.53
Element 67 |
~in 10. 07 ERP 2.23
in'7.57 ERP (Plate a) 2.67
'in 8.82 ERP (Plate a). 2.11
in 10.07 ERP (Plate a) 3.06
Element 76
in 7.13 ERP 2.170
in 7. 13 ERP (Plate a) 3.24
in 7 13 ERP (Plate 1). 2.35
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' TABLE 5.9 :
AXIAL FLUX TRAVERSES WITH LAMINATED STEEL REFLECTOR

. .Element:12 in 5. 88 W.R. P. Element 13 in 2.94 W.R. P, Element 14;Ain_Centra1 R. P.
" Position ‘Bare-Uganium Bare Gold - Bare Uranium . Bare Gold Bare Uranium Bare Gold

157 . 1.866 - 1,640
691 . .89 - - - .959
. 899 .92 - 1. 147 1T | 1. 257 1. 30
| 1.02 .30 1.36 .
.99 .23 1 | 1.24
.82 .03 | 1.01
13 o .55 - | .68 - Y
17 | .31 o T Y S g .34
21 136 © 150 o 136

© I N W = O
— e e e

BARE URANIUM IN ELEMENT.14 IN CENTRAL R. P.
' Position - Platea x - Plate i . : . Plate r
0 - ' : . - . ..908

o | | .733
- 940
- 1.029
15 2.74 - 1164 - .980
. )  >;~"~852 '
13 R | T | 477

© =T en w =
[SY

ger
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TABLE 5. 10 |
. AXIAL FLUX TRAVERSE WITH LAMINATED STEEL REFLECTOR *
. : - Ele-memt.gl in 8.82 W.R. P, Element 22 in 5. 88 W.R. P. Elément 23 in 2.94 W.R. P.
Position Bare Uranium .Bare .Gold Bare Um_“a_niu.nlv_.:-x,l?»a.;'e'._Gold -~ Bare Uranium .Bare Gold.
0 1. 486 2,30 | .+ 3.03
1 . 698 1. 089 . 1.33
3 917 .88 1.43 140 163 1,89
5 . 947 1.59 - 1.93
‘ 7 .94 1.49 1.78
9 .74 1.14 . 1.39
13 o Lar A 779
o 262 ~ .35 n ‘ .39
21 .108 | T . 157 - . 150
‘Element 31 in 8. 82 W.R. P, . Elerﬁent 33 in 2. 94 W.R.P. Element 34‘41111 Central R. P,
. - Position - Bare Uranium Bare Gold Bare Uranium Bare Gpld - Bare Uranium Bare C;}old
0 1.87 - 412 o -4, 36-
1 875 “ 15T BT 1.81 ,
3. 1. 106 1,13 - 2,02 2.22 2. 31 2,32
5 1.17 .2.35 2. 44
7 1.13 2. 05 2,12
9 - .84 | ) 1.58 - 1.71
13 L a 80 L .84
o .26 S a2 41
21 | | 103 o .1sa 145



Position

TABLE 5. 11

AXIAL FLUX TRAVERSES WITH LAMINATED STEEL REFLEGTOR

. ELEMENT 41

Bare Gold in  Bare Uranium Bare Uranium Bare Uranium . Uranium in
8.82W.R.P. in9.97W.R.P. in8.82 W.R.P. in7.67TW.R.P. 8.82 W.R.P. 8.82W.R.P.

Cd. Covér-—ed_ Cd.

Fraction in -

0

1

13

17

21

Gel

.15 -

1.28 S 061
- .860 R
123 1. 097 i.13
1.30 1219 128
1.19 |
1.129 ' 1.064 . 2.02
. 92 - Lem |
.54 - ..551
28
120 . 124

. 224

-.265

. 340

. 364

. 328

- ..269

.153

. 083

. 034

867
©.698
.702

716

. 692
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- LET

TABLE 5,12 - )
AXIAL FLUX TRAVERSES WITH LAMINATED STEEL REFLECTOR - ELEMENT 42

Bare = Bare Bare  Bare - Bare  Bare . Cd. Covered -
Gold - Uranitm Uranium Uranivm Uranium Uranium Uranium
in58 in%7.13 in5.88 in5.20 in4.73 in4.63 in5.88.
Position W.R.P.. W.R.P. ‘W.R.P. W.R.P. W.R.P. W.R.P. W.R.P.
0 3. 42 323 ‘,;1,,‘18_. 4,55 .337 .
1 397
3 1.96 2. 51 1.74 2.86 3.23 . .537
5 1,96 2,73 1. 86 2.94  3.63 . 566
6. 98 2.38 - 1.648 ©1.790 2.67 3.24
1 1.75
.15  1.616 . 487
g 1..30 1. 880 1.215 1.369 2.009  2.37 .. 385
13 .69 | .202
17 .34 48 313 .343 .51 625 .099
21 143 o . 037

Cd.- Fraction =
in 5. 88
W.R. P.

.. 896
693
. 698
. 697

. 683

-.-684
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TABLE 5.13

AXIAL FLUX TRAVERSES WITH LAMINATED STEEL REFLECTOR 'ELEMENT 43

Bare Uranium

. Position in 4.19W.R. P.
0 4.79
3 3. 36
5 - 3.56
6. 98 3.26
9 - 2.33
17 , .. 622
Bare Uranium
. Position in1.7T9W.R. P.
0 4. 36
1
3 "3.16. -
. 5 3.48
6. 98 3. 45
7
7.15 - 3.45
-9 © 1.60
13 :
17 .. 371
21 '
. Cd. Covered
- . Uranium in
Position 1.79W.R.P.
.0 S 449
- 7.15 0 - -, 647
17 0,113

Bare. Uranium

in4.09W.R. P.

4,31
- 2.59
2.85
2.53
2.00

. 487

Bare Uranium
in1l.69W.R. P.

4,58

. 433

. Cd. Fraction

in

1.7T9W.R. P.

. 896
. 813
697 -

Bare Uramum‘
in3.57TW.R.-P.

2.31
2.08

- Cd. Covered

Uranium in

2.94 W.R. P.

417
. 507
. 643
.05

. 606
. 451
. 262
. 136
074

: Bar're. Uranium

Bare Uranium

in2.94W.R.P. in2.31W.R.P.
4,06 '
2.17 .
2.29 2. 51
,_2 02 2.14
1.54 '
.391 ¢
~Cd. Fraction. ~ Bare Gold in
in2.94W.R.P. 2.94W.R. P,
. 897 '
..703 2.28.
. 690 2. 44
2.28
.706 1.63
' .85
. 652 .42
. 157



: 'TABLE 5 14
AXIAL FLUX TRAVERSES WITH LAMINATED STEEL REFLECTOR =,
T CONTROL ROD C

All Bare ,Uranium '

Act1v1ty in -~ . Activity in - - Activity in - Activityin "

Position 1.14 W R, P 1.04 W.R.P. .57 W.R.P, Central R P
6.98 6.45 . 6.20 - 643 I 6.61
5 4.21 3.43 2.49
3 3,97 3.16 231
0 o 3.07 2,09 o 1,392

.. 140.
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FIGURE 5.8
 FUEL ELEMENT MAPPING

10.15 inch Axial Plan with Laminated Steel Reflector
Normalized to Core Average Equals 1.0
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FIGURE 5.9

ELEMENT AVERAGES - RELATIVE TO
CORE AVERAGE EQUAL TO ONE

WATER REFLECTOR

12 13 14 5] |16
0794 | 0991 | 0998 | 0991 | 0794
21 22 (23] 24 |25 26 27]
0.743.| 0940 | 1051 | A 051 | 0940 | 0.743
131 32 33 134 I35 136| 37/,
0875 | F 1230 | 1371 | 1230 | B | 0875 |
al la2 54_3, '_ “ 44 145 | 46 laz7|
'_'6.9.33 1110 1.349 | c 1349 | LIIO '0.933
51 |52 53 | Is4 s8] |36 BEdl |
0875 | E | 1.230 1371 | 1230 | "6 | 0.875
6] 152, ‘.'53 o led] | 65<A les[ &7
0743 | o940 | 1051-| D | 1051 |.0.940 | 0.743
7 {73 74 75 [7¢] |
0.794 | 0991 | 0998 | 0991 | 0794
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FIGURE 5.10

ELEME_NT' AVERAGES -RELATIVE TO
CORE AVERAGE EQUAL TO ONE

LAMINATED STEEL REFLECTOR

14

16

12 13 .|
0737 | 0915 | 0912 | 0915 | 0737
21 22l 23 24) |25 26 27
0.661 | 1.048 | 1157 A 157 *| 1.048 | 0.66l
31 2 33 4] |35 |36 £l
0.786.| F 1.318 | 1.382 | 13I8 B 0.786
41 a2 43 a4 45 ag |47
0.827 | 1244 | 1378 c 1378 | 1244 | 0827 |
51 52 53 _5_4] RES 56 157
| o786 | E 1318 | 1.382 | 1318 G 0.786
6l 62 63 64 65 66 67
0.661 | 1.048 | 1167 | D 1157 | 1.048 | 0.66I
72 73 74 75 76]
0.737 | 0915 | 0.912 | 0915 | 0.737
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5.4 - Local Flux Distributions

5.4.1 Water Reflection ,

: Figure 5. 11 presents the bare uranium traverses across.-the center of
"elements 42, 43, 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 axial planes. The
-seven rod bank was withdrawn to.7. 14 inches.

5.4.2 Laminated Steel Reflection

- Figure 5.12 shows the bare uranium traverses across the center of
elements 42, 43, and control rod C, obtained 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.

|

5.5 Core-=Ref1ec~tor Interface: Flux Distributidn

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

- Figure 5. 14 is a mapping of the girdle neutron ﬂux‘wi}th bare:uranium
foils for 1/8 inch of steel at the:core boundary.

. Figure-5.15is a mappmg of the girdle neutron flux ‘with bare uramum
foils for 1/4 inch of steel at the core boundary.

- Figures 5.13, 5.14, and 5. 15 indicate a satisfactory decrease:in the
neutron flux peaking as a function of steel skirt thickness..

. 5.6 - Conclusions

"Several serious flux peaks are 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 loadings 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 control rod fuel penetration into this area concomitant with
.deep bank insertions. - Since-all activations reported here were taken at the
initial 680F core condition, they are undoubtedly quite pessimistic. . It is
therefore suggested that 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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Bare fission f01ls actlvated 5 inches above ‘bottom of active: ‘core.
. Normalized to:1.0 at 2. 884 inches radially in the 5 inch axial plane.

47

44 45 46
» | ‘79 114102049 1,28
1,97 1,00 1,55 135 Q.19 Ltk <=/'Plate j
= ' L1B
W I ) . I'L Plate a
{54 55 56 |57 1o
- 108 prate j
: ‘L1100
‘ G obs| Platéa
54 %5 66 |67 c
A 100 plate
D 119 0.94 .37 |
. : whe == olo|Plate-a/
74 75 6 3%l Plater
- Platej
122 '
li Plate a

. FIGURE 5.13

. Foil located at center of meat.
- Foil located at edge:of meat.

GIRDLE NEUTRON FLUX-WATER REFLECTED
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‘Bare f1ssmn foils activated 5'inches above-bottom of active: core
Normahzed toi.0 at. 2. 94 inches radially in the:5 mch axial plane

VIR a5 |46 |47
54 55 ;56 5T
64 165 clee - eT |
: - o coo o6
: , == |Platej
| : : I .
| 0.87 100 {_ -
D " | oL L | |platé-a
4 - |15 |76 — '
- - | | | 2. steel Skirt
- Foil -loeeted at Center of Meat. o

< . Foil located at Edge of Meat

:Steel skirt located 0. 060 mches from edge .of side plate (O 015 mches
from cell boundary)

FIGURE 9. 14
.GIRDLE NEUTRON FLUX -1/8 INCH SKIRT
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Normahzed t01.0

at 2. 94 inches radially ‘in the 5 inch axial plane.

A 135 46 T47
“1.00 0.48 -0.85
ETED R llh
54 55 56 57
‘ .0,73
aldcy
64 65 66 67 1
‘ - 0.65|]:
ode
p.82 075}
i
73 T5 76

-« - Foil located at Center.of Meat
== Foillocated at Edge of Meat

- FIGURE 5 15

GIRDLE NEUTRON FLUX - 1/ 4 INCH SKIRT

" Bare fission foils activated 5 inches above bottom of active core

Plate j
Plate.j

Pl?t?--'j

| P1ate a
l“'_l__Steel Skirt

. Steel skirt located 0. 060 inches from edge -of side-plate(0.015 mches
from cell boundary)
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CHAPTER 6 - SM-2 MIDLIFE MOCKUP EXPERIMENTS

6.1 Introduction

The SM-2 midlife mockup composition was based on analytical cal-
culations of the Alco Reactor Analysis Group. The 45 elements of the -
core were arranged into a series of 4 "'rings" for the calculations. The
concentrations of U233 and B10 at the. calculated midlife were determined
for both the stationary and control elements in these "'rings." The xenon,

. samarium, and f)ermanemt poison buildup was accounted for by adjusting

the amount of B10 calculated to be in each "ring'' ‘at the reactor midlife.
Figure A.5 in Appendix A shows the !'ring" arrangement.. The axial varia-
tion in the U 39 and Blo 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 at 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 element by element
loading description is given in Appendix A for the prehmma,ry and final
mockups, loading references 49 and 52, respectively. Unless otherWJ.se
noted, the measurements were made w1th an infinite water reflector.

6.2 Preliminary SM-Z'Midlife Mockup

The preliminary mockup was critical on the 7 rod bank at 4. 602 inches
withdrawn. Several period measurements were made at the critical position
to determine the 7 rod bank worth. The average 7 rod bank worth was 345
~ cents per inch at 4. 706 inches. Table 6.1 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 ¥3.5 . +40. 58

4. 664 342 +3.5 -0. 87

4.723 342 } 3.5. | ~0. 87

4,728 345 + 3.5 0. 00

4.726 : 349 +3 5 +1. 16
Average worth 345 + 2 cents per inch at 4. 706 mches '
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6.2.1 Flow Divider

The flow divider reactivity evaluation was made by inserting stainless
steel sheets between the outer rings of elements. Figure 6.1 shows the flow
divider location. Flow dividers of 18.1, 30.8, 49.0, and 67.1 mil thickness-
es were mocked-up. An additional measurement was made for a 67.1 mil flow
divider with a 2. 5 in. laminated steel refiector. Table 6. 2 presents the data
obtained.. . = : -

TABLE 6 2
FLOW DIVIDER. MEASUREMENTS
Flow Divider | R - AK

- Thickness, mils R , Cents
8.1 - - _24.8

- .30.8 , - -41.8
49.0 . . | . -63.3

67.1 : - -81.5

67.1 (With 2. 5 in, Reﬂector : - =79.8

4 sides and 4 corners)

F1gu.re 6 2 descmbes the effect on core react1v1ty of varying flow .
divider thickness. The extrapolated value for a flow divider of 0. 095 inch
thickness is -96. 6 cents ( A Kg). Since the mock-up does not allow the .
~ variation of center to center fuel element spacing, it was impractical to
measure the effect of changing this spacing to accommodate the 0.093 inch
flow divider and the proper water channels., It 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 obtamed ’ -

6.2.2 Reﬁector Measurements

The reflector measurements made .during the cold clean SM-2 final
mockup were repeated almost point by point for the SM-2 preliminary mid-
life mockup. The same reflector assembly was used (Figure 4.11), and
both.2 sided-2.cornered and 4 sided-4 cornered reflectors were measured .
as before.. Figure 6. 3 describes the reactivity effects of the laminated re-
flector for both 2 sided-2 cornered reflection and 4 sided-4 cornered re-
flection.. Table 6.3 presents the data.
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FIGURE 6.1

FLOW DIVIDER LOCATION

FLOW DIVIDER SHOWN BY DASHED LINES
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TABLE 6. 3

AKE FOR VARIOUS LAMINATED STEEL REFLECTORS

_ AKE Cents . - AKE - 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
4.0 ' 18.9
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-4 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 midlife reflector data with the clean SM-2 re-
flector.data reveals that the worth of a thick laminated stainless steel re-
flector is only about half that for the midlife mockup. - Also, the reactivity
"break-even point'"' 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 obtained by bring the reactor
critical two control rods at a time. The other five rods were fully inserted.
These measurements were made with a 67.1 mil flow divider and 2-1/2 inch
_reflector (4 sides, 4 corners). The following tabulation (Table 6. 4) presents

several critical rod conﬁguratzons relevant to the defermmatlon of suitable
Mstuck rod criteria. "
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. TABLE 6. 4

PRELIMINARY SM-2 MIDLIFE CRITICAL ROD CONFIGURATIONS

Core . A

1 8.
2 9.
3 10.
4 11.
5 5
6, 0

-7 0 .
8 0
9 0

10 0

11 io.

12 - - 11

13 11,

14 7

15 0

16 0

17. 0.

438
240

239

400

. 600

138
140
400
. 658

ROD POSITIONS - INCHES WITHDRAWN

B

© o © ©O O o

10.
10.
11.

. 469

0

O O O © O © W»

164
263

887

400

C

w)

12.
11.
10.

9,
21.
12.
11.
10.
10.
21.

6. 2. 4 Flux .Measurements

O O O © © O ©o

500
400
238
181
600

500 . .

400

885"
494 -

600

OO0 0O 0O 00 OO0 OO0 o000 OO0 O

=

oooooooooooooo"

12. 500
11. 169

21. 600

©C O O O OO O © © O

—
Do

500
11.136

10. 819

21. 600

10. 828
11. 169

7.914

OO0 O OO0 OO0 OO0 OO0 O OO O ‘Q

‘During the preliminary mockup, only a few flux measurements were

made.
43 and 45.

fission foils in element 43.
above the bottom of the active core, one at the inner edge and one at the center
of the center fuel plate.

radially in the five inch axial plane.

The act1v1t1es were normalized to 1. 00 at 2. 94 inches
The reactor cpnfigurations included a ‘

The flux measurements were made in symmetric elements numbers
Bare fission foils were used in element 45 and cadmium covered
Two foils were placed in each element five inches

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

Since element 43 and 45 are symmetric it is possible to calculate the
cadmium fraction for the positions measured. The cadmium fraction at the
center of the center fuel plate of element 45 or 43 is 0. 79 and the cadmium
fraction at the edge of the center fuel plate nearest control element C is 0. 88.
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. The worth.of these measurements is doubtful due to the inockup limit-
-ations. It was therefore decided that further detailed flux mapping of the SM-2

final midlife mockup would be essentially meaningless.

6.3 Final SM-2 Midlife Mockup

The fmal mockup was critical on the 7 rod bank at 4. 946 mches with-
.drawn. 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 divider worth measurememts were not. repeated.

6.3.1 Critical Rod Configurations

_ "Table .6. :5vpresents\additional critical rod configurations determined for -
use in the .evaluation of "stuck rod cr1ter1a "

TABLE 6. 5

SM 2 MIDLIFE FINAL MOCKUP CRITICAL ROD CONFIGURATIONS

ROD. POSITIONS - INCHES WITHDRAWN

~-1‘Case A B - C
1 '2.734  2.732 21.6
2 0 0 10. 669
'3 0 0 12. 190
4 0 0 0
5 0 12. 037 0
.6 .0 16. 885 0
7 -0 0 0
8 4.692 - 0 0

D _E F
2.734 0 2. 737
10.669 0 0
0 0 0
11.344 0 0
0.006 0 0
0.006 0 16. 888
14,726 - 0 14,7217
14.691 0 0

G

2,735
0. 005
12.193
11..342

12.037

Table 6. 6 presents the worth in cents per inch of the rods on which

criticality was attained.
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. . 'TABLE6.6
CALIBRATION OF CONTROL RODS

Average Position - Worth_.of Rod Bank

Case Rod Bank Calibrated in Inches = - 3 .Cem_t-s/:hnch-~

A;B,D,E,F,G, C T , 171
. ¢Gp 100158 0 116
S C,G . 12,2970 .- - o9r
D,G | . 11423 o107
B,G | 12. 145, S 113
B,F | . 17.200 . 34.5
"D, F . 14.808 . 53.5
A,D - 14. 847 53,1

=T O R W N

By using 's'ymme;t_ry.comd,ition_s,, ii,nioi‘mai_tion for rod E can-also be obtain-
- ed from Tables 6. 5 and 6. 6. ' ‘
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: A_. P i Fuel-iElement Data,_ ,

A 1. 1 Fuel Plate Data

o Plate Thickness (m )
_Plate. Length (in.) -
~ Meat Width (in.)
Meat Thickness (in.)
* Meat I_i'eng'th (in.)
- Mass UOy (gm) -
-+ Mass U235 (gm)
; Enr.ichriienﬁ:f('%) :

‘Plate Width (m )

; .' Mass Matrix Steel (gm)

A 1. 2 Bas1c Side: Plate Data

..Ref. Loa,dmg ‘No.
: !

1-32, 34-48

__ ‘Dimensions actual

33

specified-mass

equivalent thickness

49-53

-Side plates with

channels. Plate

‘width of SM-2 speci-
fied mass equlvalent

thickness

Plate width of SM-2

.- Steel Clad Thickness (in.) .

:-Dimension

* .Stationary

© 2,77+ . 005

0.0408 + . 0001
22-15/16 + 1/32

'2,51-+ .04
£ 0.031.+.001
- 21.6+.2

56. 64 + .01
46.30
93.33 + .02
157. 35
0.005 + .001

Stationa,ry

‘Width (in.) -
_Thickness (in) 0.0245 .
- " Length (in.) -

Mass (gm):-

iWidth. (in.)
‘Thickness (in) 0.0244
27-1/4+1/16

Length (in.’)

~Mass (gm)

Width (in:) -
_"Thickness (in) 0. 0327
" Length (in.)-
‘Mass (gm)

2.848

27-1/44 1/16
239.8 1.6

2.863

239,84 .6

2.863

27-1/4+1/32 -

- 328.0+.5

-= Control Rod

2.554 3 . 005
0.0401+ . 0001
22-15/16 + 1/32
2,32+ ,04

0,030+ . 001

22:0 % .2
51.72-+ . 001
42,24
193.12.+ .01

©'141.53.+ .09

0.005 + . 001

s Control Rod

2,621

' 0.0239

24-13/16+ 1/16
199.94 +.03

2. 619

0.0239 |
24-13/16+1/16
199.94 + 03

2.619

0.0306
24-15/16+ 1/32
256.3:+ .2




“A.1.3

Polystyrene Grooves Data

“Volume:(cm

3)

- Mass (gm) -

" Density (gm/cm3)
. Ridge:Width (in.})
‘. Groove:Width (in. )

‘Ridge Height (in.)

- Web thickness.(in.)

A.1.4

‘Number: of Ridges

.Addntnonal Clad :Data -

. Thlckness (m )
+ Width (in.?) .

‘Length (in.) -
: Mass (gm)

.. Thickness. (in. )

- Width (in. )

Length (in.)
Mass

.. A.2 % Control Rbd Data

. A:4 '

. .;Sta;tiona;,ry :

- . Stationary

" 0.0102 +..0001
2.777 +.005
23+ 1/32
82 _9 +.1

“A. 2 1: Control Rod. Basket - Type 304 S. S.

Tmckness - O 054 in.

. Density - 7.85 +

Outside Diameter - 2. 797 in. sqli}/ireu '

]In51de Dna,meter

AL 2. 2 Control. Rod Absorber Data

= 2,689 in. square

56. 4 gm Bl0 .4 pla,tes«- 2. 620 in. square

oo Absorber{ Plate:

- ‘Plate: Length
~ Plate Width

- Plate 'rmcknesg

. Meat Length

26-1/16 in.
-2.464in,

.-0.156 in,

-.20-13/16'in.

. Meat Thickness
- Clad:Thickness

. Min. Inactive edge -
- Max. Inactive edge -
- Distance between

meat and bottom of
plate

---.0.090 in.
- 0.033 in.’

0.035:in,
~0..125 in.

1/4 in.

. ‘s Control Rod’

o Contrdl Rol‘d

. 0.0102:4+ . 0001

2.554:4.,005

23+ 1732
225,02
-0, 005f+ 0001
-2, 554 +.005
23y 1732

378+ 1

.06 g'm/cm3




A.3

- A4

A5

. Core:Array - Reference-,Figures-Ag 1 and:A.2

“.Cell Size : --2.9375 in.
;. Core.Diameter .~ 20..5625"1n,
- Active: Core Length - 21.6 + . 2'in.

Fuel Plate':Orientation .~ Reference Figures A.3 and A. 4

'Reflectoera;tav

~ A.5.1 .Side Refector Plate Data

 A.6

- 26~ 7/8 in. x.14-7/8" in. x. 1/2 in,

. A 5. 2° .Corner: Reflector Data

_Right: Isosceles Triangle, hypotenuse = 6- 15/ 16 in.
26=7/8 in. length

{-Core Loadmg Comp051t10ns

V‘A 6.1 Reference. ‘Loading Number i:

Elght fuel elements grouped around rod:C
No boron .

- Stationary Elements: - 33, 34, 35, 43, 45, 53, 54.& 55
18 Fuel Plates - 833.40 gm U235/ element
. 6667.20 gm U235

“Control Element C
- 16: Fuel Plates --675.84 gm U235

A6, 2. .'Reference“ Loading‘Numberf‘li"

: Six: fuel elements and rod C in -open seven control rod array.
' . No boron ‘ .

.Stationary Elements 23, 25, 42, 46, 63 and 65
18 Fuel Plates - 833. 40 gm Ué35/e1ement
5000 40 gm U235

: Control Element C
16 Fuel Plates - 675.84 gm U235




..Core:Lattice Designations

- ‘Open: Seven. Control Rod-Array
« Control Rods' A, B,C, D, E, F, G.

. N »
T2 I3 14 I5 I

21 22 123. 124 |25 l26 |27

3T 32 [33 (34 [35 [36 |3T

a1 a2 (43 [44 [45 [46 [aT

51 |52 |53 |54 . |55 |56 |57

- lE by G

61 |62 |63 |64 |65 |66 |67
D

72 |73 (74 |75 |76 |

, FIGURE A 1
Closed Seven Control Rod: Array

ControlRo:dsAB C,D, E, FG S

__.N
12 113 |14 |15 |16

b1 J22 [237]22 [25 |26 |27
, ' -\ A
31 [32 |33 [34 [35 [36 {37
41 142- (43 |44 [45 |46 |47
bt 52 |53 |54 [55 |56 |57
61 [62 163 (64 |65 [66 |67
1. D
72 |73 (14 15 |76

" * FIGURE A. 2 .



- Stationary Element Fuel Plate Arrangement

N

Polyst’yréne
Grooves

TE@ g ooy =g 8 00 A b

- .S
. FIGURE A.3

. s—Stainless:Stéel Sidé Plates

i .Not Drawn to Scale
18 Fuel Plate Grooves

E

@

- Control Rod-Element Fuel Plate: Arrangement

N

| .Polystyrene
-+ Grooves

. S
FIGURE A. 4

'Not Drawn to Scale
16 Fuél Plate:Grooves

| _s~Stainless Steel SidePlates

A-T
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A.6.3 Core Loading Compositions

The underscored figures are not ""significant figures'', but are only to be taken as indicative.

Reference Loaded Mass Loaded Mass . Total Mass* Loaded Mass Loaded Mass Totai Mass* Loaded Mass i Loaded Mass Total Mass*

Loading . U235_stationary U235 Control U235 in Active B1OStationary B10 Control = B10in Active Stainless Steel - Stainless Steel - Stainless Steel in
Number Comments Elements - (gm) Elements-(gm) Core-(gm) Elements-(gm) Elements-(gm) Core-(gm) Stationary Element-(gm) Control Element-(gm) Active Core-(gm)
1 Sub-critical :
2 Open7 Array 52178. 20 . 1182.172 6240 + 10 0 0 0 43780 + 320 20490 + 970 62700 + 1000
3 OpenT Array 5648. 60 1182.72 643?3.2 +8.6 0 0 0 45840 + 340 20490 + 970 63400 + 1000
4 Open T Array 6019. 00 1182.72 6691.4 + 7.5 0 0 0 47900 + 350 20490 + 970 64600 + 1000
5 Open7 Array  6389.40 ~  1182.72 6971.0 % 6.7 0 0 0 49960 % 370 - 20490+ 970 66000 + 1000
6 Open 7 Array 6713. 50 1182.72 7240.4 + 6. 3 0 0 0 51760 + 390 20490 + 970 ' 67400 + 1000
1 Open 7 Array 7037. 60 1182.72 7523.8 + 5.9 0 0 0 53560 + 410 20490 + 970 68800 + 1000
8 Open 7 Array 7037. 60 1478. 40 7596.31 e 7.0 0 0 0 53560 + 410 22130 + 970 69200 + 1000
9 Open7 Array 7408. 00 11478. 40 7930.2 % 6.7 0 0 0 55620 + 430 22130 ¥ 970 71000 ¥ 1100
10 Open 7 Array 7778. 40 1478. 40 8264.:6 + 6.5 0 0 0 57680 + 450 22130 + 970 72800 + 1100
11 Open T-Array 8148. 80 1478. 40 8599.17 + 6.2 0 0 0 59740 + 470 22130+ 970 74600 + 1100
12 Open7 Array 8472.90 1478. 40 8897.6 + 6.0 0 0 0 61540 + 490 22130 + 970 76200 + 1100
13 Open 7 Array 8797.00 1478. 40 9201.4+ 5.9 0 - 0. 0 63380 + 500 22130 + 970 77800 + 1100
14 OpenT7 Array 9167. 40 1478.40 9546.7 + 5.7 0 0 0 65400 + 520 22130+ 970 79700 - 1100
15 Open 7 Array 9537. 80 1478. 40 9895. 3 + 5.5 0 0 0 67450 + 540 ' 22130 +970 81600 + 1100 -
16 Open T Array 9908. 20 1478. 40 10243.0 + 5.4 0 0 0 69510 + 560 22130 + 970 83400 + 1100
117 Open 7 Array 10232. 30 1478. 40 10549.5 + 5.3 0 0 0 71310 + 580 22130 + 970 85200 + 1100
18 Open 7 Array 10556. 40 1774.08 10905.7 + 6.2 0 0 0 73120 + 600 23760 + 970 87100 + 1100
19 Open T Array 11667. 60 1774.08 11971.6 ¥ 5.9 0 0 0 79290 + 660 23760 + 970 92900 + 1200
20 Open7 Array 12315.80 2069.76 12629.7 + 6.7 0 0 0 82890 + 700 25390 + 980 96600 + 1200
21 Open 7 Array 13427.00 2069. 76 13674.6 + 6.4 0 0 0 89070 + 760 25390 + 980 102300 + 1200
22 Open7 Array 14075. 20 2365. 44 14317.2+ 7.2 0 0 0 92670 + 790 27020 + 980 105800 + 1200
23 Open 7 Array 15834.60 - 2365. 44 15451.7 + 6.9 0 0 0 102450 + 890 27020 + 980 114800 + 1300
24 Open 7 Array 10556. 40 1774.08 11421 + 10 ~ 13.74 + . 30 2.352 + .054 14.89 +.30 73120 + 600 23760 + 970 90700 + 1100
25 " Not Completed ' -0 T - T - T - - o - v
26 Open 7 Array 95317.80 1774.08 10538 + 11 12.42 + . 27 2.352 + .054 13.74 + .27 67450 + 540 23760 +970 86000 + 1100
27 Open 7 Array 8148.80 1478. 40 9409 + 13 10.61 + .23 1.960 + . 046 12.28 + .23 59740 + 470 ' 22130 +970 80500 + 1100
. 28 Open 7 Array 12315. 80 - 2069.76 13168 + 10 16.04 + . 34 2.744 + . 064 17.17 + . 34 82890 + 700 25390 + 980 A 100200 + 1200
29 Open 7 Array 14075. 20 2365. 44 14922 + 11 18.33 + .40 3. 13§ +. 07§ 19.45 + .40 92670 + 790 27020 + 980 109800 + 1300
30 Open7 Array 17594. 00 2956.80 18511 + 12 22.91+ .49 3.920 + .091 24.13 + .50 112220 + 990 30290 + 990 129700 ¥ 1400
31 Open7 Array 21112.80 3548. 16 22117 + 14 27.50 + . 59 4.70 ¥.11 28.83 + . 59 131800 + 1200 33600 + 1000 149700 + 1500
32 Open 7 Array 24631. 60 © 4139.52 25740 + 16 32.08 + .69 5. 4§ +. 1§ 33. 5§ + .69 151300 + 1400 . 36800 + 1000 169800 + 1700
33** Open T Array 31669. 20 4730. 88 32916 + 18 41.24 % .89 6.27 +. 14 42.90 +. 89 190400 + 1800 401003 1000 209600 + 2000
34 Closed 7 Array  31669. 20 4730. 88 32891 + 18 41.24+ .89 6 2—1 +. 14 42.86 + .89 190400 + 1800 40100 + 1000 209500 + 2000
35 Same as No. 33 ST T - ~ - - ' - '
36 Subcritical ‘
37 Open 7 Array 21112.80 3548. 16 23871 + 29 55. 2 62.3 +1.2 131800 + 1200 ‘ 33600 + 1000 160’_7’00 + 1500

o
|+
[y
Ino
©
S oA
[
)
X
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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 U235 Control U235in Aetive B0 Stationary  B10 Control B10 in Active Stainless Steel - ! Stainless Steel -  Stainless Steel in

Number Comments Elements-(gm) Elements-(gm) Core-(gm) - Elements-(gm) Elements-(gm) Core-(gm) Stationary Element-(gm) Control Element-(gm) Active Core<gm)
38 Open 7 Array 24631. 60 4139.52 27586 + 32 64.2 + 1.4 10.98 + . 25 72.0+ 1.4 151300 + 1400 36800 + 1000 181200 + 1700
39 OpenT Array 28150. 40 4730. 88 31436 + 36 73.3+ 1.6 12.54+ .29 82.0+ 1.6 170900 + 1600 40100 + 1000 202600 + 1900
40 Open'7 Array 31669. 20 4730.88 34937+ 35 82.4+1.8 12.54+.29 - 91.2+1.8 190400 + 1800 40100 + 1000 222100 + 2000
41 Open7 Array 19353. 40 3252. 48 22292 + 31 50.4 + 1.1 8.62+ .20 = 58.2+1.1 122000 + 1100 31920 + 990 152300 + 1500
42 Open7 Array 70317. 60 1182.72 7702.4+ 7.4  3.207 + .076 0.549 + .014  3.516 + .076 53560 + 410 -20490 + 970 70200 + 1000
43 Open 7 Array 10556. 40 1774.08 11041.1+ 7.0 4.81+.11 0.823 +.021  5.04+ .11 73120 + 600 23760 + 970 88000 + 1100
44 Open 7 Array 14075. 20 2365. 44 14522.9+8.1 6.41+ .15 1.098 + .028 6.62 + .15 92670 + 790 27020 + 980 107200 + 1200
45 Open 7 Array 17594. 00 2956. 80 18033.8 + 9.5 8.02 + .19 1.372+.035 8.22+.19 112220 + 990 30290 + 990 - 126600 + 1400
46 Open 7 Array 21112.80 3548. 16 21536 + 11 9.62 + .23 1.646 + .042 9.82+ .23 131800 + 1200 33600 + 1000 146000 + 1500
47 Open 7 Array 24631. 60 4139. 52 25048 + 13 11.23 +.27 1.921 + .049 11.42+ .27 151300 + 1400 36800 + 1000 165400 + 1700
48 31669. 20 4730. 88 32114 + 14 14.43 +.34 2.195+ .056 14.64 + .34 190400 + 1800 40100 + 1000 204700 + 2000

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

** Preliminary SM-2 cold-clean mockup.

Open7 Array

A-11
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A 6.4_Reference: Loadmg Number 49 -Preliminary-SM-2 -Midlife Mockup
| Total Loadéd Masses: - 28693, 12 gm U235 16.1 gm B10

"Open Seven Control Rod Array -
[

- |Ring. D

"IRing. C

, Ring B .

_RingA.

FIGURE' A5

- Ring D: - Stat1onary Elements 12 13,14, 15, 16,.21, 27, 31, 37, 41,
L '47515761677273747576

15 Fuel Plates - 694.50 gm U235/ element
.24 Boron tapes - 0. 506 gm B10/element
0.1224 in.- additional steel plates.
. Fuel Plate Arrangement (numbered as in Flgure A. 3)
Boron tape on North s1de of fuel plate.

-a. 1 fuel plate:- 46. 30 gm U‘?‘35 1 layer boron tape (0 0211 +
.~ .0005 gm B10/tape) --0.0211 gm B10 |

b. 1 fuel plate.- 46. 30 gm U235 2 laIers boron taipe;(o,,oznﬁi,
.0005 gm Bl /tape) -0. 0422 gm B0 L

4 0.0102 in. steel plates -0. 0408 in,

d. . 1 fuel plate. 46 30 gm U235, 2 laIers boron tape (0. 0211+
.0005 gm__B /tape) -0.0422 gm Blo




“A-14

1 fuel plate - 46 30 gm U235 1layer boron tape (0 0211
+.0005 gm B10/tape) - 0. 0211 gm B10.

1 fuel plate: - 46 30 gm-U235, 2.layers boron tape’(0.0211

- #0005 gm B10/tape) - 0. 0422 gm B10

. 1.fuel plate - 46.30 gm U235, 2 layers boron tape:(0; 0211,-
%0005 gm BlO/tape) 0.0422 gm B10

1 fuel plate - 46 30 gm-. U235 l layer boron. tape: (0.0211

. :+ .0005 gm B10/tape) - 0.0211 gm BlO

4 0.0102in. steel plates - 0. 0408 in.

1 fuel plate - 46 30 gm U235, 1 layer boron tape (0.0211

" -+ .0005 gm pl0 /tape) -0.0211 gm BlO

.. . 1fuel plate - 46.30 gm U235 2 layers boron tape-(0. 0211
.+ :0005 gm Blo/tape) - 0.0422 gm BlO

1 fuel plate - 46 30 gm U235, 2 layers boron tape-(0. 0211

° St 0005 gm Bl /tape) - 0. 0422 gm B10

1 fuel plate‘- 46 30 gm U235 1 layer boron tape (0. 0211

.+ .0005 gm B10/tape) - 0.0211 gm B0

1 fuel plate - 46 30.gm U235 2 layers boron tape (0 0211

.+ .0005 gm B10/tape) - 0.0422 gm Blo
. -4 0.0102 in. steel plates - 0.0408 in.

. 1 fuel plate 46 30 gm U:?‘35 2 layers boron tape (0. 0211
.2+ 0005 gm BlO/tape) 0.0422 gm B0

1 fuel plate -46. 30 gm U235 2 layers boron tape-(0. 0211

+-.0005 gm ‘B10/tape) - 0.0422 gm B10

1 fuel plate 46 30 gm U235 1 layer boron tape (0. 0211
-+ . 0005 gm_ B 0/tape) - 0. 0211 gm Blo0

ngC Stationary Elements 22, 23, 25 26, 42, 46, 62 63, 65 66

- 14 Fuel Plates - 648.20 gm U235/element

14 Boron tapes - 0.295 gm B10/element
0. 1632 in.additional steel plates

. Fuel Plate Arrangement (numbered as in Flgure A 3) :

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



. -1 fuel plate -.46 30 gm U235 1 layer boron ﬁpe '

(0.0211 +.0005 gm Bl /tape) - 0.0211 gm B

. - 1 fuel plate--.46 30 gm U235 1 layer boron :tape

:(0.0211.+ . 0005 gm Blo/tape) - 0.0211, gm Bl

e 0. 0102 in.. steel plates - 0.0408 in.

. 1 fuel plate 46. 30 gm U235 1 layer boron tape
+(0.0211 gm B10/tape) - 0.0211 gm B10

1 fuel plate 46. 30 gm U235, 1 layer boron tape

" (0.0211 gm B10/tape) - 0.0211 gm B10

: :"1 fuel plate: 46 30 gm U235 1. layer boron tape
(0. 0211 gm B10/tape) - 0. 0211 gm B10

. +'4,0.0102 in, steel plates - 0. 0408 in.

;1 fuel plate - 46 30 gm U235 1. layer boron tape .
10.0211 gm B10/tape) - 0.0211 gm B10

1 fuél plate - 46 30 gm U235, 1 layer boron tape

(0.0211 gm Bl /tape) -0.0211 gm plo0

R & fuel plate: - 46. 30 gm U235 1 layer boron tape

(0.0211 gm B10 /tape) - 0.0211 gm B10

. "1 fuel plate - 46 30 em U235, 1 layer &oron tape

10.0211 gm B1O /tape) 0. 0211 gm B!

o 4 0. 0102 in, steel plates - 0. 0408 in.

. .. 1 fuel plate - 46 30 gm U235 1 layer boron tape

~(0.0211 gm B! /t,ape) -'0.0211 gm B10

. . 1 fuel plate - 46. 30 gm U235, 1 layer boron tape
(0.0211 gm BlO/tape) - 0. 0211 gm BlO 4

.1 fuel plate - 46 30 gm U235 1 layer boron tape

(0.0211 gm B! /tape) - 0.0211 gm B10

°I,4 0 OlOZin 3 steelplates - Oo 0408 lno

».: 1 fuel plate - 46 30 gm U235, | layer boron tape

(0.0211 g B19/tape) - 0. 0211 gm BL0

1 fuel plate - 46. 30 gm U235 1 layer boron tape'

{0. 0211 gm B10/tape) - 0. 0211 gm 1310

A-15
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Control Elements A, ‘B,.D, E, F, G .

12 Fuel Platces - 506.88 gm U235/é1ément
.12 Boron tapes -:0. 235 gmB];O/elem_en_t
0.1632 .in, additional steel plates . .

;. FuelPlate Arrangement (Numbéred'as in F’igqpezr_A~. 4)

a.

Boron tape on North side-of fuel plate

. 1 fuel-plate.-.42.24 gm y235 1 iayer boron tape

~. (0.0196 + . 0005 gm B10/tape) - 0.0196 gm Bl

4 0.0102 in. steel plates - 0.0408 in. .

1 fuel plate 42. 24 gm U235, 1 layer boron tape
(0.0196'+ . 0005 gm B10/tape) - 0.0196 gm BIO

1 fuel plate 42.24 gm U235, 1 layer boron tape
{0.0196 + .0005 gm B10/tape) - 0.0196 gm B10

- 1. fuel plate - 42,24 gm U235; 1 layer boron tape

(0.0196 +.0005 gm B10/tape) - 0.0196 gm B10
4 0.0102 in. steel plates - 0.0408 in.

1 fuel plate - 42. 24 gm U235, 1 layer boron tape

(0. 0196 + . 0005 gm B10/tape) - 0.0196 gm Bl

1 fuel plate-- 42.24 gm U235, 1 layer boron tape

(0.0196 + .0005 gm B10/tape) - 0.0196 gm B1O - .

1 fuel plate - 42.24 gm U235 1 layer,bdron tape

-(0.0196 +.0005 gm B10/tape) - 0.0196 gm B10 -

1 fuel plate - 42.24 gm U“‘?'?'5,' 1 layer boron ta e ‘-.
(0.0196 + . 0005 gm B10/tape) - 0.0196 gm B10

. '4 0.0102 in. steel plates =-0.0408 in.

1 fuel plate - 42.24 gm U235, 1 layer boron tape.

{0.0196 +.0005 gm B10/tape) - 0.0196 gm B10

. 1'fuel plate.- 42.24 gm U235, 1 layer boron ta e
(0.0196 + . 0005 gm B10/tape) - 0.0196 gm B1O ~

1.fuel plate:- 42. 24 gm U235, 1 layer boron tape
(0.0196+ . 0005 gm B10/tape) -0.0196 gm B10



0. 4 0.0102in. steel plates - 0.0408 in.

-p. 1 fuel plate 42. 24 gm U235 1 layer boron tape .
(0. 0196 +. ooos gm Bl /tape) - 0.0196 gm 1310

ngB Statxonary Elements 33 34 35 43, 45, 53, 54 55
13 Fuel plates - 601 90 gm U235/e1ement

9 Boron tapes - 0.190 gm B10/element
- 0.2040 in. additional steel plates

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

‘a. 1 fuel plate - 46,30 gm U235, .1 layer boroen tape
- (0 0211+ . 0005 gm Bl /tape) - 0 0211 gm B

b 40, 0102 in. steel plates - 0. 0408 in,
el fuel plate - 46 30 gm y235-

d. 1 fuel plate - 46. 30 gm U235 1 layer boron ta e'
~ +(0.0211 +..0005'gm Bl /tape) - 0.0211 gm B10°

e. 1 fuel plate:- 46. 30 gr{x U235 1 layer boron tape
‘ (0 0211 +.0005 gm B /tape) - 0. 0211 B10

f. '4 0 0102 in. steel plates - 0. 0408 in,
‘g.  1fuel plate - -46.30 gm U235

~h. 1 fuel plate:~ 46. 30 gm U235 1 layer: boron tape -
(0, 0211 + .0005 gm Bl /tape) - 0.0211 gm B10

i 1 fuel plate - 46.30 gm U235 1 layer boron tape
- -(0.0211- *. 0005 gm Blo/tape) - 0.0211 gm Bl

A E 4 0 0102 in. steel plates - 0. 0408 in.

- k.. " 1 fuel plate - 46. 30 gm U235 1 layer boron ta e.
© (0.0211.+°.0005 gm Bl /tape) - 0.0211 gm B1

1. 1 fuel plate - 46 30 gm U235

m. -ﬁ4 0.0102 ifi. steel plates - 0.0408 in.

n. - 1 fuel plate - 46.30 gm U235, 1 1ayer boron tapé
«(0.0211.+.0005 gm B O/tape) - 0.0211 gm_ 1310




0: 1 fuel plate'- 46. 30 gm U235,’ : l_-l-layeir boron tape
(0.021E + . 0005 gm B10/tape) --0.0211 gm BIO

p -1 _fuél plate:- 46, 30 em 235 :
q: 4 0.0102 in. steel plates - 0. 04081._in;, |

r. 1 fuel plate - 46.30 gm U235, 1 layer boron tape
#(0.0211-+..0005 gm B10/tape) - 0.0211 gm B10

. :Ring A:: Control Element C
11 Fuel Plates -.464. 64 gm U235
7 Boron tapes - 0. 137 gm B10
. 0.2040 in. additional steel plates

" Fuel Plkate.:Arranygément, (N"ﬁmbé‘re'd as in Figure-A. 4)
- Boron tape:on North side of fuel plate .

‘a. 1 fuel plate:- 42,24 gm. u2ss 1 layer boron tape
:(0.0196 +:.0005 gm B10/tape) - 0.0196 gm B10

b. 4 0.0102 in. steel plates - 0.0408 in.
c. - 1 fuel plate:- 42.24 gm U235

d. -1 fuel plate - 42.24 gm U235, 1 layer boron tape
~:(0.0196 + .0005 gm B10/tape) - 0.0196 gm Bl

" e. 4 0.0102 in. steel plates - 0.0408 in.
f. -1 fuel plate‘;- 42.24 gm y235 .

g. 1 fuel plate~ 42.24 gm .U235,‘ 1 léy‘ér boron tape
(0.0196 +.0005 gm B10/tape) - 0.0196 gm'B10

h. .4 0.0102 in steel plates - 0. 0408 in.

i. 1 fuel p_late-. - 42.24 gm y235, iAIayyef boron tape ,
(0. 0196 #..0005 gm B10/tape) - 0.0196 gm B10 .

3. 1 fuel pla@te.-= 42{.‘24 gm U235' :

k. -1 fuel plate - 42.24 gm U235_, 1. léyer boron ta e
(0.0196 + . 0005 gm B10/tape) - 0.0196 gm B0 °

1. .4 0.0102 in. steel plates - 0.0408 in.
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m. 1 fuel plate - 42,24 gm U235, 1 layer boron tape
~ . (0,0196 + .0005 gm B10/tape) ~ 0.0196 gm B10

n.. 1 fuel plate'- 42.24 gm U235
0. 4 0.0102in. steel plates - 0.0408 in.

.p. 1 fuel plate:- 42.24 gm U;235, 1 layer boron tape
- (0.0196 + . 0005 gm B10/tape) - 0,0196 gm B10

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

~ Total i.oaded Masses -.36400.08 gm U235 47.5 gm B10
Open Seven Control Rod Array

- All-Stationary Elements:

18 Fuel Plates - 833. 40.gm U235/element
. 18 Boron tapes - 1. 085 gm B10/element

: Fuel Plate*Arrangement(Numbef_ed as in Figure>~A, 3)
.~ Boron tape on North side of fuel plate

- 1 fuel plate - 46. 30 %m U235,- 1 layer boron tape
~ +(0.060:+ .001 gm B10/tape) - 0.060 gm B10

b. . 1 fuelplate - 46. 30‘1gm U235, 1 layer boron ',tape '
© (0.060°+ .001 gm B10/tape) -.0.060 gm B10

c. 1 fuel plate--.46. 30 m U235, 1 layer boron tape
(0.060-+ . 001 gm B10/tape) - 0.060-gm B0

d. 1 fuel plate-- 46. 30 gm U235, 1 layer boron.tape
-~ (0.060'+..001 gm B10/tape) - 0.060 gm B10.

. .e. 1 fuel plate:- 46,30 gm U2-35,- 1 layer boron tape
(0. 060 + . 001 gm B10/tape) - 0.060 gm B10

f.. 1 fuel plate.- 46. 30 gm U235, 1 layer boron tape
~(0.060 + . 001 gm B10/tape) - 0.060 gm B10

' g 1 fuel piate.‘—»'46; 30 gm U235, 1.layer boron tape
(0.060 +..001 gm B10/tape) - 0.060 gm B0

h. 1 fuel plate - 46.30 gm U2'35_, 1 layer boron tape
" -(0.060.+ .001 gm B1Y/tape) - 0.060 gm-B10
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k.

*(0.060'+ .001 gm B!

"1 fuel plate - 46.30 gm U235, 1 layer boron tape
-(0.060-+ . 001 gm Blo/tape) - 0.060 gm B10

1 fuel plate - 46.30 em U235, 1 layer boron tape‘

(0.060 + . 001 gm Blo/tape) - 0.060 gm B10

1 fuel plate - 46 30 m U235 1 layer boron tape

(0.060 #-.001 gm B10/tape) - 0.060 gm B10

- 1.fuel plate - 46. 30 % U235, 1 layer boron tape
“ . (0.060: +..001 gm B10/ '

tape) - 0,060 gm B10

1 fuel plate - 46. 30° %m U235 1 la,yer boron tape
:(0 060:- +.001 gm Bl

/tape) - 0.060 gm B10

. - 1 fuel plate: - 46. 30 gm m U235, 1 layer boron tape
{0.060 + . 001 gm Bl /

tape) - 0.060 gm B10

1 fuel plate - 46 30 .gm U235 1 Jayer boron tape

(0. 060-4.. 001 gm, Bl /tape) - 0.060 gm_ BlO

1 fuel plate - 46. 30 gm U235, ‘1 layer boron tape

- (0.060° 3 .001 gm B10/tape) - 0. 060 gm BlO

1 fuel plate - 46. 30 gm U235 1 layer boron tape
(0.060:+ . 001 gm. Blo/tape) -~ 0.060 gm B10

1 fuel plate:- 46. 30 %m U235 1 layer boron tape
/tape) - 0.080 gm B10

All Control Elem"’eh—tS"

- 16 Fuel Plates - . 675. 84 gm U235/e1ement
16 Boron tapes -~ 0.896 gm B10/element

Fuel Plate- Arrangement (Numbered ds in. Flgure A. 4)

~Boron tape on North side of fuel plate.

.+ 1 fuel plate:= 42. 24 gm U-?'35 1 layer boron tape .
+(0.056 + . 001 em B10/tape) - 0. 056 gm B10

1 f,uel.pla,te«« 42° 24 %m U235 1 layer boron tape
- (0.056 + .001. g'm Bl

/tape) - 0.056 gm B10

. & fuel plate - 42 24’ gm' U235, 1 layer boron tape
{0.056 +..001 gm B10/tape) - 0. 056 gm B10



p.

.-(0.056 + .001 gm B

1 fuel plate - 42. 24 gm U235, 1 layer boron tape
(0.056-+ . 001 gm B10/tape) - 0.056 gm B10 . ..

1 fuel plate - 42,24 gm U235, 1 layer boron tape .
. (0.056 + .001 gm B10/tape) - 0.056 gm B10-

.+l fuel plate-- 42.24 gm U235, 1 layer boron .tape
(0.056 + .001 gm B10/tape) - 0.056 gm B10

o 1'fuel plate - 42. 24 gm U235, 1 layer boron tape
(0.056 + . 001 gm B10/tape) - 0.056 gm B1O

1 fuel plate:- 42.24 gm U235,- 1 layer"boron tape
- +(0.056 + ..001 gm B10/tape) - 0.056 gm B10

1 fuel plate. - 42. 24 gm U235, 1.layer boron tape
10/tape) - 0.-056 gm B10

1 fuel.p.late{ 42, 24 gm U235, 1 layer boron tape

(0.056 + .001 gm B10/tape) - 0.056 gm B10

1 fuel plate - 42.24 gm U235, 1 layer boron tape

(0.056 +. 001 gm B10/tape), - 0.056 gm B1O

1 fuel plate'-.42.24 gm U235,. 1 layer boron tape.
(0.056-+ . 001 gm B10/tape) - 0.056 gm B10

. 1 fuel plate - 42. 24 gm .U235,». 1 layer boron tape

(0.056 + . 001 gm B10/tape - 0.056 gm B10

1 fuel plate:- 42.24 gm U235, 1 layer boron tape
+(0.056-+ .001 gm B10/tape - 0.056 gm B10

1 fuel plate - 42.24 gm U235, 1 layer boron tape
(0,056 +.001. gm B10/tape - 0.056 gm B0

1 fuel plate - 42.24 gm U235, 1 layer boron tape

(0.056 + .001 gm B10/tape:- 0.056 gm B10

A.6.6 Reference Loading Number 50 -»-SM-'l'. Mockup No. 1

- Closed Seven: Control Rod Array

- Loaded Mass U235,, Stationary Elements. 19353. 40 gm
Loaded Mass U235,. Control Elements 2956. 80 gm

_Total Mass U239 in Active:Core 20346 + 13 gm
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Loaded Mass B10, Stationary Elements

- 8.82 +.
Loaded Mass B10, Control Elemeénts % ! 1,372+ 035 gm
‘Total Mass B10 in Active- Core ’ -9.28-+ .21 gm
Loaded Mass Stamless Steel Stat1onary- D '
- Eléments : ~ - 165800+ 1100 gm
Loaded Mass Stamless Steel Control - :
‘Elements A - -34760 + 990 gm
Total Mass Stamless Steel in Active * T
Core . . , - 183900:+ 1500 gm
- All Stationary Elements: * ..
11 Fuel'Plates: .- 509. 30 gm U235/element
11 Boron tapes - 0.232 gm Bl /element

-~ Fuel Plate:Arrangement (Numbered as in Figure A. 3)
Boron tape on North S1de of fuel plate

- a. 1 fuel plate - 46, 30 gm U235 1 layer boron tape
0. 0211.+ 0005 gm B10 /tape) - 0. 0211 gm B10 -

‘ b, . 1. 0.0102 in." steel plate'»~0 0102 in.

~C. 1 fuel plate-— 46. 30 gm U235 "1 layer boron tape
(0.0211-+-. 0005 gm Bl /tape - 0.0211 gm B10-

d. * 1 fuel plate - 46. 30 gm U235 1 layer boron tape
(0.0211. +.0005 gm ‘Bl /tape - 0.0211°gm B10 -

e. " 2:0.0102 in steel plates -'0. 0204 in. -

f. 1 fuel plate - 46. 30 gm U235 1 layer boron tape
(00211 +, 0005 gm Bl /tape) -'0.0211 gm B10

g. 1 0 0102 in. steel plate - 0. 0102 m

h, 1 fuel plate - 46. 30:gm U235 1 layer boron' tape
(00211, + . 0005 gm BlO/tape) - 0.0211 gm. Bl

i. 1 fuel plate - 46. 30 gm U235 1 layer boron ta e
~ -(0.0211. +.0005 gm Blo/tape) --0.0211 gm’ 131

j.- "1 -0.0102 in. steel platé - 0. 0102 in.

* 0.0525 in. 'th'ick side plates by adding extra steel to basic side plates.
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q-

r.

. 1 fuel plate:-.46. 30 gm U235;—l layer boron tape .
- (0.021% 0005 gm B10/tape) = 0.0211 gm B10

1 0.0102.in. steel plate'- 0.0102 in.

. 1 fuel plate 46. 30 gm U235, 1 layer boron tape
(0. 0211+ . 0005 gm B10/tape:) - 0. 0211 gm B10

2 0.0102 in steel plates - 0.0204 in.

. '1 fuel plate'- 46. 30 gm U235, 1 layer boron tape
(0. 0211 +'. 0005 gm B10/tape) - 0.0211 gm Bl

1 fuel plate - 46. 30 gm U235, 1 layer boron. tape

-(0.0211. +..0005 gm B10/tape) - 0.0211 gm Bl
-1 0.0102 in steel plate.- 0.0102 in.

1 fuel plate - 46. 30 gm U235, 1 layer boron tape
{0.0211. + . 0005 gm B10/tape) - 0. 0211 gm B10

All Control Elements:

. 10 Fuel Plates - 422.40 gm U235/ element
10 Boron tapes - 0.196 gm B10/element

i Fuel Plate Arrangement (Numbered as in Figure A. 4)
- Borion .tape:on North side of fuel plate. '

a.

-1 fuel plate - 42.24 gm U235, 1 layer boron tape
~+(0.0196 + . 0005 gm B10/tape) - 0.0196 gm B10

1 .0.0102 in steel plate - 0.0102 in.

1 fuel plate - 42.24 gm U235, 1layer boron tape - - ’
(0.0196.+ .0005 gm B10/tape) - 0.0196 gm B10

1 fuel plate - 42.24 gm U235 1 layer boron tape

(0.0196 + .0005 gm B10/tape) - 0.0196 gm BLO

2'0.0102 in. steel plates ~ 0.0204 in.

1 fuel plate - 42.24 gm U235, 1 layer boron tape -
(0.0196 + . 0005 gm B10/tape) - 0.0196 bm B!




‘g,,
h.

0.

p.

"1 0.0102 in steel plate - 0. 0102 in.

.1 fuel plate--42. 24 gm U235 1 layer boron tape

(0.0196.+ . 0005 gm B10/tape) - 0.0196 gm B10

1 fuel plate - 42.24 gm U235, 1 layer boron tape

(0. 0196 + . 0005 gm B10/tape) - 0.0196 gm B!

10.0102 in. steel plate - 0.0102 in.

1 fuel plate:= A.42_°424. gm U235,:1,1ayer boron tape

- (0.0196 + . 0005 gm B10/tape) --0.0196 gm B10
11.0.0102 in. steel plate + 1 0.0051 in. steelglate - 0.0153 in.

. 1 fuel plate - 42.24 gm U235, 1 layer boron tape
{0.0196 + . 0005 gm B10/tape) --0.0196 gm Bl

1 fuel plate - 42.24 gm U235, 1 layer boron tape

{0.0196 + . 0005 gm B10/tape) - 0.0196 gm Bl

1.0.0102 in. steel plate - 0.0102 in.

-1 fuel plate - 42.24 gm U235, 1 layer boron tape
{0.0196 + .0005 gm B10/tape) - 0.0196 gm B10

" A.6.7.Reference Loading Number 51 - SM-alvfMockuip. No. 2

_Closed Seven Control Rod. Arréy

Loaded Mass U232, Stationary Elements - - . 19353.40 gm
Loaded Mass U.235,.:‘C,0ntrol Elements ' . 2956.80 gm -
‘Total Mass U235 in Active: Core 20494 + 14 gm
Loaded Mass B10, Stationary-Elements -~ . 13.187% .26 gm
Loaded Mass B10, Control Elements © 1.984%.042 gm
. _Total Mass B0 in Active:Core - . 13.94+ .26 gm

‘Loaded Mass Stainless Steel, Stationary. S

. ‘Elements - - : - 165800+ 1100 gm
Loaded Mass Stainless Steel,. -Control - L

- Elements 34760+ 990 gm

Total Mass Stainless Steel in Active-Core . 184900 + 1500 gm
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All Stationary Elements:*

09.30 gm U235/ element

11 Fuel Plates . = 5
- 0. 347 gm B10/element

17 Boron Tapes

" Fuel Plate Arrangement (Numbered as in Figure A 3)
Boron tape on. North side-of fuel plate '

a. -1 fuel plate. - 46 30 gm U235, 2 layers boron.tape
:(o 0204 + . 0004 gm B10/tape) - 0. 0408 gm 1310

b, l 0.0102 in. Steel plate - 0.0102 in.

c. 1 fuel plate:- 46 30 grf U235, 1 layer boron tape
+(0.0204 + . 0004 gm B 0 /tape) - 0.0204 gm Bl

d.” 1 fuel plate--.46. 30 gm U235 2 layers boron tape |
(0.0204'+ . 0004 gm Bl /tape) - 0.0408 gm BlO

é. 2 0.0102 in.. Steel Plates - 0.0204 in.

f.: 1 fuel plate:~ 46. 30 gm U235 1. layer boron ta e
- (0. 0204 + .0004 gm. Blo/tape) - 0.0204 gm Bl

g. 1 .0.0102 in. steel plate :- 0.0102 in.

h. - 1 fuel plate:- 46, 30 gm U235 2 layers boron tape
© (0.0204.+ . 0004 gm Blo/tape) 0.0408 gm B10

i. 1 fuel plate:- 46. 30 gm U235, 1 layer boron tape
- (0.0204 + .0004 gm Blo/tape) =.vo 0204 gm B10

j. 10 0102 in. steel plate - 0. 01.02 in.

k. -1 fuel plate - 46.30 gm U235 2 layers boron tape
- +(0.0204 + .0004 gm Blo/tape) - 0.0408 gm B10

1. 1 0.0102 in. steel plate- 0.,"0102 in.

-m. 1 fuel plate'- 46. 30 gm U235 1 layer boron. tf
© (0.0204-+ .0004 gm Bl /tape) 0.0204 gm

n. 2 0,0102 in. steel plates - 090204'1n.

: o., 1 fuel plate.- 46. 30 gm U235 2 layers boron tape - -
" {0.0204.+ . 0004 gm B10/fape) - 0.0408 gm B10

_ ¥ 0. 0525 in. thlck side plates by adding extra steel .to basic side: plates
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p. 1 fuel plate - 46. 30 gm U235, 1 layer boron tape
+. -(0.0204 + . 0004 gm B10/tape) - 0.0204 gm B10

q. 1 .0.0102 in. steel plate:- 0.0102 in,

.r. .1 fuel plate:- 46. 30 gm U235, 2 layers boron ta,pe<(0.;02'04'ﬂi;.
.0004 gm B10/tape) - 0.0408 gm B10 o

All Control Elements:

10. Fuel Plates - 422. 40 gri'lAUz‘Bs/ element
15 Boron tapes -~ 0.284 gm B10/element

> Fuel Plate:Arrangement (Numbered as in Figure-A. 4)
- Boron tape on North side of fuel plate. -

‘a. 1 fuel plate - 42:24 gm U.235-,. 1 layer boron tape
-,+(0.0189 + . 0004 gm B10/tape) - 0.0189 gm B10

b. 1 0.0102 - steel plate:- 0.0102.in. -

.c.. 1 fuelplate - 42.24 gm U235, 2 layers borodtape
~:(0.0189 + . 0004 gm B10/tape) - 0.0378 gm B10

d. -1 fuel plate - 42.24 gm U235 1 layer boron tape
- (0.0189'+ .0004 gm B10/tape:) - 0.0189 gm B10

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

f... 1,.fﬁe1 plate: - 42.24 gm U..235, 2 layers boron tape -
+.+(0:0189:+ . 0004 gm B10/tape) - 0.0378 gm B10

g. 10.0102 in. steel plate.~ 0.0102 in.

h. 1 fuel plate - 42.24 gm U:23,5, 1 layer =!ooron tape
~: +(0.0189 + . 0004 gm B10/tape) - 0.0189 gm B10

i. 1 fuel plate:- 42.24 gm U2'35‘, 2 layers boron tape
. +(0.0189.+ .0004 gm B10/tape) - 0.0378 gm B10

j¢ 10,0102 in. steel plate - 0:0102 in.

k. 1 fuel plate'~ 42.24 gm U239, 1.layer boron tape
(0. 0189: + . 0004 gm B10/tape) - 0.0189 gm B10

“I. "1 .0.0102 in. steel plate'+ 1. 0.0051 in. steel plate:- 0.0153 ‘in.



-m. 1 fuel plate - 42 24 gm U235 -2 layers boron tape
(0. 0189 + . 0004 gm Blo/tape) - 0.0378 gm B10.

n. 1fuel plate - 42 24 gm U235 1 layer boron tape
: -(0 0189-+ . 0004 gm Blo/tape)) 0.0189 gm Bl

o. 1.0.0102.in. steel plate-— 0.0102 in.

p. 1 fuel plate - 42.24 gm U235, 2 layers boron tape
"+ .(0.0189 +..0004 gm B10/tape) - 0.0378 gm B10

. A.6.8 Reference: Loading;Number 52 - SM-2 Midlife Mockup No.- 2*
Total Loaded Masses - 29190.24 gm U235  20.39.gm B10
Open Seven Control Rod: Array
~Ring D: Statlonary Elements 12, 14,16, 21, 27, 41, 47, 61, 67, 72, 74 76
15 Fuel Plates - 694. 50 gm U235/element
-31 Boron Tapes- 0. 632 gm B10/element
© 0.1224 in. additional steel plates

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

\ ‘a. ';1 fuel plate -.46. 30 gm U235 2 layers boron tape
: ~(o 0204 +-. 0004 gm B10/tape) - 0. 0408 gm Bl10

b 1 fuel plate - 46. 30 gm U235 2 layers boron tape
(0.0204 + . 0004 em BlO/tape) - 0.0408 gm 1310

c. 1 fuel plate - 46 30 g U235 2 layers boron tape
:(0.0204 + . 0004 gm B10 /tape) = 0.0408 gm_ 1310 -

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

Le... 1 fuel plate - 46. 30 gm U235, 2 layers boron tape
(0.0204 -+ . 0004 gm B10 /tape) - 0.0408 gm Blo

f. - 1 fuel plate - 46. 30 gm U235, 2 layers boron tape
+(0. 0204 + . 0004 gm Blo/tape) - 0.0408 gm B10

g. -1 fuel plate - 46.30 gm U235, 2 layers boron tape

(0.0204 + .0004 gm BlO/tape) - 0.0408 gm. B10
ko ng Notatlon as in Figure:A. 5.
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-1 fuel plate = 46 30 gm U235, 2 layers boron tape
(0.0204 & . 0004 gm Bl /tape) - 0.0408 gm B10

.1 fuel plate - 46 30 gm U235 2 layers boron tape
* ~+{0.0204 + . 0004’ gm B10/tape) - 0.0408 gm B10

4 0. 010'2~.in.-. steel plates - 0.0408 in.

.* -1 fuel plate: - 46, 30 gm y235, 2 layers boron tape

(0: 0204+ . 0004 gm 'B10 /tape) 0.0408 gm B10

.-“ 1 fuel plate'> 46,30 gm’ U235 2 layers boron.tape
_;.(o 0204 + . 0004 gm Blo/tape) - 0. 0408 gm. B10

. 1 fuel plate:- 46. 30 gm U235 2 layers boron tape
(0. 0204 + .0004 gm Bl /tape) = 0.0408 gm B10

. 1 fuel plate -.46. 30 gm U235, 3 layers boron tape " -
_-(o 0204 +. 0004 gm Bl /ta.pe) = 0. 0612 gm B10

. . 4 0.,0102 in. st;eel,pla.teS'== O°0408 in.

1 fuel plate:--46. 30 gm U235 2 layers beoron tape-

©+(0.0204 + . 0004 gm Blo/tapes) - 0. 0408 gm Bl

1 fuel plate - 46. 30 gm U235 2 layers boron tape
(0.0204 + . 0004 gm’ B 0/tapes) - 0, 0408 gm Bl

1 fuel plate - 46. 30 gm U235 2 layers boron tape

o (o 0204 +.. 0004 gm Blo/tapes) - 0.0408 gm B10

_ iStatlonary Elements 13,15, 31, 37,51,57,73,175

16° Fuel Plates - 740.80 gm U235/element
.32 Boron tapes - 0.653 gm B10/element
. 0.0816 in. additional steel plates

. 'Fuel Plate-Arrangement (Numbered as in. Figure A. 3):

* Boron tape-on North side of fuel plate

~ 1 fuel plate'- 46. 30 gm U235 2 layers boron tape
(0. 0204 +..0004 gm Bl 0/tape) 0. 0408 gm B10

. -1 fuel plate - '46. 30 gm U235 2 layers boron tape
*+(0.0204 + .0004 gm B! /tape) - o 0408 gm BlO



. "1 fuel plate - 46. 30 gm U235, 2 layers boron tape
(0. 0204 + . 0004 gm B10/tape) - 0.0408 gm B10

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

1 fuel plate - 46. 30 gm 0235, 2 layers boron tape
-(0.0204 +.. 0004 gm B10/tape) 0.0408 gm B10

. 1 fuel platet'»- 46.30 gm U23.5, 2 layers boron tape
:(0.0204 +.0004 gm B10/tape) 0.0408 gm B10

. 1. fuel plate:-.46. 30 gm U235, 2 layers boron tape
+(0.0204 + . 0004 gm B10/tape) 0.0408 gm B10

‘1 fuel plate.- 46, 30 gm U235, 2 layers boron tape
(0.0204-+ . 0004 gm B10/tape) 0.0408 gm B10

. 1 fuel plate - 46. 30 gm U235 2 layers boron tape

(00204 +.. 0004 gm B10/tape) 0.0408 gm B0

1.fuel plate - 46. 30 gin U235, 3 layers boren tape

{0.0204 + . 0004 gm B10/tape) - 0.0408 gm B10 .

'1 fuel plate- 46. 30 gm U239, 2 layers boron tape
(0.0204 + .0004 gm B10/tape) - 0.0408 gm B10

. "1 fuel plate - 46. 30 gm U235, 2 layers boron tape
. {(0.0204 + . 0004 g B10/tape) - 0.0408 gm BLO

1 fuel plate - 46. 30 gm U235, 2 layers boron tape’

(0.0204 + .0004 gm B10/tape’) - 0.0408 gm B!

. 1 fuel plate - 46. 30 gm U235, '2 layers boron tape
(0.0204 + .0004 gm B10/tape) - 0.0408 gm B10

. 470.0102 in. steel plates - 0.0408 in.

. 1 fuel plate:- 46.30 gm U235, 2 layers boron tape
--(0.0204 + .0004 gm B10/tape) - 0.0408 gm B10

1 fuel plate - 46; 30 gm p235 2 layers boron tape
(0.0204 + . 0004 gm B10/tape) - 0.0408 gm B10

. 1 fuel plate-- 46. 30 gm U235, 2 layers. boron tape-

_(0.0204 +..0004 gm B10/tape) 0.0408 gm B10
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Ring C: ' Stationary Elements 22, 23,25, 26, 42, 46, 62, 63, 65, 66
14 Fuel Plates'~ 684.20 gm U235/element
18 Boron tapes - 0. 367 gm B10/element
0.1632 in. additional steel plates B

- Fuel Platearrangement (Numbe;i‘ed ".,és in Figure A. 3):
‘Boron tape-on North side-of fuel plate. ;

a. 1 fuel plate -,=_-} 46. 30 gm,Ul23§; -l..layef boron tape
(0.0204 .. 0004 gm B10/tape) - 0.0204 gm B10

b, 1 fuel plate.- 46. 30 gm U'12$35, 1 layer boron tape
(0.0204 + . 0004 gm B10/tape) - 0.0204 gm B10

‘c. 1 fuel plate - 46. 30 gm U235, 1 layer boron tape
-{0.0204-+ .0004 gm B10/tape) - 0.0204 gm B1O

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

_e. 1 fuel plate - 46.30 gm U235, 2 layers boron tape
(0. 0204 + . 0004 gm B10/tape) - 0.0408 gm B10

f. -1 fuel plate'- 46. 30 gm _U‘235, 2 layers boron tape
(0.0204 +..0004 gm B10/tape) - 0.0408 gm B10

g. .. 1 fuel plate:- 46. 30 gm U235, 1.layer boron tape .
(0.0204 + . 0004 gm B10/tape) - 0.0204 gm B10

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

i, 1 fuel plate.== 46. 30 gm:U2352 lr'la.yer boron tape
(0.0204 + .0004 gm B10/tape) - 0.0204 gm Bl

J. 1 fuel pla,te~#--.46. 30 gm U235, ‘1 layer boron tape
(0. 0204 + . 0004 gm B10/tape) - 0.0204 gm Bl

k. 4 0.0102 in, steel plates - 0.0408 in.

1. 1 fuel plate - 46. 30 gm‘ U235-, 1 layer boron tape
+(0.0204 + . 0004 gm B10/tape) - 0.0204 gm Bl

nm. 14-f(1e1 plate:-.46. 30 gm U235," 2 layers bbron tape’
(0.0204 + : 0004 gm B10/tape) - 0.0408 gm B10

n. 1 fuel plate:- 46.30 zm U235, 2 layers boron tape
. (0.0204 + .0004 gm B10/tape) - 0.0408 gm B1O
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o.,,} 4°0.0102 in. steel plates.- 0.0408 in.

A p“, 1 fuel plate:~ 46. 30 gm _U235, 1 layer boron tape
. +(0.0204.+.. 0004 gm B10/tape) - 0.0204 gm Bl

q. - 1 fuel piat_e.:=-46-. 30 gm U235, 1 layer boron tape
© . (0. 0204+ ..0004 gm B10/tape) - 0.0204 gm B10

r. 1 fuel plate:- 46. 30 gm U235, 1 layer boron tape
- +(0.0204 + . 0004 gm B10/tape) ~.0.0204 gm B10

- Cortrol- Elements B, D, F
13 Fuel Plates - 549.12 gm U235/ element
-15.Boron Tapes - - 0.284 gm B10/element
- 0.1224 in additional steel plates S

. Fuel Plate: Arrangement (Numbered as in Figure'AA)
. : Boron tape-on North side of fuel plate

‘a. 1 fuel plate:- 42.24 gm U235, 1 layer boron tape
(0.0189 + . 0004 gm B10 tape) - 0.0189 gm B10O

b. - 1 fuel plate:- 42 24 gm“U235, 1 layer boron tape
(0.0189.+ . 0004 gm B10 tape) --0.0189 gm B10 .

‘c. - 1fuel plate'~ 42.24 gm VU23-5, 1 layer boron tape
(0.0189 +..0004 gm B1O tape) -.0.0189 gm B!

d.. 4 05‘01(.)2.in° steel plates --0.0408 in,

e. 1 fuel plate‘a. 42.24 gm U235', 1 layer boron tape
- +(0.0189 + .0004 gm B10/tape) - 0.0189 gm Bl

f. 1 fuel plate - 42.24 gm U235 2 layers bbfon tape
.-+(0. 0189 +..0004 gm B10/tape) - 0.0378 gm B10"

g; 1 fuel plate - 42.24 gm U235, 1 l'ayef bordn tape
-(0.0189 +-.0004 gm B10/tape) - 0.0189 gm B10_

.h.. - 1 fuel plate:- 42,24 gm U235., 1. layer boron .tape
:(0.0189:+ . 0004 gm B10/tape) - 0.0189 gm B10

i. 4 0.0102.in. steel plates - 0.0408 in.
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p.

‘1 fuel plate - 42.24 gT-_U‘235, 1 layer-boron tape
© {0.0189:+. 0004 gm B0

/tape) - 0.0189 gm Bl

.- 1 fuel plate:- 42.24 gm U235', Z.IayerS‘ boron tape
:{0. 0189 +.0004 gm B10/tape) - 0.0378 gm B10

1 fuel plate - 42.24 gm U235, 1 layer boron tape

(0.0189 + 0004 gm B10/tape) - 0.0189 gm B!

.~ 4 0.0102.in steel plates'- 0. 0408 in.

1 fuel plate - 42.24 gm U235 1 layer boron tape

(0. 0189+ . 0004 gm B10/tape) 0.0189 gm B1O

.1 fuel plate- 42; 24 gm U235 1 layer boron tape
(0.0189 +°. 0004 gm B10/tape) 0.0189 gm B10

1 fuel platé - 42.24 gm U235, 1 layer boron tape

(0. 0189 + 0004 -gm B10/tape) 0.0189 gm B10

‘Control Elements A, E, G

12 Fuel Plates - 506. 88 gm U235/element
15 Boron tapes - 0.284 gm B10/element -
0.1632 in. additional steel plates

Fuel Plate: Arrangement (Numbered as in Figure-A. 4)
- Boren tape'on North side:of fuel plate

“&e

-,

1 fuel plate:--42. 24 gm'U235, 1 layer boron tape

(0.0189 + . 0004 gm B10/tape) - 0.0187 gm B!

1 fuel plate - 42.24 gm U2~‘35, ‘1 layer boron tape

+(0.0189 +..0004 gm B10/tape) - 0.0187 gm Bl

- 1 fuel plate: - 42.24 gm y235 3 layer boron tape
(0. 0189 +..0004 gm B10/tape) - 0.0187 gm Bl

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

-1 fuel plate - 42,24 gm U2_35, 2 layers boron tape
-(0.0189 +-. 0004 gm B10/tape) - 0.0378 gm B10

l,‘fuel plate.- 42.24 gm ,U235, 1 layer boron tape.

- (0.0189.+ .0004 gm B10/tape) - 0.0189 gm B10

e
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'g. . 4.0.0102 in. steel plates - 0.0408 in.

h 1 fuel plate:- 42.24 gm U235,' "2.layefs boron tape
-(0.0189-+ . 0004 gm B!/tape) - 0.0378 gm: B10

1. ._l,fuel;p_latef# 42, 24 gm U235, 1 layer boron tape
' (0.0189 + . 0004 gm B10 tape) - 0.0189 gm B10

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

k. 1 fuel plate - 42.24 gm 'U235, 1 layer boron tape
:(0. 0189 +:. 0004 gm B10/tape) - 0.0189 gm B10.

1. . 1 fuel plate - 42.24 gm U235, 2 layers boron tape
- +(0.0189 + .0004 gm B10 tape) - 0.0378 gm B0

'm. 4 0.0102 in. steel plates - 0.0408 in.

n. 1fuelplate - 42,24 gm U235, 1 layer boron tape
©-(0.0189 % . 0004 gm B10/tape) --0.0189 gm B10

‘0. -1 fuel plate - 42.24 gm U235, 1 layer boron tape
-(0.0189 + .0004 gm B10/tape) - 0.0189 gm B!

p. 1 fuel plate:- 42.24 gm U235, 1 layer boron tape
- +(0.0189 +..0004 gm B10/tape) -:0.0189 gm Bl

"'Ring, B:: Stationary Elements;.33, 35, 53, 55 ’

| ~1‘31Fuel,‘P1ates - 601.90 gm U235/element
'13 Boron tapes - 0.265 gm B_1~0/e1ement -
0.204 in additional steel plates’ -

- Fuel Plate':Arrangeﬁ)ent.'- (Numbered as in. Figure A. 3)
. Boron tape:on North side: of fuel plate

a1 fuei plate:-.46. 30 gm 'U'2--3§,' -1 layer boron tape
"~ (0.0204:+ .0004 gm B10/tape) - 0.0204 gm B10 o

b. 1 fuel plate:- 46. 30 gm U235,'{'1’layef boron tape
-+~ +(0.0204 + .0004 gm B10/tape) - 0.0204 gm B10

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

d. 1 fuelplate - 46.30 grh .U235, 1 laj}er boron tape
(0:0204 + .0004 gm B10/tape) - 0.0204 gm B10
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1 fuel plate - 46. 30 gm U235, 1 layer boron tape

" (0.0204 +,. 0004 gm B10/tape) - 0. 0204 gm B10

4 0 0102 in. steel pla-.{:es". - d,b408 iﬁo:

lwf'u.el'plate; - 469 30 gm U235, 1 layer bordp tape

{0.'0204 + .0004 gm B10/tape) - 0.0204 gm B10

1 fuel plate:- 46. 30 gm U23‘5,' 1 iayef boron tape

(0.0204'+ . 0004 gm B10/tape) - 0.0204 gm B10

"4 0.0102 in. steel plates 0. 0408 in.

1 fuel plate:- 46. 30 gm U235, 1.layer boron tape

+(0.0204 + .0004 gm B10/tape) - 0.0204 gm B10

1 fuel plate 46. 30 gm U235; 1 layer boron tape’

(0. 0204 + . 0004 gm B10/tape) - 0. 0204 gm B10

4 0.0102 in. steel plates - 0.0408 in.

. -1 fuel plate 46. 30 gm U235,' 1 layer boron tape

(0.0204 + .0004 ¢gm B10/tape) --0: 0204 gm B10

. .1 fuel plate 46. 30 gm 0235, 1 layer boron tape’
(0.0204 + .0004'gm_B10/fapé)i< 0.0204 gm B10

1 fuel plate 46. 30 gm U235, 1 'léyer boron tape

" (0.0204 .. 0004/gm BLO/tape) - 0. 0204 gm B10

4 0.0102 in. steel plates - 0.0408 in.

.+ 1 fuel plate - 46. 30 gm U235, 1 layer boron tape
*+(0.0204 + .0004 gm B10/tape) ~ 0.0204 gm Bl

r. 1 fuel plate - 46.30 gm U235, 1 layer boron tape
© :(0.0204 #+ .0004 gm B10/tape) - 0.0204 gm B!

Stationary Elements 34, 43,*45,~54 .
| * 13.Fuel Plates - 601,90 gm U235/clement

12 Boron Tapes --0.245 gm Blo/element
0.2040 in. additional steel plates



o Fuel Plate- Arrangement (Nuni(bered.as in“F'iglir.e A.3)

~_Boron tape -on North sidé’ of fuel plate.

a.

. 0.

P-

1 fuel plate:- 46. 30 gm U235, 1 layer boron tape

(0. 0204 + .0004 gm B10/tape) -.0.0204 gm B10

1 fuel plate - 46. 30 gm U235, 1 layer boron tape

++(0.0204.+ . 0004 gm B10/tape) - 0.0204 gm B10
. 4 0.0102 in steel plates - 0.0408 in.

."': I'fuel plate - 46. 30 gxh U235, 1 layer boron tape
-~ (0.0204 + .0004 gm B10/tape) - 0.0204 gm Bl

‘lA',fliel plate:- 46. 30 gm U235, 1 layer boron tape
"+ (0. 0204 + .0004 gm B10/tape) - 0.0204 gm B10

"4 3'0,'0102‘in, steel plates ';‘0°O.408 in.

1 fuel plate'- 46.30 gm U235, 1 layer beron tape

(0. 0204 + . 0004 gm B10/tape) - 0.0204 gm BL0

1 fuel plate - 46. 30 gm U235, 1 layer boron tape
+(0. 0204+ . 0004 gm B10/tape) - 0.0204 gm Bl

. 4 0.0102 in. steel plates ~ 0.0408 in.

"1 fuel plate.- 46. 30 gm U235, 1 layer boron tape
(0. 0204-+ .0004 gm B10/tape) - 0.0204 gm Bl

1 fuel plate - 46. 30 gm U235, 1 layér boron tape

{0.0204 + .0004 gm B10/tape) - 0.0204 gm B0

-4 0.0102 in. steel plates - 0.0408 in.

1 fuel plate - 46. 30 gm U235, 1 layer boron tape

0. 0204 +.0004 gm B10/tape) 0.0204 gm B10

1 fuel plate - 46.30 gm U235, 1 layer boron tape
+(0..0204 + . 0004 gm B10/tape) - 0.0204 gm B10

1 fuel plate:- 46.30 gm U235 .

4 '0.0102 in. steel plates -~ 0.0408 in.
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-q. 1 fuel plate - 46 30 gm U235 l la,yer boron tape
- (0.0204 + . 0004 gm Blo/tape)) = 0.0204 gm Bl

r. 1 fuelplate.- 46 30 gm U235, 1 layer boron tape
- -(o 0204 + .0004 gm Blo/tape) - 0.0204 gm. B10 -

. Ring A Control Ekement C
11. Fuel Plates - 464. 64 gm 1235
9. Boron tapes - 0.170 gm B10
0.2040 in addl,g;lonal steel plates .

- Fuel Plate Arrangement (Numbered as in-Figure A. 4)
., Boron tape-on, North side, of fuel plate

a. 1 fuel plate - 42.24 gm U235_, 1 layer boron tape
~+0.0189°+ . 0004 gm B10/tape) - 0.0189 gm Bl

b. 1 fuel plate:- 42.24 gm U235, 1 layer boron. tape
(e, 0189-+ .0004 gm. Blo/tape) --0.0189 gm B10

c. 4.0.0102 in. steel plates - 0. 0408 in.

.d. 1 {fuel plate 42 24 gm U235 1. layer boron tape
7+(0.,0189 + .0004.gm Blo/tape) 0. 0189 gm Bl

e. 1fuelplate42.24 gm U235 =
f. 4 0.0102.in. steel plates - 0.0408 in.

g. -1 fuel plate - 42 24 gm U235 1 layer boron tape
(0.0189 + . 0004 gmn B0 /tape) 0.0189 gm B10

h. . 4 0 omz-m steel plates =-~0 0408 in.

-i.0 1 fuel plate - 42 24 gm U235 1 layer boron tape -
©(0.0189 + .0004 gm B 10/tape) - 0.0189 gm B10

‘ 3o 1 fuel plate - 42 24 gm U‘?'35 l layer b@ron tape
(0.0189'+ . 0004 g Blo/tape) = 0.0189 gm B10

k. 4 0.0102 in steel plates - 0.0408 in.
‘1. 1 fuel plate: - 42,24 gm U235 T~

m. 1 fuel plate 42. 24 gm U235 1 layer boron tape
{0.0189 '+ . 0004 gm Blo/ta;pe) - 0. 0189 gm B10
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A.6.9

o, 4 0.0102in. steel plates - o 0408 in.

. o. 1 fuel plate 42,24 gm U235, 1 layer boron tape

..;:(o 0189 +.0004 gm Blo/tape) - 0.0189 gm B10 -
- l fuel plate 42.24 gm U235 1 layer boron tape

- +(0.0189 + . 0004 gm B O/tape) -'0.0189 gm Blo

Reference-' Loadithumbers 53 - Final SM-2 Cold Clean Mockup

Total Loaded Masses - 36400.08 gm U235

Open Seven: Control Rod Array

60 9 gm B10

~Loaded Mass U235, Stat1onary Elements - 31669 20 gm

Loaded. Mass 0235 Control Elements - 4730. 88 gm

o Total Mass U235, in Actlve Core - 33205 +20 gm |

. Loaded“‘Mass Blo . Control Elements --7.94 gm.

' Total Mass Stamless Steel in Active:Core:- 216900+ 2000 gm

All Statlonary Elementts

: Element

12
13
14
15
16
21

Loaded Mass Blo Stamonary Elements - '53. 0 gm -

18: Fuel Plates - 833. 40 gm U235/e1ement
- One fuel plate in each space (Figure A. 3)
- Boron tape-on North side-of fuel plate

- B10Loading(gm)

1.398
. 391
. 401
. 371
. 410
. 339

b—a Pt et et Tt

- 23

25
26

.27
31

33

‘Total Mass B10 in Active: Core - 55,6 gm

'Element : B10Loading(gm)

1.374
1.332
1..368

- 1.400

1. 407
1. 381

35
37
41
42
43
45

Pk fk ek bk ped it

: Loaded Mass. Stainless Steel Stationary Elements - 195700 +.1800 gm

. Loaded Mass. Stainless Steel,. Control Elements - 40§00<+--1Q00 gm

Element B10Loading(gm)

353 .
.416

. 359

. 359
. 321
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. Element - B}0Loading{gm) Element ~B!0Loading(gm)" Element “Bl0Loading(gm) .

22
47
. 51
53
54
55
57
61

7L U 46 '1.384
417 74 1. 469
399 .75 1.431
374 . .. . 6 1. 469
. 405 S ~

. 469

1469,

. 534

345 . . 34
434 62
.389 63
.397 .. 65 .
. 354 66
. 373 67
. 385 . .12
. 414 S 13

Btk ek ek et ek
b bk ok ek ok ek k. B,

All Control Elements:

16 Fuel Plates - 675. 84 gm U235/e1emént
: - One fuel-plate in each space:(Figure A.4)
- Boron tape-on North side of fuel plate

. Element -Bl0 L'oa,din’g;' (gm)

. 134
1.134 -
1. 134
.134
.134
134
134

ammuaw >
Pk ek pd ek ek ek ek
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_Corner Reflector. - Type 304 S. S.

Analysis

. Mn
P
S
. Si
“Cr
Ni
=Cu
Mo
- Fe

wt ‘o %

0.06
1.28
0.034
0,017
-.0.52 -
.18.171
"9.43
- 0.48
-0.:27
;’:Balance

_Side Reflector Plates - Type 304 S.S.

“Analysis.. i.

. C.
‘Mn
P
S
Si

" Cr
‘Ni

. .Fe -

~Stationary Element End Box:- Type 304S. S .

wt. %

0.050
1.34
0.033
0.020
0.57
.19.00
9. 62
.Balance

- Analysis

"f.'-C; )
Mn
P
S,
-0
*Cr
Ni
"Fe

Wi, %

. 050
.70

. 031
.016

. 62

.50

.40
:Balance

1

COOO OO




 Stationary Element and Control Element 8 mil Side Plates. - Type:302 S.S.

~ 'Analys,is

s

Mn

P
S

. Si-

- Cr
Ni

- Cu.
-Mo

: Fe

‘Wt. %

0.091
1.64
0.018
0.017
0.56
17.54

.8.50

0.21
0.17

-Balance

.. Analysis

;i C
Mn

P
S
Si
‘Ni
iCr

: Fe

‘Stationary Element and Control Element 15 mil Side Plates < Type 304 §.S.

Wt.%

0.059
1.14
0.026
0.015
0. 35

9.20

18.23

.:rBal_ance'

_Stationary Element and: Control Element 25 mil Side: Plates - Type.304°S.S. - -

. r‘Analysis o

:"MD
. -
S
Ni
-Cr

wt. %

0. 060
0.98
0.014
0.005 -
0.48

',9. 25
‘ 18. 35
- :Balance




‘Stationary, Element 31 mil Side: Plates - Type 304 'S.S.

. Analysis : Wt. %
~C "~ 0.056
“Mn , 1.15

- g - 0.017
s 0.013
Si ; 0.29

- Ni 9,53

i Cr - 19.80

i“Fe ' :Balance

Control Element 31 mil S1de Plates - Type 304 S.S.

Analys1s S “Wt. %
:C’ | 0.046
‘Mn . 1.11

P - 0.017
‘S S 0.015
si 0.171

NP Y '8.172
“Cr ' : 18.72
Fe E "Balance

-Stationary- Element and.Control Element 25 mﬂ Side Plate: Channels -

Type 302 5. S.
. Analysis o WL
e  0:092
‘Mn 1.23
P : 0.026
'S S ' - 0.013
.Si , . 0.22
Ni .22
cr 17.48

" Fe :Balance




-Fuel Plate: Frame and Cover Plate:- Type 304LS.S.© - .

. Analysis . Average Wt.%
L C ,0.024
~Mn 1.23
P : ' 0.023
S A : 0.019
Si 0. 57
Ni : ‘ 10.15
< Cr 18. 67
‘Mo . 0.01
.Cu 0.03
. Fe : ' :Balance

Absorber Frame and Cover Plate - Type 304L S.S.

. Analysis . Average Wt.% @
C 1 0.022
:Mn 1.45
.. P 0.023
S ' -, 0.021
.Si 0. 60
NP 9.77
. Cr. ' ‘ 18.77
‘Fe ‘ -'Balance

_Stationary-Element and Control Element 10 mil Additional Clad -
-Type- 302 S.S. ‘ . .

. Analysis Wt.%
. C ~ 0.10
'M - 0.64
. 0.026
'S -0.011
S 0. 32
“Cr ‘ . 17.00
"Ni 8.10
-Fe . :Balance



[ L w

_Stationary.Element and Control Element 5 mil Additional Clad --
— Type 302 S.S. . '

_Analysis : Wt. %
- C ‘ - 0:045
‘Mn : 1.71
P o 0.015

S ... 0.010

Si 0.53
:Cr ‘ 17.78
- Ni "0.12
.Cu ' 0.13

"Fe -~Balance ’

. Aluminum Strips - Type 1100 H14

‘Analysis - ‘ Wt: %
Si : . 1.60
- Cu ‘ 0.20
‘Mn : ' 0.05
. Zu . 0.10
-Others . 0.15
Al | -~ Balance (99.0 min. )

Water Analysis

Total Solids : 250 ppm

PH ' 7.8 :
"Chloride -16. 6 ppm

" Iron - 1.1 ppm - o
.Chromium - - less than 0.06 ppm

. Nickel , less than 0.1 ppm

- Boron Carbide ---Chemical Analysis

. Analysis Performed by -~ '+ ~Total Boron - Wt.%
New Brunsw‘ick:Labbratory -178.92 9%
.Lucius Pitkin, Inc. ; 79.57. %

- NOTE: Standardized égainst natural ,boron'_.in the.form of reagent grade.
boric acid. '




. Boron-10in Boron - Isotope: Analysis by Mass Spectograph

. Isotope _Atom % -
" B-10. ©20.0% +0.2%
" B-11.(by difference) . 80.0%

NOTE:" Analysis was perforjmed on the New Brunswick Esample',
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-

! - C.1 Theory of Errors

.C.1.1. Introductlon 1

. There are four 'types of errors: - -

1. 'Constant or systematic errors (meter calibrations wrong; 7ero
- off; results influenced by some. secondary phenomenon whlch has
‘been. neglected etc. ) .

2; Persona,lrE'rrors (setting cross hair to one particular side of

;  center; actuating stop watch too soon; etc.). If the individual
 in consistent in these errors, they are merely a subd1v1s1on of
. the first type. :

3. Mistakes (errors in reading a scale, i.e. 6.3 for 5.7; errors in
] ' : recording data such as transposition, i.e. 165 for 156; etc.). If
- sufficient data have been taken, and the discrepancy of one.ob-
servation with the mean is large enough to be certam, the observa-
-tion can be legitimately reJected :

4; AAcc1denta1 errors. These are errors due to the combined effect of
a number of causes, each of Wmch is ]ust as hke]ly to have a (+)
- effect as a (- ) effect . . :

The f1rst and second types are (in gemeral) coneistant or systematic,
the third type is erratic, the fourth statistical. The fourth is therefore the
only type that can be treated mathematically. '

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 conform with the actual behavior of nature is that of '"least squares."
Least squares obtains its name from the fact that it makes the sum of the
squares of the "'residuals, ' rather than the sum of the residuals, have the smal-
lest:possible value. A residual is the difference of any given ob_servatmn from
the value predicted by all the observations combined (i. e., the distance of a
point from a curve; or the difference of a single observatnom from the average
of all; etc. ).

C.1.2 Probable Errors of Averages

There are two types of probable errors, namely external, Re, and in-
ternal, Ri, that apply to the average, or mean, of several similar observa-
tions. The external p. e. (probable error) depends on the difference of each




of the.similar obéervations from their mean. It is, in short, a measure of

the consistency of the quantities entering into the mean value. If, however,

each of the quantities which are averaged have known. probable errors(which
may be different for each quantity), then an internal p. e of the mean can be

.computed which depends ‘entirely on these individual probable errors (and is
therefore independent of their consistency)..

In experssing the p. e. of a mean; -common practice is to be conserva-
tive and use the larger of the internal or external p. e. The ratio of the two
probable errors Re/Ri should be approximately unity. The deviation of this
ratio to.values above unity is a gauge of the presenceof constant or systematic errors.
~ To be specific: if n is five, a ratio of two is an indication, and a ratio of three
almost certain evidence, of the presence of constant or systematm 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 its p. e. are influenced by the relative
weights, p, .of the results entering into it. Obviously if one.observation is"
considered twice as reliable as another, it should influence the result twice
as much as the other. If the observatlons are all of equal reliability, we as-
sign a weight of one to each. These observatlons are commonly referred to
as "unwe1ghted " :

The resmuall v, is 51mply the difference between an individual ob-
serva.tlon x, and the mean, X, of all the observa,nons i.e., V= X -X,

.."I}he followmg cases are .described:

1. The.exterxiali p.- €., Re, of the weighted mean X of n observations
- X1, X2, ... Xp having relative weights p;, pg, ... pp.

IR ,'Ttié Weighted mean is

Z(px)
Zp

' In Eq (1) and in all the following equations, the summatmns '
run from one to n.

Q).

The externall p. e. of the mean is .

Re + 0. 6745\/—(%% | ' o 5(2).;'.

C-4.




The result would then be expressed as

X + Rg

: The wenghts p used in these formulas may be as&gned arbitrarily

. (from experimental conditions) or they may be from known probable
errors as in:Sec. 3, Eq. 5.

‘The external p. e., Re, of the mean of n observations X1, X9, ...X
having equal we1ghts Equat1ons (1) and (2) become
| VX% | - L
Reg = ¥ 0. 6745\ ———— o : (4)
e i (n—l)-n s v . g
The internal p. e., R, of the weighted mean % of n obserirations
X1, X9y .o the probable errors of which arerq, ry, ... T
and the weigh s of which are pq, - p2, oo Ppe If the p. e. 1s known,

the weight of a quantity is usually taken as proportmnal to the re-
ciprocal of the square of its p.e., i.e.

i T

P. -—2 , 34,2, ....n - ()
] - : ) -

Here c is a puréiy érbltrary constant. It may be .taken as unity,
. but is.commonly chosen to make the arithmetical work as easy as
possnble Its value does not affect the results :

The weighted mean is (same as Eq. (1)

T L
B : - - @

. Its mternal p.e. is

iz+ ‘\/_c__.+\/ Z("‘L“) : .‘(.7)



4. The internal p. e., Rj, of the mean X of n observations Xl’ Xy,
- Xn, the p.e. of Wthh is the same, namely r.

: Equations (6) and (7) became

(8)
n 0
ceRgEE o e

It is to be emphasized that the probable errors r in both Sections 3
and 4 must be completely independent. In particular, they must
not involve any error that is common to all of them.

. C.1.3 Prohable Errors of Functions .

.. In general terms suppose
"'.f'_”:f(zl, 29, 235 «vrn- o R ¢ 1)

where z1, zz, etc. are observed quantities w1th probable errors rl, rz, .ete.

We. desnre to fmd the p.e. R of Z.
gzr 2 ., [dz ’2 2, '
r ro“+4. ... (11

The results for several common functions are summamzed in the accompamy-
ing table.

'R‘+

Function Probable..Error R ‘
Z=z) +z3423+.. Rzl"i-\/.rlz'-..&?rzz#r3 24... (12)
Z =zt : ‘ R=¢ Zn .. (13)
Z = - (19)

71 7 23 ~ R=# Z/(—J
- %_L)az -+(_2.) b2 4 H C24..(15) -

Z'—'Z]_a-ZZb Z3c

Z-a z R=4 ar o - (18)
Z = logez . R=¢ L : (17)
Z = logyq z R=4 0.4343—— (18)
Z=af (z1, z9,...) R = a times the p.e. of f (z1, 2z9,...) (19)



" C.1.4 The Straight Line Function'y =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 are plotted on
graph paper, 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 the'same problem is this: what are the ''best" values
of a and b indicated by the expernnental data and what are their respective
uncertainties. : :

The graphical attack gives no definite answer to. the p,rbblem, for no
two people will agree as to the best line, and the uncertainties can only be
guessed. The mathematical attack using least squares gives a unique answer

' -and defmlte uncertainties.

The lea.st squares formulas for a and b are respectlvely o

az(Tpy) (Ypxd - (Tpx) (Fpry), (20
1)) ' ; :
b=(p) (pxy)-(Jpx) Qpy), - - (21)
, S ‘
where.D = ( ) p) (2px2) - (} px)2, | S (22

and the weight of each observation of v is p. The value of p may vary for
different y values because of changing experimental conditions; or it may
be constant. These formulas require the .calculation: of ‘six sums (made
.over n observations) of the exper1menta1 quant1t1es xj y, and p. '

The probable errors:in a and b are respectlvely

6

réﬁz rg ﬂ%)_ ' | - (23)
I, = o —%p— B (24)

. ‘ -\/Z(Pvz) ' | . g G
where - r, = 0.6745 nz . L o . (25)

Here the residual v is the observed y minus the y calculatéd from

y=a+bx

C-1



If the p. e. inthe y of Eq (26) is desired-at any particular value of x, say
atxs= g , then th1s is found from

_r“\/Z p(x-é)zj o  ~ T (27)-

. D

C 1. 5 Proba,ble Errors of C‘ountmg Rate Determinations

The p. €. of a countmg determmatmn is

. R = 0. 6745 '\/n g

where n is the number of 'particles actually counted.

It is customary to describe the activity of a radioactive sample in
rate terminology and thus if n particles were observed in t minutes, the count-
ing rate, N, of the sample is
n

N_zT . B “(39?

The p. e. in the determination of the counting rate would be

'R =14 0. 6745 E (30)

The,fp, €. in the counting rate of an.activated f011 is a function of the _
observed counting rate (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

.equations (30) and (12), the p. e. in the counting rate of an activated foil is
R =+ 0. 67457/ s + B - (31)
ts tB - .
where Ng is the counting rate of the foil including background, Ny is the

.counting rate due to background, tg is the time during which the foil was
counted, and tg is the.time during whl.ch background was counted.

. C-8
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.2 Application of Error Analysis to Data

- Mass .of

c.2.1 Notatlon ~ Core Composition and Bank Worth with. Probable ‘

Errors
Number of .stationary fuel plates

Number. of control fuel plates

‘Mass of U239 _per statlonary fuel plate

Mass .of U235 per control fuel pllate

Loaded mass of U235, stationary elements

Loaded mass .of U235, .'con,trol elements

Average ‘,se'}ven rod bank pqsitiom
Proba.ble error in G

Control fuel plate meat length ‘
Probable error in H

y235
Probable error in J

Total mass. of U235 in active core

. Propable error in K

Number of stationary element side plates
Stationary element side plate mass

Probable error in M

Nutnber of stationary element additional steel plates

Mass per stationary element additional steel plate

in active core, control rod bank

gm
gm
em
gm
in.

in,

in.
‘gm '
gm
gm

gm

gm

£m

gm

C-9



C-10

Probable error in P ' S

- Steel mass in active cofe. per stationary fuel plate .

Probable error in a

Loaded mass of stainless éteel, étc.atidrﬁé.r&‘ elements
Probable error in Q | | |
Number of control sidé plétes

Control element side plate mahss

. Probable error in S

Number of control element additional steel plates

Mass per control element additional steel plate

Probable error in V

Steel mass per control fuel plate
Probable error inb

Number of control rods

Control rod basket steel mass

Probable error in e

Loaded mass of stainless steel, contr_ol: eleme;nté
Probable error in W | |
Active core length

Proba,b]le’ error inX

Mass of stainless steel in active core, control.rod bank

Probable érror inY

gm

- gm

gm
gm

gm

gm

gm

gm
gm
gm

gm'

gm

gm

_gm.
gm

in.

gm

gm -



[T

]1

|

Total mass of stainless steel in active core

Probable error in Z

Strips.of mylar tape per stat1onary fuel plate .
Strips of mylar tape per control fuel plate

Mass of B10 per statlonary tape

Probable error in h

Mass of B10 per control tape
,Probable error-in j
.. Loaded mae’e of Blo, " stati_ona't'y 'veleme‘,nts' /
'l;fobable error ink = |
. Lodtled mass of B10, control elements ~°
Probable error in ,Q | . |
‘Mass of 810 ip acti've.core,l control rod ,‘pank'
Probable err;,"br in m
‘Total mass of B10 in active .eorve N

.Probable error inn

Reactivity in cents

Probable error in p

. Distance moved by seven rod bank

Probable error in q

Seven rod bank worth

. Probable error inr

gm

gm
gm

gm-

gm
em

gm

gm

gm .
gm

em

gm

em
cexﬁts
cents
in,

in,
cents/in.

cents/in.
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C. 2.2 Equations.- Core Composition and Bank Worth with |
Probable Errors ' o ST

1. Mass of U239 i Agtive Core, Control Rod Bank

. _ FG FG-\/ Gq) 2 H)Z o
3 . FG FG /- [Gy his
t.le H * H V- (EL) ‘* (H

2. Total Mass of U235 in Active Core |

3. Loaded Mass of Stainless :,St;eel, Stationary Elements

Q# Q= (Aa+ LM# NP)# [ (Aap)?+ (Luy)? + (NP

=

Loaded Mass of Stainless Steel, Control Elements

W3 W, = (Bb# RS# des TV)+ \[ Bb)?# RS2+ (dey)®4 (TV))2

5. Mass of Stainless Steel in Active C‘o're,‘ Control Rod Bank_

- _ , — 12
-[(Bb.+RS)G . , (B4RS)G [~ 12 . ... 2 2, ma \2
Yy, = [——— +def—\/de)~2+ 1 (31)+ xi, [ VBb1% ®sy)? ) ]
x - ] ) SO X {G-}- % Bb+RS- - :

6. Total Mass of Stainless Steel in Active Core

2 —
Z+7Z;=(Q+Y) -ﬂﬂQl) + (Y,) 2
7. ‘Loaded Mass of B10, stationary Elements

k+k, = Afh+ Afh1

C-12



8. . Loaded Mass of B!?, “Control Elements
L+ 4 1 - Bgj +Begj,

ntg g PR

10. Total Mass of.B‘.-10

in Active Core

ntng = (k4 m) g ‘\/(k,l,)z + (i!il)z

11, .Seven ARod Bank Worth in céht,s/ inch

r¥ry s Bi-_l?. _Jh + P
- a7 g V{p i

Savy

K\
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. C.2.3 Notatiom~Relative: Neutron Flux with Probable Errors

C-14

CPM of Standard.in System I (Scintillation counter 1)
CPM of Standard in System II (S(;mtli,ll,a,tgqn‘,.counter:2)
CPM of Ba"c':k“grélixid in System I

-CPM of Background in System II :

CPM of Foil in System I
CPM of Foil in System.II

Corrected Counts of Standard in:_S.yf,ste,m I
Probable Error in A | '
Corrected Counts of Standard in System II
Probable Error in A" R

Corrected Counts of Foil in System I
Probable Error in C

Corrected Counts of Foil in System II

Probable Error in.C' | _

Ratio of Counts of Foil in.Systerh I to Standard in System II
Proba‘blle,Error in R B _
Ratio of Counts of Foil in System II to Standard in System I
Probable. Error in R"

Product of Two Rétigs’ (above)
Probable Error in M~

‘Square Root of Product of Two Ratios

Probable Error in P

Foil Counting Time

Béckgronmd Counting Time

4




1.

.. Product of the Two Ratios

Mt M, = RR!tR%&.
- R

nen - S22 V(Av SRR

.C. 2.4 .Equations-Relative Neutron Flux with Probable.Errors . y

Corrected Counts of Standard in System I

B,
B

o A S,
A+ A1 - '(SI "’B]_,)i’ 0. 6745_\/tF1 -+

Corrected Counts of Standard in System II

S B
A+ Ay = (Sy-B,)#0.6745\_2 4 2 2
tr ip

Corrected Counts of Foil in System I

| - [F, B
[C#Cy=(F.-B)) + 0.6745\/ L+ 1

trp tg
Corrected Counts of Foil in System II
- ; F B
C+C =(F -B)+o.6745'\/ 2 4 2
T =1 2 2" = ' "1
- ~F B

Ratio of Counts of Foil in System I to Standard in System II -

7 -

.C

Ratlo of Counts of Foil in System I to Standard in: System I
2
| __;)

2 R\ 2
S ,1)

R?

Squafe Root of Product of Two Ratios’

PP 2 M 4 1/2 (%1) ia
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- 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 l1fe data with probable
errors (ANL 5800, '"Reactor Physics Constants") has prompted-a re-evaluation
of reactwlty determmed by the inhour equation. This re-evaluation-is pre-
.sented here, with a ‘probable error analysis for the conversion of reactor
periods to. react1v1ty in cents. - :

It. 1s shown ‘in this analysis that previous reactivity values reported in
cents, using early delayed neutron data (Glasstone and Edlund, ""The- Elements
of Nuclear Reactor Theory, " 1952) are affected only shghtly by this re- evaluatlon. '

A‘ll_react;vlty data descrlbed in this report were-calculated by -the_- 1nhour

. equation plotted in cents as a function of reactor period for a @of 0.0064.

D.2 .Procedure |

‘The -fdl,lowir’ig 'inh'our equation Was used to calculate réactivity: -

» X ) | o

" where:
- = neutron lifetlme (about 5x 10~° sec)
T.. = peried in seconds
- Kggg = effective: multlphcatlon factor (assumed to be umty)

@ i delayed neutron fractlon of ith group -“,’ - .

(51 = l(b 2

(5 = total ‘delayed’ neutron fraction . T
aj . = relative abundance of the ith group
Aj = delay constant of the ith group

M

L

The above equatlon, although the -one customamly used is not com- -
pletely exact.  The. exact equat1on is ' :

R S i
():g_'éiff o IS- m S . (@



where
¥ 1= effectiveness of ith group del;ayed »neutrou-s COinpared with -
prompt neutron‘s.; I S
However 'it‘ is always assumed because of lack of data the Z{J i 5’ i -
and hence X _%gﬁ_, Where {4 equals the_‘effectlvetotal' delayed
eff
neutron fractlon

.+ equation(2) -

Assum mg 5 :

reduced to 'A ‘ . A o
@~~Txﬁ+éeff ilk-rk—x—— e

" Because /3 off is not usually experlmentally determmed experimental
facilities usually report react1v1ty changes in cents. Therefore in order to
get an equation of cents as a function of the reactor pernod by definition,
equation (3) is divided by G egf- The result is:

o 4 ADZ al' SR R
= . : . - i . (4 ¢
eff T Keff (3' eff TIST 1+ ?\i T | @ .

: * Equatwn (4) gives the react1v1ty in dollars as a function of the reactor
period. By definition one dollar = 100 cents. . It will be noticed that. essentlally

the same result could have been obtained by dividing .equation (1) by (5 . The

. following probable error’ analys1s will show that the value' of (‘5 or (2 eff does not

affect the reactivity value in cents corresponding to a given period unless the
perlod is very short ( <€ 2 sec) and short reactor perlods are generally avoided;

~D.3 LPro!oal']ole.-Errors:
In general terms, if -
Z=£(zy, z'z, Z.3s o - -,;)

" Then the probable error associated ,w'itﬁ‘ Z:1s

VB BT




‘where- 2y, Zy, Zg, etc. are observed quantltles with. probable ‘errors Xl, ¥ 95
etc. . Hence:it follows that the probable error of £/ @eff is

2

‘ N

A'pE (—6__ /d»q

(beff \/@eff T Keif |

aTdJ

ff da; 12
(T@)ﬁ . z (1+1?\T (1+ 2

‘Table D. 1 gives the values used in.the calculatxons . They wer'e\ ta.ken
from ANL-5800 except for the values of ,Q and ag . @ was used.instead of

@ eff-
TABLE D.1

d[ ..=-2,x10"5. ‘ . X =2 x'10-9
dp  =0.0003 | CRos 0064

" da; .=:003 | . a;.-=.033
day =.009 | | Cag =.219
dag =.022 . N . a .‘.;1.,9,16}7
dag =011 - ' . aqg =.395
da,5 = .009 - ag =.115
dag =.008 | ag =042
ddy -.=.0003 | >\1' =.0124
dd, =.0010 g =.0305
dAg =.004 4 N =111
dh, =.012 %4 =.301
g =0.15 | >\5" =1.13
dh\g =0.33 ) e - 3.00

Table D. 2 gives a breakdown of the:probable:error in the react1v1ty in
cents using a 20 second period.

‘TABLE D. 2

" Probable error breakdown for 20 second period

dab P2 g, [ X8 ) . )
BT Ky ~2#MxX1075 {1 @2k =5-38x10°11 - .D-5.
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; 2 -
__%__): 1.627 x 10-7

. . »
4 . S ) 2
' Sy

=5 L1 +A;y
iF1E 'Td?\l) £9.249 x 1075 P.E.. (—@ﬂ )2 29.5616 x.10°5

An 1nspectmn of Table D- ZShOWu that the effect of- the uncertainties in ,Q
and 8 or p eff is negligible in calculatmg the:probable error of the reactivity
in cents for a 20 second period. . For longer periods .the:probable errors in
R and (> would be even less important. The: uncertdinties in the abundances

“of the first 4 delayed neutron groups account for most of the:probable.-error.

. Figure D. 1 is a curve-of reactivity in cents versus period in seconds.

-D. 4 . DiséusSi@n of 'Results:

An inspection of Figure-D.1 shows that the previous reactivity versus
perlod curve used does not differ appreciably from the-one. calculated with the
‘new data. - Also the probable error analysis shows that even though
_probably does differ.from 0.0064 it.is not important when reporting reac£1vity
w “data in cents. ~ :
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