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ABSTRACT

The reactivity of the NRX-A6 reactor was calculated relative to
the PAX-El reactor at WANEF, which incorporated the NRX-A6 reflector rings
and control drums, In detefmihing the relative reactivities of NRX-A6 and
PAX-Fl, the core material inventories for the two reactors were determined
with the Automated Materials Data System (AMDS) computer program (Reference 1).
The non-core material inventorigs were based on the measured masses of the
individual components involved. The reactivity difference between the NRX-A6
and PAX-El fuel was determined by (a) experimentally measuring the reactivity
change which occurred Qhen NRX-Aé‘preproductionvfuel was substituted for a
quadrant of PAX-El fuel, (b) multiplying this reactivity change by a calcu-
lated faﬁtor which was approximately four, and (c) correcting the results for
quadrant interaction effects. Where applicable, core reactivity changes were
%aken to be the product of the mass difference and the appropriate reactivity
coefticient at theilocation of the element. The mass differences were deter-
mined on an element~-by~element basis. The reactivity coefficients were
determined by interpolation of radial reactivity coefficient curves. fhe
reactivity diffegenceé for non-core materials were also caiculated for the

most part by applying.reactivity coefficients to measured mass differences.
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SECTION 1.0

(CRD) INTRODUCTION

/

Analysis of the expected cerrosiop behavior of the NRX~-A6 fuel
during hot firing indicated that an orifice angle of 105° and a critical
drum poeition at the hot start-of-life of 90° would be desireble. The initial
analysis of the expected cold-to-hot operatlng reactivity change indicated
a net reactlvity loss, in going to full power conditions, of 0.13%. Therefore,
an aim ambient delayed critical drum position of 88° was chosen in order to
obtain the desired hot critical drum position of 90°,.

The reactivity of the NRX-A6 reactor was determined in a manner
which is essentially different‘from that whieh was used for previoue NRX
reactors, Like previous NRX reactors, the NRX-A6 react1v1ty estimate was
based on a preceding reactor; however, ‘for previous NRX reactors, this estimate
was essentially determined by taking the product of a mass difference between

' the two reactors and an appropriate reactivity coefficient. A similar proce-
dure was used for the NRX~A6/PAX-El reactivity comparison for unfueled elements,
core hardware, and non-core components; however, the reactivity difference
between the NRX-A6 and PAkﬁEl fuel was based primarily on the experimentally
measured reactivity cﬁange which occurred when NRX;Aé preppoduction fuel was .

substituted for a quadrant of PAX-El fuel,

The NRX-A6é reactor is considerably different neutronically from

previous NRX reactors. Consequently, the PAX reactor was modified to simulate

the NRX-A6 reactor configuration. This NRX-Aé configuration of PAX-is iden-

tified as the PAX-El reactor.
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_ ' The PAX-E1l reactor had an amblent delayed critical drum position
of 87 7° in the followlng configuration:

1., The reactor contained one tantalum carbide negative shim

~ worth 6.3¢ in reactivity.

2, The center of the PAX-El core contained 54 loeding code 89
fuel elements from the NRX-A3 production which were used to
simulate NRX-Aé loading code 18 fuel because sufflclent
quantity of this fuel was not available.

3. The remainder of the PAX-Fl core consisted of fuel from
NRX=A2 production~interspersed with unfueled nineteen-hole
graphite to simulate the NRX-A6é uranium loading disltributionl
by the replacement of fueled elements. These unfueled ele-

" ments are identified as code O4 elements. Because of the
code O elements, the PAX-El fuel was more heterogeneous in
nature than the NRX-A6 fuel,

L., The PAX-El reactor contained mockups of the NRX-A6 filler
strip and lateral support region. | |

5. The PAX-El reactor contained the acfual NRX-Aé'beryllium
reflector rings and control drums; however, the reflector
did not contain the NRX-A6 lateral support hardware other than
the Inconel springs.

This neport-is organized in the following manner:

Section 3.0 describes in general terms the method by whdch the

reactivity difference between the NRX-A6 and PAX-El fuel is determined., The

3
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defails,of the fuel reactivity calculations are given in Section 6.0 along

with results for the other components in ﬁhe core.

Section 4.0 describes the manner in which the material inventories
for the NRX-A6 and PAX~El reactors were obtained. The actual inventories and
the reactivity uncertainty due to inventory uncertainties are also contained
in the section. | .

- Section 5.0 gives the core reactivity coefficients, the non-core
reactivity coefficienfs, and the fuel‘interchange results used in the NRX-A6/
PAX-Ei reactivity comparison. This section also includes the reactivity

1

uncertainty due to reactivity effects uncertainties.,

Sections 7.0 and 8.0 dgscribe the non-core reactivity differences
between the NRx;A6 and PAX-El and the.method by which these effects were
" obtained, |
Section 9.0 summarizes the uncertainties in the NRX-A6 rezctivity
estimate and give the experience to date for reactivity shimming prefiogs NRX

reactors,

Section 10,0 describes the criteria for selecting the NRX-A6 aim
critical drum position. This section also summarizes the NRX-A6/PAX-El reac-
tivity comparison and gives the criteria for determining the negative shim

pattern in the NRX-A6.
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- -(CRD)  CONCLUSIONS

- The NRX-A6 reactivity analysis indicated that, in order to obtain

SECTION 2.0
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. Laboratory
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the desired ambient ‘delayed critical drum position of 88°, the NRX-A6

reactor would require 1.62% worth of negative shims. ' Figure 2.1 shows the

position of the 38 TaC-loadedvcentfal support.elements required for the

insertion of this amount of negative reactivity.

The NRX=A6 reactor is predicted to have an ambient delayed

critical drum position of 87.4° with a 2 o uncertainty of #10°, This uncer-

tainty was derived by considering the performance in predicting the cfitical

drum position of previous NRX reactors and the .added uncertainties which are

inherent in the NRX~-A6 method of reactivity analysis.
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NRX~A6 SHIMMING DISTRIBUTION
AND INSTRUMENTATION SUMMARY
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SECTION 3.0
(CRD) METHOD OF ANALYZING THE NRX-A6 REACTIVITY BASED ON A

NON-SYMMETRIC EXPERIMENTAL CONFIGURATION

The following section is a general description of the method by
which the reactivity difference between the NRX-A6 and PAX-El fuel was deter-
mined. The results of the calculational technique described here are given
in Section 6.1

Figure 3.1 defines the nomenclature used in discussing the
reactivity change between NRX-A6 and PAX-El, Figure 3.2 shows the initial
PAX-El reactor configuration as described in Section 1,0. Figure 3.3 shows
the PAX-El core configuration before and after the fuel substitution

experiment.

Before the fuel substitution experiment, the PAX-El core consisted
of the code 89 fuel (A3-C fuel) at the center or keyhole region of the core.
The fuel outside the keyhole region contained 270° of the PAX-El fuel and 90°
of PAX-El fuel which would be involved in the fuel substitution experiment.
The fuel in this 90° section is defined symbolically as PAX-Q fuel, After the
fuel substitution, the fuel in the PAX-El core consisted of the A3-C fuel at the
center of the core, 270° of PAX=-ELl fuel, and 90° of NRX-Aé preproduction fuel
which is defined symbolically as A6-Q fuel.

The problem of determining the reactivity of the NRX-A6 fuel
relative to the PAX-El fuel now becomes one of using the results obtained in

the quadrant fuel substitution experiment and extrapolating to a full core

|
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FIGURE 3.1
NOMENCLATURE FOR FUEL INVENTORIES
‘ ‘ AND FUEL REACTIVITY EFFECTS
Term ‘ : Definition
PAX-E1 . ~ Refers to the complete, 360° PAX~E1l core which

consisted of fuel produced for the NRX<A2
reactor. The uranium distribution in the PAX-El
fuel was made similar to that in NRX-A6 by the
replacement of fueled elements with nineteen-

holed unfueled elements.

PAX-Q Refers to the PAX-EL fuel in the test quadrant (90°)
in which the fuel substitution experiment occurred.

- PAX=-QE ' Refers to thée reactivity effect of PAX-Q fuel which
has been extrapolated to a complete core (360°),

A6-Q , Refers to the quadrant of ‘NRX-A6 preproduction fuel (90°)
which was involved in the fuel substitution experiment.

Refers to the reactivity effect of the A6-Q fuel

A6~QE I
. which has been extrapolated to a complete core (360°).
NRX~A6 : Refers to the complete, (360° NRX-A6 core. ’

A3-~C - Refers to the 54, NRX-A3 code 89, elements which
: were in the keyhole or center of Lhe PAX-El coure,
These elements were placed in PAX-El because suf-
ficient A6-Q code 18 elements were not available and
the uranium content of this fuel was similar to the

A6=~Q code 18 elements.
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FIGURE 3.2

REFERENCE REACTOR FOR NRX-Aé/PA}(—Eﬂ. REACTIVITY ESTIMATE

NRX-A6 REFLEGCTOR

PAX-E1l FUEL
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LOCATED WITHIN

THIS REGION




.
. sre o ess 2 ¢ . e N
'.u L3 o o 0 t o s o o . s : .
o & ® . . cee . « o s LY 1

-8 8 00 . 13 o o' o L] : :o . :c * .

¢ ¢ 0 v e
:u. :'u . ® ] e ee ¥ 9ee o Boe o0

COMEDENTHL,
. ‘ Astronucleys
APETIeenergy=irerald 5 4 FIGURE 3.3 . -. Laboratory

PAX~E1l CONFIGURATION BEFORE AND AFTER THE FUEL SUBSTITUTION EXPERIMENT
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(360°) of fuel. Figure 3.4 shows the conceptual reactor configuration asso~
cilated with the following steps involved in obtaining the reactivity
‘difference between the NRX-A6 and PAX-El fuel. :
Step 1 The first reactor configuration is-the initial PAX-E1l
core which,has‘been previously described. |
Step 2 The'second reactor configuration, which is conceptual,
consists of the A3-C fuel at the center of the core,
while the remaining fuel is the PAX-Q fuel which has
. been extrapolated to a. complete core (360 ) of fuel.
This fuel outside the A3—C fuel is designated as PAX-
QE fuel. Thevexact method of extrapolating the PAX-Q
fuel to the PAX-QE fuel is described in Section 6.1,
 The reactivity difference between the PAX-GE fuel and
the PAX-El fuel is taken to be the product of the mass
differences between the two sets of fuel and the appro- -
.priate reactivity coefficients. :
Step 3 The third reactor configuration,.which is conceptual,
consists of the A3-C fuel at the center of the core
with the remaining portion of the fuel being A6-Q fuel which .
has been extrapolated toa complete core (360°) of fuel.
This fuel outside the A3-C fuel is designated as A6-QE
' fuel. Again, the exact means for extrapolating the A6-Q
fuel to the A6;QE is described in Section 6.l, The

method of determining the reactivity difference between
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CONCEPTUAL REACTOR CONFIGURATIONS IN OBTAINING THE REACTIVITY -
DIFFERENCE BETWEEN THE NRX-A6 AND PAX-El FUEL
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- "the A6-QE fuel and the PAX-QGE fuel is given by the
following formula:

° (A6=QE/PAX-GE) = A oo ¢ (a6-QE/PaX-~QE)aLe*

2 (a6-a/pax-q)Cale.

where,

/ (A6-QE/PAX-QE)

the reactivity difference between the
A6-QE and PAX-QE fuel in cents;
z%/o = the:experimentally measured reactiyity
 difference between the A6-Q fuel and the
A PAX~-Q fuel.
,;?(Aé-QE/PAXeQE?al°‘= the reactivity change between the A6~QE
| fuel and the PAX-QE fuel in cents calcu-
lated fpom mass differences and ;eactivity
o coefficiert s,
: & (6-Q/PAX-Q)CalCe= " the reactivity change between the A6-Q fuel
: and the PAX-Q fuel in cents caiculaped from
mass differences and reactivit& coefficients,
This formﬁla-ass;mes that any error iﬁ the calculated reac-
tivity changes are multiplicative in nature;4therefore, any
error in the calculatéd reactivity change will cancel wﬁen

‘the ratio of the reactivity differences of the A6=QE/PAX~QE

fuel to the A6-Q/PAX-Q fuel is determined. Another correction

is applied to the result obtained from the preceding formuia>

to account for interaction effects between the A6~-Q fuel and

#
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‘the remaining 270° of PAX-El fuel. The details of this
correction are'given in Section 6,1,

Step &4 The fourth reactor.configuration, which is conceptual, con-
sists of the A3-C fuel at the center‘of the core with the
remaining portion of the fuel being the actual NRX-A6 fuel.
The reactivity difference between the NRX-A6 fuel .and the
A6-QE fuel is taken to be the product of the mass differences

 between the two sets of fuel and the appropriate reactivity
coefficients.

Step 5 The‘fifth and final reactor configuration consists of a com-
plete core of NRX-A6 fuel, The dnly change between this
reactor configuration and the previous one is that the'AB-C
fuel has been replaced by NRX-Aé fuel. The reactivity dif-
ference between the A3-C fuel and the NRX-A6 in the center
of the core was obtgined by multiplying the mass differences

by the appropriate reactivity coefficients,

t

The reactivity difference between the NRX-A6 fuel and the

PAX-E1l fuel is now given by the following formula:

7 (NRX-A6/PAX-EL) /» (PAX-QE/PAX-EL) + 1 (A6~QE/PAX-QE) + /(NRX-A6/A6-QE)
+ Vs (NRX-A6/A3~C) '

where, .
/7 (PAX-QE/PAX-EL) = the reactivity difference between the PAX-GE and the

PAX-E1l fuel (Step 1 and Step 2).
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- (AéfQE/PAX-QE)‘ = the reactivity difference between the A6-QE and the - -

PAX-QE fuel (Step 2 and Step 3).

)/?(NRXfAb/A6-QE) the regctivity difference between the NRX~A6 and the
A6-QE fuel (Step 3 and Step 4). |
/ﬂ(NRXpAé/AB-C) = the reactivity difference between the NRX-A6 fuel at
the cente; of the core and the A3-C fuel (Step 4 and
Step 5).
The preceding method of determininglthe.reactivity ditference -
between the NRX-A6 and PAX-El fuel eliminates some of the problems whicﬁ
have occurred in determining the fuel reactivity differences for previous
NRX reactors, The major problem eliminated by this techniqué is thgt of a
discrépancy or_biés in the‘nondestructive testing technique for detéfmining
the inventory of. the fuel; however, several effects which héd not been ﬁresent
.in the fuel reactivity estimateé of’previous NRX reactors now occur. These
effects are:as foilow%: |
1. interaction effects in the fuel substitution experiment, and

2. the effects of the PAX-El fuel heterogeneity on the reac-

tivity worth of core materials and reflector materials.

a |
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SECTION 4.0
(CRD) NRX-A6 AND PAX-E1 MASSES
4.1 Definition of Reactor Regions .
The core regions'of.NRX-Aélénd PAX-El were divided into

nine subregions so that a more accurate estimate of the reactivity dif-

ferences between the two reactors could bé made. Subregion descriﬁtions in

the A6-Q and PAX-Q test quadrants were the same as those used in NRX-A6 and

- PAX-El. TheAregions used in the comparisons are as follows:

Core Region Outer Egdius,'cm

1 ‘ 15.747
2 20,445
-3 | 25,391
L 32,491
5 34.294
6 36.689
7 © 39,480
8 41,719
9 43.80l

Table 4.1 describes the regions used in each reactor in detail.
4,2 Determination of Reactor Masses

The measured masses of componehts wefe used to compile the
material inventories of NRX-Aé and PAX-El reactors énd the A6-Q and PAX-Q

quadrants. These masses were corrected to include only the material present
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NRX-A6 AND PAX-E]
REGION IDENTIFICATION AND VOLUMES

RADIAL REGION (QUTER RADIUS GIVEN,IN CM)

Region’

. Core 1
NRX<Aé Fyel Loading
. Codes 18, 19 .
PAX-E1 Fuel Lo_cding Codes 18, 99, 04
Core 2 .
NRX-A6 Fuel Loading
Codes 19, 20
PAX=E1 Fuel Loading Codes 99, 04
Core 3 . :
NRX-A6 Fuel Loading
Codes 19, 20, 21
PAX-E1 Fuel Loading Code 99
Core 4
NRX=-AbFuel Loading
Cules 20, 21
"PAX-E1 Fuel Loading Code 99
Core 5

~ NRX-Aé Fuel Loading

Codes 19, 20, 21
PAX-E| Fuel Loading Code 99

Core 6

" NRX-A6Fuel Loading

. Codes 16, 17, 18,
"PAX-E1 Fue!l Loading Codes 99, 04
Core 7

‘NRX-~A6 Fuel Léading -

Codes 15, 16, 17
PAX-E] Fuel Loading Codes 69, 79
Core 8 89, 99, 04
NRX~Ab6Fuel Loading

Codes 13, 14
PAX-El Fuel Loading Codes 49, 59,

Core 9 69, 04
NRX-A6 Fuel Loading

B Codes 11, 12, 13
‘PAX<El Fuel Loading Codes 39, 49, 04

Filler Strip
A,Laf‘ercl Support
Beryllium Reflector

Void

Pressure Vessel

FIGURE 4,1

15.747
20, 445
25.391
32, 491 '.
34,294 '
36.689
39. 480
41,719
43,804
45,174
47.831
62.814

63,183

64,884

" Quter Radius, cm

' 0.90434 x 10

Volume, cc

.1.02892 x 105

0.70552 x 10°

0. 94069 x 10°

1.70525 x 105
S

0. 49964 x 10

0.70542 x 10° . ,

0.88211 x 10°
» 5
0.75438 x 10
5

0.7399 x 10
0.50581 x 10°
1.02539 x 10°

6.87889 x 10°

0.19291 x 10°

5
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in the 52-inch long axial region bounded by planes at each end of the
fueled eiements. This method of determining material weights assumes that
the reactivity of materials above and below this region is the same in
. A .

ﬁoth reactors. Eecause of the similarity between all of the components

in the reactors, the error associated with this assumption is negligible.

The measured masses. of some materials, for example niobium and
molybdenum, were adjusted to the masé of material in a uniform axial dis-
tribution having an equal reactivity effect. This was accamplished by |
weighting the axial mass distribution of the material with a sine-squared
function over a 52-inch length., This then gave an equivalent mass of material
£o which a reactiviﬁy coeffiéient determined for a uniform distribution of
material in the core could be applied. A sine-squared weighting function
was used because point values and integrated values over a portion of the
‘length of the function could be easily determined, and because the sine-
squared funefion closely approximates the axial reactivity profile (See
Reference 2 for details). A

' The masses which were adjusted by sine-squared weighting for
NRX-A6 and PAX-EL are: | |
1) Mass of uranium in fuel elements.
25 | Mass of niobium coating in fuel elements.
. 3) Mass of molybdenum coating in' fuel elements.
' L)  Mass of materials in thermal capsules.
5)  Mass of materials in thermocouples, |

6) Mass of materials in thermometers.

see o0
-
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7) Mass of materia1 in filler ti}es,
8) Mass of materials in iﬁpedance wrapper.’
9)  Mass of materials in f;iction plane.
10) Mass of materials in the inner and outer seal segments. _

The application of a weighting function to these masses is equivalent to

adjusting their reactivity coefficients by the same factor.

4.2.1 . Core Region

The masses of the materials in the fueled and uhfueled elements
were compilgdvby.means of the AMDS domputer ﬁrogram (See Réference 1). ‘
Pﬁnched data cards specifying the total carbon, urénium, niobium and molybdenum
massés for’eéch element along with the.niobium'coating profile were obtéined
from the WNCO and the UCC ND Y-12 data.systems. These cards wéfe used as input
to the AMBS program which sine-square weighted the ahount of niobium in each
element and swumed the mass of each material in the elements. Rep;esentative
masses for the other components in the core were measured‘té obtain the total

core inventory due to them,

Fueled and unfueled element inventories, by core region, for PAX-El
and NRX-A6 are shown in Figurés 4.2 and 4.3, reépectively. The element inven-

tories for the PAX-Q and Aé-Q quadrants are given in Figures 4.4 and 4.5.

LY
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FIGURE 4.2
PAX-E!

NUMBER OF COMPONENTS WITHIN CORE BY RADIAL REGION

Region Ident, 1 2 3 4 5 6 7 8 9
Rodius, Cm 15.747120.445)25.391{ 32.491{34.294 36.68% 39.480(41.719143.804 | Total
Fuel Element
Code 18
(A3-C Fuel)

WNCO 54 ! ' 54
Code 39

WNCO ‘ 72 72
Code 49

WNCO : 18 12 30
Code 59 '

WNCO . .24 24
Code 69 .

WNCO 12 36 48
Code 79 .

WNCO 48 48
Code 89 : \ -\

WNCO 24 24

" Code 99 .

" WNCO 144 | 138 198 | 330 | 108 114 30 1062
Code 04 v

WNCO - 18 6. 36 | 60 48 54 222
Total 216 144 198 330 108 150 174 126 138 1584
Unfueled Element
0 1 v . ' 1
o0 23 18 24 60 12 36 9. 38 2 222
02 . 13 é é - 3 28 10 66
03 42 | 42
Total | 37 | 24 | 30] 60 12 ] 3] 12| 6| 54 | 3N

1 . . . .

) The code 04 element is a nineteen-hole unfueled graphite element. Since the code 04
elements occupy fueled element locations in the core, they are considered to be fueled
elements. ' :

. . ‘«’;
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FIGURE 4.3
NRX-Aé

NUMBER OF COMPONENTS WITHIN CORE BY RADIAL REGIONS  °~

Region Identification
Fuel Element

Code 11 .
WNCO

Code 12 -
WNCO |

Code 13
WNCO

Cude 14
Y-12
WIHEO

Cc.;de 15
Y-12
WNCO

Code 16
Y-12
WNCO

Code 17
Y-12.
WNCO

Code 18
Y-12
WNCO

Code 19
Y-12
WNCO

Code 20
Y-12
WNCO’
Guda 21
' Y-12
WNCO

Total
Unfueled Elements

00 (1-Hole; TaC-Lloaded)
01 (1-Hole)

02 (Mulfihole)

03 (Unfueled Partial)

Total

Radial Region (Outer Radius Given in cm)

15.747 20,445  25.391  32.491 34294  36.689 39,480 41719  43.804  Totol

1 2 3 4 5 6 7 8 9
102 102
30 30
- 66 6 72
_ 33 .3
2 7 . 27
52 ' 52
2 32
18 2 60
0 % 36
43 7 50
23 5 28
140 55 Caes
70 n . . 8t
3 52 4 23 , 82
3 80 2 25 ~ 10
7 o7 4 70 147
5 77 2 15 99
9 71 3 183.
9 153 3 _ . 165
216 144 198 330 108 150 74 126 138 1,584
6 0 0 18 6 8 0 0 0 38
19 19 26 27 6 19 9 51 9 185
12 5 4 15 0 9 3 15 3 6
2 . @

37 24

30 60 12 .36 12 66 54 331




Region ldent.
Radius, Cm

Fuel Element

Code 39
WNCO

.Code 49
WNCO

Code 59
WNCO

Code 69
WNCO

Code 79.
WNCO

Code 89
WNCO

Code 99
WNCO

Code 04
: WNCO

Total

Astronuclear
¢ Laboratory
FIGURE 4.4
'PAX-Q QUADRANT
NUMBER OF COMPONENTS WITHIN CORE BY RADIAL REGION
1] 2 3 4 5 6 | .7 8 9
15.747]20.445|25.391] 32.491|34.294136.689|39.480[41.719 43.804 | Total
18 18
4 3 7
7 7
.2 7 9
13 13
7 7
37 35 50 80 28 | 28 8 266
4 y) 8 16| 12 14 56
41 _ 37 50 80 28 36 46 30 35 383
25. .y ‘-. .
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FIGURE 4.5
A6-Q QUADRANT .
'NUMBER OF COMPONENTS WITHIN CORE BY RADIAL REGION

Region ldent, 1 2 3 4 5 6 7 8.| 9

Radius, Cm 15.747(20.445]25.391{ 32.491|34.294{36.689{39.480141.719143.804 | Total
Fuel Element ‘
Coae 11 .. .
WNCO : ’ 26 26
Code 12 L
“WNCO 17 7.
Code 13
WNCO ' 18 "2 20
Code 14 .
WNCO | . | 2 12
Code 15 '
Y-12 - 24 24
'Code 16
WNCO | - 3 18 - 21
Code 17 .
Y-12 18 4 22
Code 18 : ‘ -
WNCO 11 11 - 22
Y=-12 28 ' 4 32
Code 19 ‘ :
WNCO 6 13 19
Y=-12 2 27 1 v ' -1 30
Code 20 v _ - . "
WNCO | 1 7 . 13 _ ' 21
Y=12 _' 3. 36. 1 ‘ 40
Code 21 . - | . ,
WNCO |" 77 | .-' - 20 A 20| -
Y=-12 o o 6 |1 59 2 67
Total 41 |.37.1.507| 80 | 28 | 36 | 46 | 30 | 35 | 383
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, Figures 4.6 and 4.7 are the material mass.inventories fof the
PAX-El and NﬁX-Aé reactor, respectively. The masses of materials in the
PAX-Q quadrant are given in Figure 4.8, and the masses of materials in the
A6-Q quadrant are given in Figure 4.9. ’

L.2.2 Regiona mt.aide the Core
‘ The masses of materials outside the core of PAX-El are giveh in
Figure 4.10. The masses of components outside the core of NRX-Aé are given
in Figure 4.11. The mass differences between PAX-El and NRX-A6
‘existed because of the fact that PAX-El was constructed as a mockup of NRXpAé.
The filler strip region in PAX~El consisted of filler strips and a bundling
mechanism, whereas the same region in NRX-A6 contained filler strips, filler
tiles, a frictioq plane and an impedance wrapper. In the lateral support
region, PAX-El had graphite liner plates, whereas NRXQA6 contained inner andl
outer seal segments, and insulation segﬁents. Tﬁe only lateral support hard—
ware in the reflector region « PAX-El was the Inconel-718 lateral support
springs. Also, the NRX-A6 had a complete lateral support system which includes
lateral support springs, along with aésbciated hardware, such as plungers,
plunger springs, seal'rings, retaining latches, etc.'
~With the exception of the lateral support hardware,‘the PAX-E1l
and NRX-A6 were assumed to have no mass differences in the control drum or
refl ector regions. This assumption was made with full knowledge that one
reflector rihg and one control\drum were changed fram the PAX-El configuration
to the NRX-A6 configuration, Measured masses for the two reflectors indicate

~ that these differences were negligible, The PAX-El and NRX-~A6 cluster plates
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Region Identification
Radius, cm

Material

Carbon
: Fueled Elements
Unfueled Elements

Pyrographite S%g’ves

Positive Shims
Partial Elements

-Total Carbon
Uranium(1)
Niobium(2), Coating
Bore :

Fueled Elements

- Unfueled Flements
Matrix
External

Fueled Elements

Unfueled Elements

Partial Flements

Total Niobium
¥olybdenun(2), Coating
Tantalusm
Stainless Steel(a)
Inconel-x750(4)
‘Hydrogen(5)

Nioblum Wires

Molybdenum VWires

1
15.747

115.238
22,075
3.550

0.0

140,863

23.340

0.0014

2.336

1.970

(1) Uranium masses based on a 52 inch length,
) lateriol is reactivity weighted. ) '
) Tube ‘liner weights only; does not include orifice jets.

0.0009
1,602
1.351

2 s
.
Sorces
.~ te
. L)
Ceasna

FIGURE 4.6

PAX-EL

MATERIAL MASSES BY REGION, KG
(AT ROOM TEMPERATURE)

Astronuclear

Laboratory

3 4 5 6 7 8 9
25,391 32,491  34.294 36.689 39.480 41,719  43.804

104,582  174.303 °
18.157.  36.987
2.879  5.757
0.0 0.0

125.618  217.047
24.196  40.327
8.979  14.966
0.0 0.0
0.0 0.0
0.0 - 0.0
0.0 0.0
0.0 0.0
8.979  14.966
0.0 0.0
0.0 0.0
0.854 1.7
2,34 L.688
0.0013  0.0022
2,136  3.811
1.802 3,266

57.045
7.397
1.151
0.0

65.593

13.198

4.898
0.0
0.0
0,341
0.938
0.0007
1.135
0.956

) Hydrogen weight assumed to be 10 ppm of the total carbon weight.
) Positive shim weights are included in unfueled element weights.

(2
(3
gb) Weight for entire length of the tie rod,
5
(6

cese
.

see oo

ev00 (s

80,630
22,192
3.454

0.0
106.276

©13.931

5,170
0.0
0.0
1,024
2.813
0.0011
1.602
1.35

94.755
7.229
1.151
0.0

103.135

1,647

4,599
0.0
0.0
0.341
0.938
0.0010
~ 2,002
1.690

69.230
39.117
6.333

0.0
114.680

5.145

76.192
6.827
1.151

20,274

104. 454
3.557

Total

848,268
174.450
27.729
20,274
1070.722

. 152,005

61.165
0.612
0.0
0.00004
0.0005
0.296

62,074
0.0
04075
9.184

22,582
0,0107

18.077

15.248



- FIGURE 4.7
NRX-A6
MATERIAL MASSES BY RADIAL REGION, KG

(At Room Temperature)

y Region Identification 1 2 3 ‘4 5 6 7 8 9
Radiv, em 15.747 20,445  25.391  32.491 34.294  36.689 39.480 41719  43.804  Total
Material
Carbon ) ) .
Fueled Elements 115,097 76.36° 104.356 174,215 57.264  B0.446 94.324  68.482  75.246 B846.29]
Unfueled Elements 22.419  14.587  18.259 36,373  7.298  21.834  7.288  40.102  7.288 175. 448
Pyrographite Sleeves 3510 2.277 2.846  5.690 138 3415 1138 6,260 1.138 27.413
Posifive Shims 0.18  0.077  0.062  0.231 0.0 0.139  0.046  0.231  0.046 1,017
Partial Elements 0.0 0.0 0.0 - 00 0.0 0.0 9.0 0.0 20,477 - 20.477
Tofak Carbon - 141,210 93307 126023 216510 65700 105834 102796 115075 104,195  1070.646
Uranium (" 23.908 17.28=  25.414  44.637 - 13.438 14,831 11908  5.308  3.660 160. 388
Niobium(z) Coating {
Bore
Fueled Elements . 10,608  7.05e  9.986 16,647 5427 -7.354 8,352 6,279 6,867 78.569
Unfueled Elemenis 0.256 0.166 0211  0.415 0,083 0250 0084  0.463  0.084 2.014
ceenss Matrix 0.194  0.31€ 0366  0.939 0,009 0,122 0,0 0.179 0.0 2.125
ool External )
eies Fueled Elements 0.003 0.00z  0.003 0,005 0002  0.002 0002 0.522 103l 1.572
Unfueled Elements 0.758  0.493  0.619  1.241  0.254  0.743  0.246  1.354  0.246 5.954
o Partial Elements 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 150 0. 150
ceeens Total Niobium 11.814  8.033 11185  19.247 5775  8.471  8.684  8.797  8.378 90, 384
Molybdenum(®, Coating 0.949  0.635  0.819  1.449 0.446  0:645 0721  0.513  0.528 5.705
DL, Tantalum 0.446 0.0 0.0 1.339 0,446 0595 0.0 0.0 0.0 2,826
Stainless Steel &) 1.030  0.668 0,835  1.670 0334 1,002 0334 1837  0.334 8.044
Inconel-718% 3.007  1.964  2.455 4,909 0,982  2.94  0.982  5.400 0,982 23. 647
Hydrogen®) 0.0014 0.0009  0,0013 0,002 _ 0.0007  0.0011 - 0.0010 00012  0.0010 0.0108

(I) Uronium masses based on o 52 inch length.

(2) Material is reactivity-weichtad,

(3) Tube liner masses only; does not include orifice jets.

(4)- Mass for entire length of tie rod. . o
(5) Hydrogen weight assumed to be 10 ppm of ‘the iotal carbon weight,
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FIGURE 4.8
PAX-Q QUADRANT
MATERIAL MassEs(l) BY Reciow, KG

(AT ROOM TEMPERATURE)

Region Identification 1 2 3 b 5 6 7 8 9 .
Radius, cm o -13.747 20,445 25.391  .32.491  34.294 36.689 39.480  41.719  43.804 - Total

Material .

Carbon . : ~

Fueled Element 21780 © 19.595 26:379  42.207 14772 19.290 24,995 16457  19.308  204.783
“Uranium{2) 4.522 4.277  6.110 9.776 3.422 ° 3.422  3.033 1.176  0.888 36,626
Niobium(3) B Coat'.im ’

Bore . .

Fueled Elements 1.677 1.587  2.267 3.626 1.269 1,269  1.206 0.810 0.956 14,667
Matrix ' 0.0 0.0 - 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0
External : .

" Fueled Elements 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total Nicbium | 1.677  1.587  2.267  3.626 1,269 1,269 1.206  0.810°  0.956  14.667 '
Molybdenum, Coating 0.0 0.0 0.0 0.0 0.0 - 00 00 00 _ 0.0 0.0
Niobiunm Vires 0.592 0.406  0.541° 0,981 0.288 0,406 0,508 0.434 0.426 4.582
Molybdenum Wires ' 0.481 0.330  0.440 0.797 0.233  0.330 0,412 0.352 0.345 3,720

(1) Material masses are given for fueled elements only. The unfueled elements and core hardware (tie rods, tube liners, etc.,)
in the test quadrant are the same as in the 360° PAX inventory. No unfueled elements or hardware was changed in the test
quadrant. : - ’

(2) Uranium masses are based on a 52.0 inch length.

(3) Material is reactivity weighted.

9
e 5.4
_8
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Region Identificatioh?

Radius, cm
Material

Carbon
Fueled Elenents:

'Uranium(z)

Niobium(3), Coating
Eore
Fueled Elements

Matrix
External

Fueled Elements
Total Niobium

Molybdenum(3), Coating

1 2
15,947 20,445
21,802  19.637

L.661 4.357
1.971 1.807
0.0 0.0
0.0006  0.0006
1.9706  1.8076
0.183

0.156

FIGURE 4.9
A6~Q QUADRANT

MATERTAL MASSES(1) ‘BY REGION, KG

(AT ROOM TEMPERATURE)

3 4 5 6
25.391 32,491 25.225. 36.689

26.492
5.394

2,323
0.0

0.0008
2,3238
0.216

42,205
11,156

3.782
0.0

0.0012

3.7832
0.380

14,841

3.504

1.287

0.0

0.0004
1.2874
0.141

19.250

o 3.581

1.687
0.0

0,0005
1.6875

0.162

7"

39.480

2,.834
3.101

2,222

0.0

0.0007
2,2227
0.207

8
#1719

16,283
1.239

1.694
0.0

0.1864

1.8804
0.132

9
43.804

19.004
0.924

2.208

0.0

0.3617
2.5697
0.135

g
3

204.348
38.917

18.981

0.0

0.5529
19.5339
1.712

(1) Material masses are given fof fueled elements only. The unfueled elements and core hardware (tie rods, tube lihers,

etc.) in the test quadrant are
in the test quadrant.

(2) Uranium masses based on.a 52.0 inch length.

(3) Material is reactivity weighted.

the same &s in the 360° PAX inventory. No unfueled elements or hardware was changed
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| FIGURE 4.10

. PAX-ET

REFLECTOR REGION masses(

| Region  Material ' Mass, Kg
Filler Strip Graphite ' 87.32
. ' Stainless Steel 10,59
Lateral Support Graphite 110. 95
Aluminum 1,98

K Bgylliurﬁ rReflecfor

Hardware ~ Inconel-718 36.14

' Plastic Tape _ 0.33
Teflon Tape ) 0.16
- Reflector - Beryllium 884.50
Titanium 14,67
Control Drums - Beryllium 199.85
Aluminum 18. 11
Boron=10 - 1.03
Clustor Plate (A Stainless Steel 8.50
Stainless Steel 20.30

Aluminum 2,00 .
Inconel . 0. 04
Support Block Craphite 37.61
' o ' Stainless Steel ~ 4,00
Molybdenum 1.46
Support Plate - Aluminum 122. 47

Pressure Vessel Aluminum’ $255.33

m

Mass for 52,0 inch active core length.

§
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’ ‘ . FIGURE 4,11 v e
NRX-A6
REFLECTOR REGION MASSES(I)
. Region : Material . Mass, Kg
. Filler Strip . Graphite 95.48
Niobium 0,76
Paraffin 0,012
Silicone Grease 0. 069 .
Lateral Support " Graphite 115,08
: Niobium 0. 001
Beryllium Reflector
Hurdware ) Guuphille 53.30 .
Inconel-718 37.1
Stainlect Steel 0,69
Nispan 1.99
Titanium 2.94
Copper 1.54
Aluminum ’ 11,93
Reflector Beryllium - . 884,50
' Titanium 14,67
Control Drums . Beryllium 199.85
Aluminum 18,11
Boron-10 1.03
Cluster Plate . Ag-In-Cd 11.47
Stainless Steel 20,32
Aluminum : 2,49 '
Inconel - : 0,52
Support Block Graphite » 27.53
Niobium 7.69
Stainless Steel 0.21
Molybdenum 1.47
Tungsten - . 4.29
ThOy 0,07
Inconel 1.27
Suppui | Plule Aluininum 212,29
Pressure Vessel Aluminum - 239.24
: Copper . 16. 09 '
A
(1) Mass for 52.0 inch active core length,
&4
ki 4
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wére'éssumed, respectively, t§ have the éame mass as the plates in the
‘. NRX-A4 and NRX-A5 reactors, The miscellaneous cluster plate hardware in
.PAX—El waé assumed to have the same material masses as the hardware which
existed in the A2-PAX reactor_(See'Referencé 3). The masses of NRX-A6 cluster
plate hardware were assumed to be the same as those which existed in the NRX-A2
‘ reactor (See Reference 3).
4.3 \Uncertainties in Reactor Masses
Figure 4.12 shows the reactivity unﬁertainty which occurs because
of uncéftainfies in re;ctor masses, Thé statistical sum of these uncertainties
'wés found to be 30,383, .

The uncertainty in a mass was based on the following three factors:

1. Accuracy of the meésuring instruments used,
2. Human error involved in measurement and calculations, and -
- 3. Accuracy of the sampling techniques, i.e., error caused

by jhe measured mass of a group of components not being
répresentative of all the components of that type.

The mass uncertainties associated with fuel inventories involve
four sets of inventories, the PAX-El, PAX-QE, A6-QE, amd NRX-A6 fuel, This
occurs because of the manner in which the fuel‘rgaetivity.differences‘are _
determined (Sée Sections 3.0 and 6.1 for details). Therefore, the fuel mass
uncertainties reported‘in Figure.h.lz reflect the net possible error in all

four sets of inventories.
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Region

Core

Filler
Strip

Lateral
Support

Beryllium
Reflector

Reflector

Control Drums

" Cluater
Plate

N Treomel

\,

Support Block- Carhon | - .\

FIGURE 4,12
REACTIVITY UNCERTAINTY DUE TO MASS ﬁNCERTQINTIES

senee

Material

" Fueled Elements

Carbon
Uranium
Niobium
Molybdenum(1)

Unfueled klements
Carbon
Tantalum
Niobium .
Hydrogen

Hardware
Positive Shims
Pyrographite Sleeves
Tie Rods
Tube Liners

Carbon

Niobium
Stainless Steel
Paraffin
Silicone Grease

Carbon
Niobium
Auminum -

Inconel-718
Carborn
Titanium
Stainless Steel
Nispan -

Copper
Aluminum
Plastic Tape
Toflon Tape

Beryllium
Titanium

Beryllium
Aluminum
Boron-~10

Ag~In-Cd

Gd BEeihlBAB ABEIAMAOINI
Stainless Steel
Aluminum o

BN
N

o16Q Nioblumygijiiczci) tosivordiuA

Support Plate

(1) The PAX-El mass includes 31 and 40 mil molybdenum
. wires .which differ in self-shielding factor from
the molybdanum in NRX-A6

Stainless Steel
Molybdenum -
Tungsten

Th 05

Inconel

Aluminum

NRX-A6 MINUS PAX-El

Mass Difference
& Uncertainty,

1.977 ¥ 4.0
8.381 1 1.0
3.024 £ 3.0
0.6
1.200 1 3.0
2,751 1 0.05
7.671 ¥ 1.0
1 0,001
1,017 ¥ 0.0
-0,317 * 0.0
1.065 1 0.1
-0,178 ¥ 0.0
8.161 ¥ 4.0
0.757 ¥ 0.1
-10,592 ¥ 1.0
0.0122
0.0686 J
4.129 £ 1.0
0.001 * 0.0
-1.975 + 0.2
0,968 + 0.1
5.301 * 0.5
2,944 + 0.3
0,691 * 0,1
1.986 ¥ 0.2
1.539 + 0.1
11,929 + 0.5
-0,326
20,156
0.0 +0.5
" 0.0 *0.0
0.0 +0.0
0.0 #0.0
0.0 *0,0
11,465
-8.499
-0.02 *+ 1.5
0.495% 0,0
0.47 ¥ 0.0
-10.088+ 1,0
7.692% 1.0
~-3.785+ 0,0
0.011%* 0.0
4.288% 0.5
0.068% 0.0
1,27 + 0.0
89.813%+ 5.0

33

sesn

I BRI
Astronuclea
Laboratory
Reactivity Reactivity
Coefficient, Uncertainty, -
¢/xg ¢ :
5.04 <20.2
15.01 . 15,0
-5.55 6.7
~13.68 i 8,2
5.04 115.1 ‘
~61.72 % 3,0
-5.55 T5.6
670.0 0.
5,00 +0.0
5.04 t 0.0
1 0.1
~0.24 1 0.0
+3,0 2.0
-4, 2 To.4
-3.28 3.3,
70.0 $o0.8
+2.9 12,9
+ 0.0
140,26 - ¥ 0.0
~0.25 +0.0
43,5 F1.8
-2,0 +0.6
-0.25 0.0
~0.25 © %0.0
-0.25 0.0
40,37 ¥o0.2
10.0 F0.7
+2.2 +1.1
-2.0 ¥ 0.0
+2,2 +0,0
40.37 0.0
+ 0,0
L — +0.0
0.67 +1.0
— % 0.0
0.81 * 0.0
1.36 R VN
0.41 * 0.4
0.45 +0.0
0,49 +0.0
0.18 7 0.0
‘ 0.0
0.65 0.0
0.20 +1.0
Statistical Sum of Uncertainties - 137.7¢
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SECTION 5.0 . .
(CRD) REACTIVITIES AND REAC'JI'I>VI'I:Y‘ COEFFICIENTS
| .The reactivityveffectsAénd the reacﬁivitylcoefficients used in‘
. the NRX-A6/PAX-El reactivity comparison were obtained from experiméntal
measurements made in the PAX-E reactor configuration which simulated the
NRX-A6 reactor. Measurements were also made in previous PAX configurations
which simulated the NRX-A2 through NRX-A5 reactors. In addition, some of

the reactivity effects were determined from basic neutronic calculations,

The PAX-E test series consisted of three separate reacto} con-
figurations which simulated NRX-Aé conditions. Thé'following is a descrip-
tion of each of these configurations.,

| Figure 5.1 shows the first reactor configuration which simulated
the NRX-A6. This configuration is identified as the PAX-EO reactor configura-
‘tion. The core of this reactor configuration consisted of NRX-AZ production
fuel into which a quadrant of NRX-A6 build 1 fuel was substituted. The NHX~-Ad
build 1 fuel is the fuel that was initially manufactured for the NRX-A6
reactor. This fuel had a uranium zone loading similar to the NRX-A5 and did
not employ an increased number of fuel loadings to flatten the radial power

 shape. The MRX=A6 filler stripAand lateral support region was simuigted in
the PAX=-EO with mockup filler strips and graphite liner plates, The reflector
region of the NRX-A6 was simulated in the following_manner: ) '

l. ' One quadrant (90°)tof the PAX-FO refl ector consisted of

three beryllium sectors from the NRX-A2 ;eactqr.’ These
sectors had been mo@ified to closely represent the NRX-A6

- L .'bjryllium reflector in the mass.and distribution of beryllipg.
T -1
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FIGURE 5.1

PAX~EO REACTOR CONFIGURATION 3 NRX~A2 SECTORS
, WHICH SIMULATE
THE NRX-A6
REFLECTOR IN BE
MASS AND DIS-.
TRIBUTION

PORTION OF THE
CORE INTO WHICH
THE NRX-Aé6 BUILD
UNE FUEL WAS
SUBSTITUTED .

REFLECTOR

PAX FUEL WITH THE 9 KIWI SECTORS
NRX~-A2 URANIUM S . WHICH CLOSELY
LOADING DISTRIBUTION ' SIMULATE THE
* ‘ NRX-A6 REFLECTOR
IN BE MASS ONLY
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2, - The :emainihg'270° of the PAX-EQ reflector consisted
| of 9 beryllium sectofs from a KiWI reactor. Thesé

sectors had also'beenAmodified to simulate the NRX-A6

reflector; however, the KIWI sector closely simulated

the NRX-Aé reflector in the total‘mass of beryllium and

not in its distribution.

Figure 5.2 shows the sécond reactbr con;iguration in which

NRX-A6 reactivity experiments were performed. This configuration is identi-
fied as the PAX-El reactor, Thé core of this reactor consisted of NRX-A2
production fuel ﬁhich had been modified to represent the multi-zoned, péwer-
flatgening, urgnium distribution of thg NRX-Aé rebuild fuel.. This was accom-
plished by repl;cing fueled elements with nineteen-hole unfueled graphite
elements.~(The nineteen-hole unfueled elemenﬁs have been designated as :
loading code O4 fuel).. Into ihis core was substituted a quédrant of prepro-
duction NRX-Aé6 fuel which was similar to the final fuel loading distribution
for the NRX-A6 rebuild fuel. Again as in the previous configuration, the
NRX-A6 filler strips and latérﬁl support region were simulated with mockup
filler strips and graphite liner plates. However, unlike the previous con-
figurétion the PAX-El reactor contained the actual beryllium reflector rings
and control drums which weré usea in the NRX-A6 reactor. The only components
missing in the mockup of the NRX-A6 reflector were the latéral support hard-
~ware compongqté,'other £hgn the springs. -
“ Figﬁre 5.348hows'the third reactor configuration in which experi-

mental measurements for the NRX-A6 reactor were made. This configuration is

’ AstrdnUclear
Laboratory ¢ -
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. FIGURE 5.2
PAX~EL REACTOR CONFIGURATION

PORTION OF THE
CORE INTO WHICH
THE NRX~A6
PREPRODUCTION
FUEL WAS SUB-~
STITUTED

NRX<A6 REFLECTOR RINGS
AND CONTROL DRUM; THE

PAX FUEL WHICH SIMULATES ' T NRX-A6 LATERAL SUPPORT
THE NRX-A6 URANTUM LOADING SPRING HARDWARE WAS
DISTRIBUTION T e NOT PRESENT
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FIGURE 5.3 -
~ PAX~E2 REACTOR CONFIGURATION

9 KIWI SECTORS WHICH.

CLOSELY SIMULATE ‘
THE NRX-A6 REFLECTOR
IN BE MASS ONLY

3 NRX-A2 SECTORS WHICH
SIMULATE THE NRX-A6
REFLECTOR IN BE MASS
AND DISTRIBUTION

CORE
REFLECTOR
NRX~A6 PREPRODUCTION
oo FUEL
" 'PAX FUEL WHICH SIMULATES ’
" THE NRX-~-A6 URANIUM LOADING -
‘ " DISTRIBUTION . -
3
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identified as the PAX-E2 reactor, This reactor configuration had points

in common with both of the previous two configurations. The PAX-E2 reactor
had the core configuration of the PAX-El reactor; that is, the reactor had
one quadrant (90°) of NRX-Aé preproduction fuel and three quadrants (270°)
of NRX-A2 production tuel which had been modified to simulate the NRX-A(
power-flattening uranium loading distribution. However, unlike the PAX-El
reactor, the PAX-E2 reactor employed the reflector mockup that had been used
in the PAX-EO configuration.

In addition to the variations in the PAX-E reactor configuration
described above, a thin set and thick set of beryllium liner plates existed
for the PAX-EQ and PAX-E2 mockup of the NRX-A6é beryllium reflector. These
variations in the PAX-E reactor configuration made it possible to have
twelve different reactor configurations in which reactivity effects could
be measured. The maximum number of configurations in which a given reac-
tivity coefficient was measured is five.
5sd Core Reactivity Coefficients

Figures 5.4 through 5.8 show, respectively, the reactivity coef-
ficient s of carbon, uranium, niobium, molybdenum, and tantalum as a function
of radial position. Figures 5.9 and 5.10 show, respectively, the reactivity
coefficients of molybdenum and niobium as a function of wire diameter.
Figure 5.11 shows the volume-averaged reactivity coefficients of carbon,
uranium, niobium, tantalum, molybdenum, stainless steel, Inconel 718, hydrogen,
iron, nickel, and chromium.

The radial reactivity coefficient of carbon and uranium (Figure 5.4

and 5.5) was obtained in the quadrant of the PAX-El reactor configuration which
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FIGURE 5.4

CARBON REACTIVITY COEFFICIENT AS A FUNCTICN OF RADIAL PCSITION
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FIGURE 5.5

URANIUM REACTIVITY COEFFICIENT AS A FUNCTION OF RADIAL POSITION
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FIGURE 5.6

TIVITY COEFFICIENT AS A FUNCTION OF RADIAL POSITION
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FIGURE 5.7
MOLYBDENUM FEACTIVITY COEFFICIENT AS A FUNCTION OF RADIAL POSITION
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FIGURE 5.8
TANTALUM REACTIVITY COEFFICIENT AS A FUNCTION OF RADIAL POSITION
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FIGURE 5.9

MOLYBDENUM REACTIVITY COEFFICIENT AS A FUNCTION OF WIRE DIAMETER
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FIGURE 5.10

NIOEIUM REACTIVITY COEFFICIENT AS A FUNCTION OF NIOBIUM THICKNESS
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FIGURE 5.11
NRX-Aé

AVERAGE LEACTIVITY COEFFICIENTS FOR CORE REGIONS

Region Average Reactivity Coefficient (//Kg)(l)

Region Radius, cm 15747 20. 445 25.391 32. 491 34,294 - 36. 689 " 39. 480 4L 719 43. 804 Core Average
Region ldentification o 5 3 ‘ 4 5 6 7 8 9

éarben ) ) . €.38 6,13 5.88 5.39 4.93 4,63 4. ]é 2.66 3.14 . 5.04
Uranium 21.26 19.10 16.98 13.61 l].3§ 10. 86 ”.07~ - 12,55 16,73 15.01
Niobium -8.70 -7.62 -6.77 -5.49 -4.'59 -4,19 -3.80 ~G. %6 -3.77 -5.55
Tantalum -80.56 -67.40 -60. 65 -54.86 -52.37 -52.02 -52.60 -54.02 -56.72 ~-61.72
Molybder;um -16.83 -15.41 -14,32 -13.12 =12, 51 ) 12.33 -12.22 =12, 46 -13.19 -13.68
Stainless -—-- - -—-- -——- -—— -—-- - -— ——— -0.24
Inconel-718 — -— -— ———- cmmm e — — — -1.21
Hydrogen D -_— -—— —— ——— -—— ——— meee -—— 670, 00
Iron : -—-- -—— . -——- -—- -—- - -—-- - -—— -0.18
Nickel - ———- — — R—— - — — — " -0.96
Chromium -—- -—— == -—-- - == - ---- - -0.13

M

The coefficients for carbon, uranium, niobium, tantalum, nickel, molybdenum, and hydrogen are measured.
Othzr measured reactivity coefficients are given ia WANL-TME-878, "NRX-A2 Reactivity and Shimming", July, 1564,

The remainder ars wholly or

in part calculated.

s0cese
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contained NRXfAé fuel. The radial reactivity coefficient (Figure 5.6) of
niobium was obtained in the quadrant of the PAX—Eé reactor configuration
which contained NRX-A6é fuel., The radial reactivity coefficient (Figure 5.7)
of molybdenum was obtained in the NRX-A6 build 1 fuel portion of the PAx-Ed
core. The radial reactivity coefficient of tantalum was based primarily on
the worth of tantalum obtained in reshimming the PAX-El reactor configuration
from the initial cold critical control drum position to the desired control
drum position of 88°,

. Since the best set of NRX-A6 core reactivity coefficients were
measured in several reactor configurations and all of these configurations
may have been affected by interaction effects between the various types
of fuel and'reflectors invol&ed, it was necessary to perform numerous
one-dimensional transport calculati§ns to assure the compatibility of the
coefficients used. It was found from these calculations that there was
no essential difference between. the éoefficients used and those that
would have been measured if all of thé experiments had been performed in

the PAX-El reactor configuration.

Additional evidence existed to support the niobium and molybdenum

coefficients selected. A quadrant of niobium and molybdenum wires was.removed

from the PAX-El reactor configuration., Using the selected reactivity coef-

ficients for molybdenum and niobium generated, it was possible to predict

the reactivity effect of the wire removal within O.4¢.
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The reactivity coefficients. of silver,‘iridium, rhodium, paladium,
-rhenium, and iungsten were required for determining the reactivity effect of.
NRX-A6 core instrumentation (thermocouples and thermal capgules). These reac-
tivity coefficients were measured as a function of radial position in the PAX
reactor which simulated the NRX-A2 reactor. These coefficients are reporfed
in Reference 3. . |
The Qolume-average reactivity coefficients (shown in Figure 5.11)
for carbon, uranium, niobium, tantalum, and molybdenum were obtained by inte-"
grating the radial reactivity coefficient curves shown in Figures 5.4 through
5.8, The reactivity coefficient of nickel was obtained on a core average basis
from an experimental measurement in which nickel wires were placed uniformlyv
over the cofe of the PAX-E2 reactor. The reactivity effect of hydrogen was
obtained from measurements in previous NRX reactor'configurafions. The core
average reactivity coefficients of iron and chromium were obtﬁined from one-
dimensional transport calculations which had been normalized by multiplying the
calculated'results by the ratio of the experimental to calculated reactivity
Qorﬂu of nickel. Tﬁe reactivity coefficient ofvstainless steel was obtained :
from the core average reactiviﬁy coefficients given for iron, nickel, ghromium;
The reactiﬁity(coefficienf of Inconel-718 was obtained from core average reac-

tivity coefficient given for iron, nickel, chromium, niobium, aqd molybdenum,
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Fuel Interchange Experiment’

A quadrant of NRX—Aé‘pre-production'fuel (A6Q fuel).Was

substituﬁéd*into the PAX-El reactor configuration. The A6-Q fuel

replaced PAX-E1l fuel which had been modified to simulate the NRX-A6

- uranium 16ading distribution, as noted earlier, by replacing fueled

elements with unfueled nineteen-hole graphite elements. In this manner,

" the PAX reactor, which originally had a uranium loading distribution similar

to the NRX-A2 reactor, was made to have a uranium loading distribution

which, at least on a gross Easis, was similar to the NRX-A6 loading

~_distribution. Figure 5.12 shows the following information concerning. the

~ fuel substitution experiment:

1)

2)

3)

5.3,

The steps involved in the fuel substitution.

The location of the elements involved in each step of the
fuel substitution.

The experimentally measured reactivity change for each step
of the A6-U/PAX-U tuel substitution.

" Non-Core Reactivity Coefficients

Figure 5-13 displays the reactivity coefficients which were

used in.detefmining the reactivity difference between the NRX~-A6 and

-PAX-El_feflector components. This figure also indicates whether the

reactivity‘coefficient was determined from WANEF experimental data, LASL

experimental data, or calculations, and which data are applicable only

-to materials located-in radial spring holes in the reflector which are

streaming paths for neutrons.
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A6-Q/PAX~Q FUFL INTERCHANGE

EXPERIMENTAL RESULTS
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Experimentally
Measured Reactivity
Change, ¢

A6-Q Minus PAX-Q

7.7

+1.7

+12.3
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AVERAGE REACTIVITY COEFFICIENTS FOR NQN-CORE REGIONS

Region )

Filler Strip

Material

Carbon(])
Niobium M

Stainless Sfeel(])

Lateral Support

Beryllium Reflecter

Cluster Plate

Support Block

Support Plate.

‘Steel

Carbon "

Aluminum

@

Berylliym 0
Carbon(]' 4

|nconel(]' 4)

Stainless Stee
G4
Titanium @4
G 4
(]l 4)

Nispan

Copper
Aluminum
)
@)

Inconel

Carbon o
Niobium(l’z)

Stainless Steel @
Molybdenum @
Tungsten(3)
@)

Inconel

{1,3)

Aluminum

16,4

(1 Based on WANEF experimental data.

(3

Based on caleulations.

@ Based on LASL experimental data.

@ Applicable to materials located in the radial spring hole.

Reactivity Coefficient (c/Kg)

+3.0
=42
-3.28

+2.9
+0.26

+ 2,2
+3.5
-0.25
-0.25
-0.25
-20
-0.25
+0.37

+ 0. 67

+ 0, 81

+ 1,36
+0, 41
+0.45
+ 0, 49
+>0.l8
+0,65

+0.16

‘o
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. The reactivity coefficients measured at WANEF fbr the filler
strip and lateral support region were determined in the PAX-E2 reactor
‘configuration betweén_the NRX-A6 preproduction fuel and the NRX-A2
beryllium sectors which closely represented the NRX-A6 beryllium reflector
" in the distribution and mass of beryllium, The reactivity coefficients
measured at WANEF for the beryllium reflector and support block region
were obtained in the PAX-EO reactor configuration. The beryllium
reflector coefficients were measured opposite the NRX-A6 Build 1 fuel in the
NRX-A2 beryllium sectors which closely simulated the NRX-A6 reflector.

The reactivity coefficients for the cluster plate and support plate regions
were measured at WANEF in a PAX reactor which simulated previous NRX reactor
configurations. The method used to determine the reactivity effect of
instrumentation, external structures, bundling pressure, and pressure vessel

is discussed in Section 8.0.

5.4 Uncertainties in Reactivity Effects
Figure 5.14 shows the reactivity uncertainty which occurs
because of uncertainties in reactivity coefficients. The statistical sum
of these uncertainties was found to be To.588.
The uncertainty ip a reactivity coefficient was based on the
following three considerations:
1) Accuracy of the experimental measurerent ,

2) Accuracy of the calculation techniques used to determine
or normalize certain coefficients, and

“a
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FIGURE 5,14
REACTIVITY UNCERTAINTY DUE TO REACTIVITY EFFECT UNCERTAINTIES

! Reactivity
YassDifference Coefficient & Reactivity
Region Material : kg Uncertainty,¢/kg Uncertainty,¢
Core Fueled Elements
Carbon L9 5.04 + 0.5 +1.0
Uranium 8.381 15.01 + 1.5 126
Niobium . 3.024 5.55 + 1.0 *3.0
Molybdenum(1) -13.68 ¥ 3.0 ¥18.0
Interaction Effects &
Caloulational Technique #0.0
i
Uiifueled Mlements
Carbon 1.201 5.04 + 0.5 + 0.6
Tantalum 2,751 -61.72 ¥ 6.2 117.0
. Niobium 7.671 ~5.55 + 0.6 + 4.6
- Hydrogen 0.0 670.0 7.0 +0.0
, ’ Hardware
Positive Shims 1.017 5.04 + 0.5 + 0.5
Pyrographite Sleeves 0,317 5.04 + 0.5 + 0.1
Tie Rods 1.065 —— #15.0
Tube Liners . -0.178 -0.2, + 0.0 * 0.0
Instrumentation + 6.0
Filler Strip Carbon : 8,161 +3,0 +0.3 + 2.4
° Niobium - 0.757 -4,2 +t0.4 +0.3
Stainless Steel ~10.592 _ -3.28 + 0.3 + 3.2
Paraffin 0.0122 1 0.0
Silicone Grease ’ 0,0686
lateral Support Carbon o k129 +2,9 +0.3 + 1.2
Niobium 0,001 +0.0
Aluminum ' ~1.975 40.26 + 0.0 + 0.0
Beryllium
" Reflector Hardware
Inconel -718 0.968 -0,25 + 0.3 1.1
Carbon 5.301 +3.5 +0.3 + 1.6
Titanium 2,944 -2,0 +0,3 +0.9
Stainless Steel 0.691 -0.25 + 0.3 +0.2
Nispan 1.986 -0,25 + 0.3 + 0.6
Copper 1.539 -0.25 + 0.3 +0.8 N
Alumdnum . 11.92 : 40,37 ¥ 0.3 3.6
Plastic Tape -0.32?} + 0.0
Teflon Tape -0.156,
Nofléebos Deayllium & 0.0 T2 F U2 +U.U
Titanium 0.0 Z2.0 Fo.2 ¥ 0.0
Control Drums Beryllium ’ 0.0 - +2,2 +0.2 +0.0
. o Aluminum 0.0 +0.37 + 0.3 +0.0
Boron-10 0.0
Cluster Plate Ag-In-Cd . 11.465 —_— +10.0
Gd Stainless Steel -8.499, -—
Stainless Steel -0,02 +0.67 + 0.1 + 0,0
Aluminum 0.495 -+ 0.0 ) +0,0
Inconel . 0.47 : 40,81 + 0.1 + 0.0
Support. Rlock Carhon -10.088 1.36 + 0.2 +2,0
Niobium 7.692 0.41 0.1 1.5
Stainless Steel ~3.785 0.45 + 0.1 + 0.4
Molybdenum ©0.011 0.49 + 0.1 +0.0
Tungsten . 4.288 0.18 ¥ 0.1 + 0.4
Th O 0.068 +0.0
Inconel 1.7 0.65 + 0.1 +0.1
Suppert Plate Aluainum 89.813 0.2 +0.1 1 9.0
MNon-Core Instrumentatlon 41,0
External Structures T . . 15.0
Nozzle ) © 35,0
' Bundling Pressure #10.0
1.0

Pressure Vessel

&
(=3
.
[=]
-

- Statistical Sum of lincertainties
(1) The PAX-F1 mass includes 31 and 40 mil molybdenum
wires which differ in self-shielding factor from
the molybdenum in NRX-A6. N
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3) The effect of. react1v1ty coefflclents belng measured
in dlfferent reactor configurations.

The data presented in Flgure 5.14 also includes uncertainties for

1) The method of determining the fuel reactivity .
dlfferences, and

2) The interaction effects between the PAX-El fuel and
the NRX-A6 fuel and/or reflector.

One factor considered in the uncertainty due to interaction
effects is the large reactivity anoﬁely which occurred when ﬁhe NRX-Aé
reflector rings were‘replaced‘with a mockup of the NﬁX-Aé,ref}ector, i.e.,
the PAX-El reactor configuration was converted to the PAX¥E2 reactor
cohfiguration. The predicted reaetivity difference for this interchange
was 1.5 Whi;e the measured’reactivity‘change was 3.25. This represents a
reactivity anomaly of 1.7$. This anomaly was consideredbin the interaction
effect uncertainty because it is felt that the most pfebable cause

for this anomaly is interaction effects; i.e., changes in core reaetivity

coefficients due to reflector changes, and vice versa.
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SECTION 6.0
(CRD) NRX-A6/PAX-El CORE REACTIVITY DIF?ERENCES

The core reaétivity differences between the NRX-A6 and‘PAX-El
reactors are divided into two subsections: fuel differences and nonfuel
differences. The reason for this division is that the fuel differences are
obtained in a manner different from the nonfuel differences.
6.1 Fuel Differences. _

The method of determining the reactivity difference between the
NRX-A6 and- PAX-El fuel is basically different from the reactivity estimatesof
previous NRX reactors. Section 3.0 described the nomenglature and outlined
the conceptual reactor configurations involved in determining the reactivity
difference between the NRX-A6 and PAX-EL fuel.

' The principal problem inndétermining the reactivity difference
between the PAX-El and the NRX-Aé fuel is in properly utilizing the measured
reéctivity difference between a quadrant of NRX-A6 preproduction fuel and a
quadrant of'PAX=E1 fuel, Bearing this in mind, the steps.in obtaining the
reactivity difference between the PAX-El and NRX-A6 fuel were as follows:

1. The. inventories of the NRX-A6 preproduction and PAX.
fuel in the test quadrant, identified respectively as
A6-Q and PAX-Q fuel, were extrapolated toka full core
(360°) inventory. TheseAextrapolated inventories are,
respectively, referred to in the text as the A6-QE and
the PAX-QE fuel. .

‘2, Frém these extrabolated ipventorigs it is possible to

determine the following reactivity effects by essentially

& i@
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taking the product of the mass differences and the
appropriate reactivity coefficient,
a. The reactivity difference between the PAX-El

fuel and the PAX-QE fuel.
b. The reactivity difference between the NRX-A6

fuel and the A6-QE fuel, ‘
The remaining item to be determined is the reac-
tivity difference between the A6~QE and the PAX-QE
fuel. This reactivity difference is in part based
on the experimentally measured reactivity change |
between the A6-Q and PAX-Q fuel. The method for de-
termining the reactivity difference between the A6-QE
and the PAX-QE fuel is given by the fbrmula descriﬁed
in Section 3.0. Basically, all this formula does is
multiply the measured reactivity change for a quadrént
of fuel by the calculated ratio of the reactivity effect
for full core int erchange of fuel to that for a quadrant of
fuel. In addition, a correction factbr must berappliéd
to this result for the interaction effect which occurs
between the PAX-El and A6-Q fuel.
Once the previous reactivity diffefences have been
determined, the reactivity difference between the NRX-Aé
and PAX-El fuel is the sum of reactivity differencé

between the NRX-A6 and the A6-QE fuel, the A6-QE and PAX-QE
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fuel and the PAX-El and the PAX-QE fuel. The aetails
. of these éalculations,ﬁill be discussed in the follow-
ing sections. |

6.1.1 - Method of Extrapolating Test Quadrant Data to a Full Core

The method of'extgapoluting tho material inventery for a
' quadrant of fuel to a full core inventory is relatively simple; howevef; L
-the method of extrapolating the reactivity effect associated w&th this |
quadrant to a full coré is more complicated. To extrapolate a
material inventory for a quadrant'of fuel to a full core merely requires that
the mass of each chemical cﬁnstituent in the fuel be multiplied by the ratio -
of the total number of elements in the core to the number of élements in the
quadrant. This extrapolation must be done for each fuel element loading code
because the ratio of the number of elements in the full core to the number
of elements that were in the test quadrant varies with the loading code. This
occurs because the core is only perfectly symmetric on a 60° basis rather than
on a 90° basis. Figures 6.1 and 6.2 give the number of elements in a full
core and the number of elements in the test quadrant for A6 and PAX fuel. The
A6-QE and the PAX-QE fuel inventories which wéré obtained from the A6-Q and
PAX-Q fuel inventories are respectively, given in Figures 6.5 and 6.&:

In determining the reactivity effect associated with a quadrant
of fuel that has been extrapolated to a full core inventory, it is not only
necessary to extrapolate the reactivity difference by loading code but also
by position, beéause the reactivity effect of elements at the center of the

core is cdnsiderably different. than that of elements at the edge of the core.
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FIGURE 6.1

RELATIVE WORTH(1) OF PAX-Q FUEL

EXTRAPOLATED TO A FULL CORE

' ) Relative Reactivity
Number of Elements Effect, ¢ )

Ty

¥

Code and Location In Quadrant Full Core In Quadrant Full Core
. 04 Center . 6 2 21.308 85,232
99 o 266 1062 1201.471 - 4796.850
-89 7 24 : 22,707 77.853
79 . 13 L8 39.678 1h6.503
69 : ' 9 48 25,012 133.397
59 7 24 18.248 62,565
49 7 30 16.906 T2.454
.39 18 72 39.864 159.456
04 Edge - 50 198 108,321 428,951
Totals 383 1530 11493.515 - 15963,261

(1) This.is the worth of fuel onlyjﬁﬁB‘Nb or Mo wire worths are included.

.
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FIGURE 6.2

RELATIVE WORTH(1) OF A6-Q FUEL

EXTRAPOLATED TO A FULL CORE

Relative Reactivity

Number of Flements Effect, ¢

Code and Location " In Quadrant Full Core : In Quadrant Full Core
18 Center 39 156 , 205.499 821.996
19 Center : 36 144 181.255 725.020
20 Center L8 192 235,044 940.176
21 ' 87 ~ 348 383,021 1532.084
20 Edge 13 54 49.911 207.323

- 19 Edge 13 L8 4L7.878 176,780
18 Edge . 15 66 52.318 230.199
17 ’ ) : 22 - 78 69.941 247.973
16 ' 21 . 96 - 60,817 278.021
15 24 - 84 62.518 218.813
14 12 60 28,593 142.965
13 , 20 72 42,330 152.388
12 . . 7 : 30 13.436 57.582
11 26 102 L6.419 . 182,105
Totals 383 1530 +1478.980 +5913.425

(1) This is the worth of fuel only; no Nb or Mo wire worths are’ included.



~ FIGURE 6.3

REACTIVITY COMPERISON BETWEEN PaX-EL:) AND Pax-oE

: ‘ PAX-QE
Material Mass,kg
Carbon ' 818.065
Uranium 146,216
Niobium Coating
Bore 58,702
External _ 0.0
Matrix 0.0
Wires ,
Molybdenum 14.741
Niobium - 17.914
Molybdenum Coating 0.0

(1) NRX-A3 production code 89's which were used to simulate

(Fuel Only)

PAX-EL-
Mass,kg

£19,298
146,262

16

opm
O OoOwn

NRX~-A6 code 18's are removed from this estimate.

Mass Difference, Reactivity Change, ¢ e
kg PAX-QE Minus PAX-El | eesees
1,233 -8.301 et
-0.046 +2.993 1y ...
+0.186 -1.588 .
0.0 |
0.0 HS
0.0 0.0
0.0 0.0
0.0 0.0
Total
Reactivity -6.896

Difference

@

A10}eloqer
12319NU0JISY

<
#_T
L
@



FIGURE 6.4
REACTIVITY COMPARISON BETWEEN A6-Q AND PAX-Q

(Fuel Only)
£6=Q  PAX-Q Mass Difference " Reactivity Change, ¢
Material - Mass, kg Mass, kg kg A6-Q Minus PAX-Q
Carbon 204.31L 204.784L -0.470 ‘ -1.539°
Uranium 39.010° 36,626 2,384 +30.828
o Niobium Coating : , ’
seseet® Bore . 19.042 14.667 . L.375 -18.406
External 0.553 0.0 0.553 . - ~2,076
AR Matrix 0.0 0.0 0.0 0.0
el Wires » “ | - g e,
: " Molybdenum 0.0 , 3.720 ~ ~-3.720 o +23.148 RO
N Niobium - ‘ . 0.0 4,582 -4.582 +20.490 :
et Molybdenum Coating 1.713. ' 0.0 1.713. R ‘ -23.342 ' '2':';
. : Total Reactivity o
Tty . : ' ‘ _ Difference 429,103 .
58
S o
=
S o
-z D
C
3 g 84 MRS



FIGURE 6.5
REACTIVITY COMPARISON BETWEEN A6-GE(1) AND pAX-cE

(Fuel Only) ‘ ‘ ‘ .
A6-QE FAX-QE Mass Difference, Reactivity Change, ¢ el
Material Mass, Kg Mass, kg Kg A6-QF Minus PAX-QE
Carbon - 816,221 £18.065 -1.84 | -1.888 o
Uranium ' 156.004 146.216 ‘ 9.788 ‘ +126.175 _ i
. Niobium Coating | o ' meeeed
fuveen Bore 75.847 58.702 17.145 : -72.58 et
-:..:. Externa.l o o 2.130 0.0 2.130 -70933 . :‘.:o.s
L Matrix 0.0 0.0 0.0 0.0 . ooy
-::::b\ . . v ) '- . LALE X ¥
:ooou‘# Wires N s E B - . . A N
' Molybdenum . 0,0 15.248 ~15.248 +91.73
Molybdenum Coating 6.901 0.0 6.901 - -93.558
Total Reactivity - E
‘ , Difference +122,056
(1) 54 code 18's from center were removed from this . . y
estimate for consistency. . S ' ' i
5 &
v 9‘ 8
|
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- D
[
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This rgfinement in the reactivity extrdpolation is demonstrated in Figure 6.1
by the code Ol elements in the PAX-Q fuel.

Figﬁres 6.1 and 6.2 display, respectively, the net relative )
reactivity effects‘of the PAX-Q and A6-Q fuel. These results for the A6-Q
and PAX-O fuel were obtained from the AMNS computer code,

The net relative reacfivities reported in Figures 6.1 and 6.2 are
the sum of the products of fhe tofal mass of each chemical constituent in
the fuel and the appropriate reactivity coefficient. This quantity.is~pﬁrely
a mathematical entity aﬁd has no relation éo reactivity in the physical sense;
however, the difference in the two numbersxthusiobtained represents the reac-'
tivitf difference between the two sets of fuel inventofies.

These net relative reactivity effects could not be maée représen-
tative of a pﬁysical reactivity difference because of the extrapolatioh
process involved with this fuel and the inherent limitations of the AMDS
computer program. For example, to make the reactivipies reported in these
tables have a mganing in a physical sense, it would have been necessary to
supply some baée case on which the reactivity difference could be determined.
However, the reactivity calculations were performed for a quadrant of fuel-
and then extrapolated to a full core. This means that any base case employed

- to give the net relative reactivities some physiéal meaning would had to have also
been extrapolated to a full core inventory. Since the extrapolation ratio for
the AG=Q and PAX-Q fuel is not the same, the base case in’the PAX-QE fuel.
ﬁould have beep different from the base case in the A6-QE iuel. This would

result in a reactivity discrepancy between the A6-QE and PAX-QE fuel,
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| The above method of extrapolating the reactivity effect of a
quadrant of fuel to the reactivity effect of a full core has been verified
through the use of the AMDS computercode. Due to the inherent limitations
of the AMDS computer‘progranyit was not possible to perform this extrapolation
in the same manner. The results obtained by ﬁhe AMDS program gave an extrapoé
lated net relative reactivity effect which agreed with the extrapolatioﬂs
presenied in Figures 6.1 and 6.2 within Q.Ol$. However, because the method
used by the AMDS computer program to ex@rapolate the net relative reactivity
.effect is not precise, the data presemted in Figures 6.1 and 6.2 are con~
sidered to be the more accurate results.

6.1.2 Reactivity Difference Between PAX-El Test Quadrant Extrapolation
_ and PAX-El Fuel ‘

Figure 6.3 displays the following information:
1. The mass of the fuel in the PAX-El reactor.
2. The mass inventory of the PAX-Q fuel extrapolated to the
inventory of the PAX=QE fuel.
3. The reactivity and mass differences between the PAX-El fuel
and the PAX-QE fuel,
This table indicates that the net reactivity difference between
PAX-QE and the PAX-EL fuel is -6.9¢. It should be noted that Figure 6.3
does include the reactivity effect of the 54, A3-C elements in the keyholé
because this fuél did not change between the PAX-El core and the hypothetical
PAX-QE core,. |
The relative reactivity effect for_each chemical constituent of

the PAX-El fuel was obtained by the AMDS code. The extrapolated relative

. . &
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reacfiyity effect for the PAX-QE fuel was obtaingd in the{previoué section,
The reactivity difference betﬁeen the PAX-El fuel and PAX-QE fuel is then.
the differepce between these two relative reactivity effects.

The réactivity Aifference of -6.9¢ between the PAX~-QE and PAX-El
fuel is due primarily to the mass of carbon in the code O elements located _‘
in the test quadrant. It was discovered that some of the code O4 elements in -
the test quadrant contained on the average approximately 20 grams less graphite
than the remaining code O4 elements. This decrease in the carbon mass of.ssme
of the code O elements in the test quadrant is extrapolated to a full core |
thus resulting in a reactivity difference between the PAX~El and PAX-QE fuel of
approximately 5¢. The remaining reactivity‘differenge between PAX-El and

PAX=QE fuel is due only to statistical variations in the fuel content.

6.1.3 Reactivity Difference Between the NRX-Aé Test Quadrant
Extrapolation and the PAX-El Test Quadrant Extrapolation
Fuel

The calculated reactivity difference between the A6~Q aml PAX-Q
fuel is 29.1¢, and that calculated between the A6~QE and PAX-QE fuel is 122.1¢,
as shown in Figurés 6.4ad 6.5, The reactivity difference between the A6-QE
and PAX-QE fuel based on the quadrant fuel substitution experiment is 135.2¢,
and the calculation is shown in Figure 6.6.

The fuel inventories, mass differences, and reactivity differences
shown in Figures 6.4 and 6.5 were determined in a manner similar to that in
which the feactivipy difference between the PAX-El and PAX-QE fuel was
determined in the previous section. Neither of these calculations'inélude

the 54, A3-C, elements located at the center of the core because this fuel
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FIGURE 6.6

REACTIVITY DIFFERENCE BETWEEN

A6-QE AND PAX-QF FUEL BASED

ON_THE FUEL INTERCHANGE EXPERIMENT

~QF - = /(Aé-QE/PAX-QE)Ca1c°
7 (A6-QE/PAX-QE) | /X e,

where the definitions of the above terms are given in
Section 3.0. ‘

Ve (A6-QE/PAX-QE)C3LCe =  122,056¢ (See Figure 6.5)

32.6 ¢ (See Figure 5.12)

/‘(Aé-O/PAX-Q)Calc' = 29.103¢ (See Figure 6.4)

/2 (A6=QE/PAX-QE) 32.6¢ x 122:056
S 29.103

= 136.6¢
The following is a correction for interaction effects.

/,ﬁ (A6=QE/PAX~QE) = 136.64 x thii = 135.2¢

i
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wigh
has not changed. It should be noted that the expgrimentally measured
réactivity difference obtained for the quadrant substitution is 32,6¢ which
is in exceliept.agreement with the calculated value of 29.1¢.

| Applying the formula given in Section 3.0, the reactivity differ-
ence between the A6~QF and and PAX-QE fuel based on the quadrant interchange
experiment was found to be 136.6¢ (See Figure 6.6 for details). This reac-
tivity difference betwe?n the A6-QE and PAX-QE fuel does not take: into
account the interaction effects which occurred when the A6-Q fuel was subéti-
iuted into thé PAX-El reactor. A series of three R - O geometry, diffusion
theory calculatigns were ﬁerformed to determine the interaction effectT The
three diffusion theory calculations modeled the PAX-El mockup of the NRXeAé -

reflector with the following core configurations:

1. A full core (360°) of PAX-El fuel.
2. A full core (360°) o A6-GE fuel.
3. A core which contained 270° of PAY-El fuel and
the 90° of Aé-Q fuel.

The reactivity differgnce between the firét and second problem
.gave the reactivity change which: would occﬁr\fqr a éomplete core substitution.
of A6-QE fuel for PAX-El fuel. The reactivity differencé between the first
problem and the third problem gave the reactivity difference which would occur

for a quadrant substitution of A6~Q fuel for PAX-Q fuel,
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It was found that the reactivity effect of a complete core
substitution was only 3.959 times the reactivity effect of a single quadranf
substitution., This indicates that the‘experimentally measured reactivity
effect was slightly too high. This result can be understood if one relates
this problem to a similar one which is often encountered in control rod
- theory; namely, the reactivity effect §f the first control rod inserted
into acore is greater thaq that of a second control rod inserted into fhe
core,
The neglect of the imteraction effect would cause the previously
Qerived reactivity difference between A6-QE and PAX-QE fuel in the previous
paragraph to be slightly high. Therefore, this reactivity difference shoul
be reduced by (3.959/4.000 =) 0.9898. Applying this factor to the previous
calculation, the calculated reactivity difference between the A6~QE and
PAX-QE fuel becomes 135.2¢.
| As camnbe seen from Figure 6.5, a large reactivity difference
between the A6-QE and PAX-QE fuel is due to the niobium and molybdenum coating.
This difference occurs because the PAX-QE fuel did nct contain a molybdenum
coating and did not contain a niobium coating as heavy as that on the A6~-QE
fuel. " However, these differences in coatings were corrected by the use of

niobium and molybdenum wires. Figure 6.5 indicates that the wires effectively .

counterbalance the reactivity differences due to the coatings.
Figure 6.5 indicates that the major reactivity difference between

the A6-QE and the PAX-QE fuel is due to uranium. The difference in the uranium
content occurs because the A6;QE fuel contains loading code 21 fuel elements
which have ihO grams of uranium per element. On the other hand, the

maximum loading in the PAX-QE fuel is approximately 123 grams per element,
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This difference in inventory occurred because there was no fuel available
for PAX which had a uranium loading sufficiently high to match that of the

A6-QE code 21 fuel. Since the A6-QE fuel contains 348 code 21 elements,

" the inventory difference noted above would account for approximately 6 kgs of -

the difference in uranium Lelween Lhe AG=QE and PAX-QE fuel. The remaining
difference occurs because the A6-QE fuel loading distribution was not exactly

similated by the insertion of code O4 unfueled elements for fueled elements.

6.1.4 Reactivity Difference Between NRX-A6 Test Quadrant
Extrapolation and NRX-A6 Fuel '

Figure 6.7 shows the fuel inventories, mass differences and .
reactivity differences between the NRX-Aé and A6-QE fuel. The reactivity
difference between the NRX-A6 and A6-QE fuel is -12.7¢. This reactivity.b
difference was' derived in a manner similar to that described in Section 6.1.2
where the reactivity difference between the PAX-QE and PAX-El fuel.ﬁas dete;-
mined, It ehoyld be noted that the reactivity comparisons given in
Sections 6.1.2 end 6.1.3 did not include the centermost 54 elements (A3-C
tuel) of the core whereas the reactivity difference in_ehis section does.

From Figure 6.7, it can be seen that the major reactivity differ-
ence between the NRX-A6 and A6-QE fuel occurs because the NRX-A6 fuel con-
tained experimental elements with niobium added te the fuel matrix. The other
‘reactivity differences between the NRX-A6 and A6-QE fuel are small and due 4
to statlstlcal varlation in the fuel.

6.1.5 Summary of the Reactivity Differences Between the NRX~A6
and PAX-El Fuel

The reactivity difference between the PAX-QE fuel and the PAX-El
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(1) The keyhole is identified as the 5/ elements
in the center of the core (A3-C fuel in PAX—El).
(2) Wires located in keyhole only.
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Difference

, Laboratory
e PR & *
FIGURE 6.7
REACTIVITY DIFFERENCE BETWEEN NRX-A6 AND A6-QE
(Fuel Only) '
4 ’ Reactivity
‘ - NRX-A6 A6-QE Mass Difference Change, ¢, NRX-
Material ' Mass, kg Mass, kg kg A6 Minus A6-QE
Carbon ‘
Non-Keyhole Fuflsd(l? 817,505 816,221 | 1.100 ey
Keyhole Fueled L 28,786 '28.979) * be 294
Uranium , {
Non-Keyhole Fueled . 154.431 156.004 _ -8. 480
Keyhole Fueled 5.957 5.7h3 1.359 4
Niobium Coating .
Bore ‘ ,z
Non-Keyhole 75.911 75.847
Keyhole _ 2.658 2.6&?) 0.073 ~6.676
' Extefnal ‘ '
Non-Keyhole 1.572 2,130 -0,558 +2,043
Keyhole
Matrix 2.125 0.0 2.125 =11.8
Molybdenum Coating .7
Non-Keyhole 6.469 6.901 _ . "
Keyhole 0.236 0.0 0.196 1.604
AWires(z)
Niobium : 0.0 0,163 -0.163 +1.320

"
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fuél was obtained in Section 6.1.2 and found to be -6.9¢. The reactivity
difference between the PAX-QE fuel and the A6-QE fuel is derived in
Section 6.1.3 and was found to be 135.2¢. The reactivity differenée between
the'Aé-QE fuel and the NRX-A6 fuel was derived in Section 6.1.4 and was found
to be ~12.7¢. The total reactivity différenée between NRX-A6 and PAX-El fuel
is the sum offtheée three feactivity differences which is 115.6¢. These
results are summarized in Figure 6.8,
6.2 NRX-A6/PAX-E1 Non~Fuel Differences
6.2.1 Central Support Elements
Figure 6.9 shows the reactivity difference between the unfueled
elements in the NRX-Aé and PAX-El reactor. This reactivity difference is;
-194.6¢ and was determined in the traditional manner by applying reactivity
coefficients to mass differences, Tha]arge difference in reactivity between
the NRX-A6 and PAX-El unfueled elements occurs primarily because the NRX;Aé
unfueled eleménts contain 38 TaC-loaded negativejshim elements'whereas the
PAX-Elvunfueled elements contain only one of these elements.
' An additional negative reactivity change occurs because the
NRX-A6 unfueled elements had considerabl& more niobium coating than the PAX-El
unfueled elements. The NR¥-#6 unfueled central support elements typically contain
7 grams of niobium deposited aloné the bores §nd 21 grams of niobium deposited
on the external surfaces of the élement.
Thé PAX-El central support elements were originally part of the
NRX-AZ production of fuel. Therefore, the central support unfueled elements

in PAX-El contained no niobium coating in the bores or on the external surfaces.
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FIGURE 6.8

SUMMARY OF THE REACTIVITY DIFFERENCES .

. BETWEEN NRX-A6 AND PAX-El FUEL’

2 (PAX-QE Minus PAX~EL) -6.896¢

]

~ (A6-QE Minus PAX~QE) 135.,23é¢

//’(NRX—Aé Minus A6-QE) +

/ (NRX-A6 Minus A34-C)A -12‘.697¢

Total y (NRX-A6 Minus PAX-E1l)

/

+115,645¢

(Q
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NRX~Aé AND PAX-E1 CORE REACTIVITY DIFFERENCES
NRX-A6 PAX-E1 Mass :
Mass Mass Difference Reactivity Change, £ '
Material Kg Kg Kg "NRX-Aé Minus PAX-E1
Fueled Elements
Carbon 846,291 . 848, 268 1.977
-Uranium 0 ' 160, 388 152, 007 8,381
Niobium @ ’ )
Bore. 78,569 79.242 -0,673
Fxternal 1,572 0.0 1,572
Molybdenum(z) 6.705 15.248 | ’ See Note 3
Total for above items, ’ ) ’ - 127.5
Matrix Niobium 2.125 0.0 2,125 -11.8
' . Fueled Subtotal  115.7
Unfueled Elements
Carbon 195, 925 194,724 1.201 4,0
Tantalum 2.826 . 0,075 2,751 -155.8
Niobium @ . ) o
Bore » 2,014 0,008 2,006 -10.9
Extemal ) ) 5.954 0,289 5,665 =-31.9
, Unfueled Subtotal ~ -194.6
Hardware N
Positive Shims 1017 ' 0.0 . 1.017 5.1
- Pyrographite Sleeves . 27.413 ' 27.730 -0.317 -1.7
Tie Rods ) . w647 22,582 1.065 -20,0
Tube Liners 8.044 : 8,222 . -0, 178 0.1
Instrumentation . '-19.6
Hardware Subtotal -36.1
Totol Core Reactivity Difference -115.0
) Mass of uranium adjusted to 52 inches.
@ Reactivity - weighted mass, ) . \ “
@) The PAX-E] mass includes 31 and 40 mil molybdenum wires which differ in self-shielding factor from the molyi)denum ' -
NRX-A6
@ The PAX-E1 tie rods are stainless steel while the NRX-Aé tie rods are Inconel-718.
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Thé only unfueled elements in the PAX~El reactor ﬁhiéh had a significant
amount of'niopium were the unfuelgd partial elements (code 03) whicﬁ had their
external surfaces coated with approximately 7 gfams of niobium.

6.2.2 Instrumentation

There was no instrumentation in the core of PAX-El reactor. The
core region of NRX-Ab contained 64 thermocouples and él thermal capsule |
families. Figure 2.1 shows the radial placement of instrumentation in NRX-A6.
The core instrumentation differences between NRX-A6 and PAX-El are summarized
in Figure 6,10 which indicates that the sum of these differences is approxi-
mately -0.20%. |

The reactivity of these instruments was obtained by determining
the reactivity coefficient -of the materials in the instrument at the instru-
ments' radial position. The product of tﬁese'reactivity coefficlents and
the éine-squared weighted masses of the materials in the instrumént gave the
reactivity associated with the instrument.

Reactivity coefficients for Ag, Ir, Pd, Rh, Re, Ta, and W were
obtained from WANEF measurementé. These eleﬁents contributed approximately
80 percent of the reactivity effect in the thermal capsules and approximately
60 percent of thé reactivity effect‘in the thermocouples.,

The reactivity coefficients of the other instrument constituents
(A1, Au, Be, Cu, Cr, Pt, Mo, and Mg) were derived from reactivity coefﬁcién'm
measured in the PPA reactor series (See Reference 2). Th; reactivity coef-
ficients of these constituents were assumed to follow the measured’radial

depen§énce of Ta.
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INSTRUMENT

Thermocouple

Thermal Capsule
Family '

FIGURE 6. 10

-

" REACTIVITY WORTH OF CORE INSTRUMENTATION

NUMBER

OF INSTRUMENTS

NRX-Aé

64

81

PAX-E1

WORTH OF
INSTRUMENTS (£)

NRX-Ab PAX-E1

-5.89 0
-13. 69 0

Total

REACTIVITY
DIFFERENCE (¢)

5,89
-13.69

-19.58
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. The core instrumentation summary, thermal.capsule specification
and the thermal capsule distribution in the core and hot buffer filler strips
are given in Reference 4. |

6.2.3 Core Hardware

Figure 6.9 shows the reactivity difference between NRX-A6 and
PAX-El core hardware., This reactivity difference is ~0.36$ and was obtained

by application of reactivity coefficients to the mass differences,

Figure 6.9 indicates that the NRX-A6 reactor contained 1.0l7 kgs
of positive shims, whereas the PAX-El reactor contained no positive shims,
An explanation of this result‘is in order. The mass of the positive shims in
the NRX-Aé\reactor includes the carbon due to positive shims, thermal c;psules
and graphite plugs ﬁh{ch ére located aft of the thermocouples. The PAX-El

reactor had a number of positive shims in the core; however, the mass of these

positive shims~was not obtained explicitly because the inventory information
for the PAX-El unfueled elements supplied by WANEF gave only the total mass
of the element including the positive shim m;ss. |

. Figure 6.9 shows the reactivity difference between the NRX-A6
‘and PAX-El tie rods.to be -20,0¢ but é'ﬁass difference of only 1.067 kg.
This occurs because the NRX-A6 tie rods were made of Inconel-718 while the

PAX-E]1 ﬁie rods were made of stainless steel,

The PAX-El tie rods are primarilyaan iron-nickel-chromium composi-

tion; the NRX-A6 tie rods are of an iron-nickel-chromium composition which has a
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higher percentage of nickel than stainless steel and contains appreciable
amounts of niobium and molybdenum, An examination of the co}e—avqrage
reactivity coefficients given in Section 5 (Figure 5.8) indicates that .
niobium, molybdenum, ana nickel have a considerably higher reactivity effect
~ than docso iren or chromium. This iIs Lhe reason for the core-average reac-
.tivity coefficient of Inconel-718 being -1.21¢/kg while the core—éverége
reactivitj coefficient of stainless steel is -0.24¢/kg. /
6.3 Summary of NRX-Aé and PAX-El Core Reactivify Differences
Figure 6.9 displays the core reactivity differeﬁce between the
NRX-A6 and PAX-El reactors, It was found that the NRX-A6 fuel was 1.16$
more reactive than the PAX~El fuel., In addition, it was found that the NRX-A6 .
unfueled elements were 1,95$ less reactive than the PAX-El unfueled elements.
Finally, it was determined that the NRX-Aé core hardware was 0.36$ less reac-
tive than.thevPAX-El core hardWare. These reactivity differences resulted

in a net reactivity difference between the NRX-Aé and PAX-El core of ~1.15%.
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SECTION 7.0
(CRD) NRX-Aé/El NON-CORE REACTIVITY DIFFERENCES
The non-cére reactivity differences between the NRX-A6 and
PAX—Ei reactors are summarized in Figure 7.1 which indicates that the
éum of these differences (Subtotal A) is O.79$. For the most part,
these reactivity differences wére obtained by the application of reactivity
_coefficients to the mass difference between the NRX-A6 and PAX-El reactor.
The following subsections describe in more detail how the reactivity effects
were obtained. Section 8.0 describes the non-core reactivity effects which

. are not determined in the manner indicated above.

7.1 Filler Strip and Lateral Support Region Differences

Figure 7.1 indicates that the NRX-A6 filler strip region is
'0.57% more reactive than the PAX-El filler strip region. This reactivity
difference is.due to the following two differences between NRX-A6 and
PAX-El: '

1) The NRX-A6 filler strip region contains a grafoil friction
plane and impedance wrapper, filler strips and the pyrographite tiles;
whereas, the PAX-E—l filler strip region contains only a filler strip.

The NRX-A6 pyrographlte tiles have a hlgher density (2.14 g/cc) than did

the corresponding section of material in the PAX-El filler strip region
(1.84 g/cc).

s




FIGURE 7,1

NRX-A6/PAX-E1 NON-CORE REACTIVITY DIFFERENCES

Region Material

Filler Strip . Carbon
. Niobium
Stainless Steel
Paraffin

Silicone Grease

Lateral Support Carbon
Niobium
Aluminum

Beryllium Reflector
Hardware Inconel-718
Carbon
Titanium
Stainless Steel
Nispan
Copper
Aluminum
Plastic Tape
Teflon Tape
Reflector Beryllium
Titanium

Beryllium
Aluminum

Boron-10

Control Drums

Cluster Plate Ag-In-Cd

Gd Stainless Steel
Stainless Steel
Aluminum

Inconel

Support Block + Carbon
Niobium
Stainless Steel
Molybdenum
Tungsten
ThO,
Incanel

Support Plate Aluminum

Material

Instrumentation
Flame Sprayed Instrumenttion Leads
Thermocouples
Thermal Capsules
Resistance Thermometers
Extemal Structures
Nozzle
Bundling Pressure
Pressure Vessel

(
m Mass adjusted to 52, 0 inches.

212.285

NRX-Ab Worth, ¢

PAX-E1 Worth, ¢

Reactivity
0 0 Reactivity Change,
NRX-Aé PAX-E1 Difference Coefficient, NRX-A6 Minus
Mass, Kg Mass, Kg Kg £/Kg PAX-E1, ¢
95. 481 87.32 8. 161 +3.0 24,5
0.757 0.0 0.757 -4,2 =-3.2
0.0 10,592 -10.592 -3.28 34.7
0.0122 0.0 0.0122 1.0
0. 0686 0.0 0. 0686 )
115. 082 110. 953 4,129 +2.9 12.0
0. 001 0.0 0. 001 0.0
0,0 1.975 1.975 +0.26 -0.5
37.109 36, 141 0, 968 -0.25 y -0.2
5.301 0.0 5.301 +3.5 18.6
2.944 0.0 2,944 -2.0 -5.9
0.691 0.0 0. 691 -0.25 -0.2
1,986 0.0 1,986 -0.25 -0.5
1.539 0.0 1.539 -0.25 -0.4
11,929 ‘0.0 11,929 + 0,37 4.4
0.0 0.324 -0. 326 ~0,0
0.0 0.156 -0, 156 ~0.0
884,5 884.5 0.0 2.2 0.0
14,67 14,67 0.0 0.0
!
199. 85 199.85 0.0 2.2 0.0
18,111 18,111 0.0 0.0
1, 0283 1. 0283 0.0 0.0
11, 465 0.0 1, 465 -10.0
0.0 8. 499 8, 499 . 0.0
20,32 20.3 0.02 0.67 0.0
2. 49 1,995 0, 495 0.0
0.52 0,04 0. 47 0.81 0.4
27.525 37.613 =10, 008 1.36 =13.7
7.692 0.0 7.692 0. 41 3.1
0.21 3.995 -3,785 0.45 -L7
1.47 1,459 0,011 0. 49 0.0
4,288 0.0 4,288 0,18 0.8
0. 048 0.0 0, 068 ~0.0
1,27 © 0,0 1,27 0.65 0.8
122,472 89,813 0.2 4.5

Non-Core Subtotal A 78.5

Reccﬁ-vify Change
NRX-Ab6 Minus PAX-E1, ¢
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2) ~The PAX-E1 reactor contained a 10 kg stéinless steel,
lateral support bundling mechanism which was not present in the NRX-A6
reactor. This stainless steel bundling mechanism in PAX~El resulted in a
10.35% negative reactivity insertion for the PAX-El reactor, thus making
NRX-A6 more rgaétive.

Flgure 7.1 indicates that the NRX-A6 lateral support reglon
is 0.12% more reactive than the PAX-El lateral support region. This
difference occurs because the PAX-El mockup of the NRX-A6 lateral support
was 4 kgs different than the NRX-A6 lateral support region mass. The .
NRX-A6 lateral support contained inner and outer seal segments, and an
.insulating tile; whereas, the PAX lateral support region contained only
graphite liner plates which approximated the A6 lateral support. In
‘addition, the PAX-El lateral suppqrt included an aluminum container which
could be employed for emergency shutdown procedures.

The carbon reactivity coefficient in the latoral support region
was obtained by insérting graphite rods in the lateral support and noting
the‘reactivity.effect which resulted. In addition, reject NRX-Aé inner and
outer seal segments were attached to a PAX-E2 beryllium liner plate. The
resulting configuration closely apéroximated the actual NRX-A6 lateral .
support region. - The reactivity coefficient obtained from thisAmeasuremént
was found to be similar to that obtained in the graphite rod measurement

when the axial distribution of the seal segments had been taken into account.
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7.2 ’ Beryllium Reflector Differenceé
| Figure 7.1 sﬁows the reactivity differences between the NRX-A6
and PAY-E1 Seryilium reflector regions. It was found that the NRX-A6
beryllium refiector region was 0.16$ more reactive fhan the PAX-El beryllium -
rofloctor region. As can be seen from Fignre 7.1, no differences in reac-
tivity between NRX-Aé and PAX-E1 resulted due to the beryllium reflector
rings or the control drums. |
| The lateral support hardware reactivity coefficients were found
by inserting materials in the rédial spring holes, Because the spring holes
are radiél streaming paths for neutrons, it was found that moderating materials .
had a larger positive reactivity effeét ard that absorbing materials had 5
smaller negative reactivity effect. The reacﬁivity coefficients measured
in PAX-EO for the lateral support hardware had to be adjusted slightly
because the coefficients showed a marked dependence upon azimuthal lbcation;'
and the spring holes located in the PAX-EO reactor cénfiguration were not
at exactly the same azimuthal locations as those in the NRX-A6 reflector.
In addiiion, it should be noted that reactivity ;oefficients for the iron,
nickel, chromium, and copper alloys in the spring hardware were not explicitlj
obtained. The reactivity coefficient of ;0.25¢/kg was obtained for Inconel
600, A comparison of the macrqscopic.scattering and absorption Eross
sections for the other alioys located'in spring holes indicated thét these
' materials had similar cross sections. Therefore, the reactivity effect of

these metallic spring hardware components were assumed to be the same as that

measured for Inconel 600.
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7.3  Support Block;bifferences

Figure 7.1 indicates that the NRX-A6é support block region is 0.11$
less reactive than the PAX-El support block region. The NRX-A6 reactor
employed the skirtless support block design whereas the PAX-El reactor did
not. Therefore, the NRX-A6 support blocks contained 10 kg less carbon
than the PAX-El support blocks. This is‘theaprimary cause of the NRX-A6
loss of reactivity in the support block region.

The carbon reactivity c¢oefficient. in the support block region
was measured in the PAX-EO reactor configuration by placing hexagonal-
shaped graphite pieces, 0.75 inches in length, on the PAX suppoft blocks.

The remaining reactivity coefficients in this region were measured in the
NRX-A2 PAX configuration énd are reported in Reference 3.

Tels Cluster Plate and Support Plate Differences

| Figure 7.1 indicates that the NRX-A6 cluster plate region is
approximately 0.10$ less reactive than the PAX-El cluster plate region.

The NRX-A6 reactor employed Ag-In-Cd cluster plates, whereas, the PAX-El
reactor employed Gd-stainless steel cluster plates. This is the primary
reason for this reactivity differéncé between the_NRX—Aé and fAX-El reactors.

‘ The reactivity effect of the two t&pes of cluster plates was

measured in the NRX-A4 PAX reactor configuration by placing the two different

types of cluster plates on the support blocks of the PAX reactor; ' Consider-

able additional analysis was required to derive the reactivity effect.
The results of this analysis are reported in Reference 1. The remaining

reactivity coefficients in this region were obtained from LASL
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measurements and one-dime;xsional transport calculations normalized to the
LASL méasurements. The results and details of this analysis are reported
in Reference 3. 4

Figure 7.1 indicates that the NRX-A6 support plate is 0.15$ more
reactive than the PAX-El support plate. The primary reason for this difference
is that the NRX-A6 employed a flat suppart plate which has smaller flow holes
than the suppoft plate in PAX~El., These changes in :t.he suppprt plaie resulted
in the NRX-A6 support plate being 90 kgs heavier than'the PAX-E1l support
plate. The aluminum reactivity coefficient for this region was measured 1n
fhe NRX-AL PAX reactor configuration and is reported in Reference 5. This
coefficient was measured on top of the support blocks in PAX with a simlated
support plate present; however, the simmlated shield, which consists of
800 kgs of aluminum, was not present for the measurements. This reactivity
coefficient was modified to account for the following two items:

1) A portion of the large mass difference between the
the two support piates was in the corner regions of the plates.

2) One-dimensional transport calculations were performed‘

to account for the simlated shield which was not present in the measurement.
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- SECTION 8, 0

(CRD) ADDITIONAL REACTIVITY EFFECTS WHICH OCCURRED BETWEEN
NRX-A6 AND PAX-E1l

This section describes reactivity differences which occurred
between NRX-A6 and PAX-El which cqﬁld not be handled by applying a reactivity

coefficient to a mass difference. -

8.1 " Reactlvity Effect of Instrumentation

| Figure 8.1 gives the reactivity worth of the 1nstrumentation
outsidg the core region. The NRX-A6 non-core instrumentation included 46
thermocouﬁles, 12 thermgl capsule families, 6 thermometers and the instrumen-
tation leads which were flame-sprayed omto the wall of the pressure vessel;
whereas, the PAX-El reactor did not contain any non-core instrumentatién.
This difference inﬂinstrumentation resulted in the NRX-A6 being 0.02$ less

reactive than the PAX-El reactor,

The worth of this instrumentation was calculated in the same
manner as that in the core (See Section 6.2.2). Material reactivity ;
coefficients used in the calculattons (with the exception of the flame-sprayed
lead calculations) were based on'the WANEF measured coefficient of 348 stainless
steel. The reactivity effect of flame-spraying the leads onto the pressure
vessel wall with aluminum oxide was calculated using a measured reactivity
coefficient for aluminum (See Reference 5) and a calculated coefficient for

stainless steel.
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FIGURE 8,1
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All of the constituent materials in the leads were assumed to be
staiﬁless steel.l This assumption is warranied by the fact that the magnitude
of the reactivity of the leads was small.

Reference 4 gives the reflector instrumentation summafy and
thermal capsule distribution in the filler strip region.

8.2 . Reactivity Effect of External Structures ‘

Figure 7.1 indicates that the structures external to the NRX-A6
were 0,01$ less reactive than the structures external to the PAX-El reactor.’

' The structures external to the NRX-A6 reactor consisted of thé test car and
Test Cell "C" shield. The structures external to the PAX-El reactor
consisted of the two test cell walls nearest the PAX reactor, the polyethylene--
covered neuiron detectors, and the steel support structure surrounding PAX-El,
In these calculations, the materials below the dome end of the reactor (both
reactors have the nozzle in the upward direction) were considered to have
the samelreactivity effect on each reactor.

The reactivity effeét of the Test Cell "C" shield was based on
a measurement made by LASL on the PARKA reactor which indiéated a reactivity
effect of 27.3¢ for the aluminum shield filled with 2.0 w/o borated water.
The geometrical configuration of the LASL mockup of the Test Cell "C" shield
was the same as for the NRX~A6 reactor; therefore, it was only necessary to

. take into account the effect of the differences in the NRX-A6 and PARKA
reactors on the worth of the Test Cell "C" shield. This was accomplished by

~ performing one-dimensional transport calculations for the PARKA and NRX-A6

L LL T IS L

@,
v



B

e 0o

oo
w00 ®
esese
o9 o0e

sevces
.

Astronuclear a
Laboratory
WANL-TME-1713

reactors with the appropriate shield surrounding each reactor. Tﬁe ratio
of theée two worths was applied to the experimentally measured value to’
obtain the calculated worth of the NRX-A6 shield which was 0.21$.

The reactivity effect of the test cell walls near the PAX-El
reactor wac dotormined in the followiﬁg manner:

1) The reactivity effect of the walls was determined ¥
from a one~dimensional, infinite cylinder, radial transport calculation.

2) The fraction of the number of neutrons leaving the
reactor which hit the test cell wall and return was determined by solid
angle calculations. o ‘

' 3) The fractién of the numbef of neutrons which leave the -
reactor and return for the infinite cylinder case was determined by solid
angle calculations. |

L) The reactivity effect of the test cell walls was taken
to be the product of a calculated worth and fhe ratio of the fraction of
number of . neutrons leaving the reactor which return in the actual case to
the fraction of the number of neutrons leaving the reactor which return for
the infinite cylinder.case. ’ A

| These calculations indicated that the tes£ cell walls were worth
0.10% in reactivity. _
The reactivity effect of the polyethylene-covered neutron

detectorsvwas'determined by a measurement st WANEF. This measurement indicated
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that the six neutron detectors were worth 0.05%. Thé remaining 0.07$ in
reactivity was attributed to the stainless steel support structure surrounding
the PAX-El reactor.
8.3 ' Reactivity Effect of Bundling Pressure
| Figure 7.1 indicates that the NRX-A6. reactor is 0.20$ more

reactive than the PAX-El reactor due to bundling pressure. Under ambient
conditions, the NRX-Aé reactor had a lateral support bundling preséure of
3.2 psi whiie the PAX~El reactor had a bundling pressure of 0.33 psi. There-
fore, the NRX-A6 gains reactivity because the NRX-A6é core is more tightly
bundled than the PAX core. ' ‘

Figure 8.2 shows the reactivity effect of bundling pressure
as inferred from LASL measurements (See References 3 and 6).‘ Once
the bunaling pressure of the reactors is known, the reactivity difference
due to the difference in bundling pressure is then obtained from Figure 8.2.
8.4 . Reactivity Effect of Pressure Vessel

Figure 7.1 indicates that the NRX-A6 is 0.03$ more reactive
than the PAX-El reactor due to a difference in the pressure vessels. The
NRX-A6 pressure vessei is composed of an alloy which ig 94 w/o aluminum and
6 w/ o copper. The pressur; vessel used on the PAX-El reactor is composed
entirely of aluminum. |

The reactivity of the PAX pressure vessel was determined

4
experimentally to be 0.30$ in the NRX-A2 configuration of the PAX reactor.
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FIGURE 8.2 REACTIVITY EFFECT OF RADIAL BUNDLING
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Since the pressure vessel is external to the reflector, the reactivity effect
of the pressure vessel is primarily a function of the scattering cross section.
Therefore, the worth of the NRX-A6 pressure vessel was taken to be the

product of the experimentally measured reactivity effect for the PAX pressure
vessel and ratio of the macroscopic scattering cross sections of the two
pressure vessels. This calculation resulted in a net worth for the NRX-A6é

pressure vessel of 0.33$,
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SECTION 9.0
(CRD) UNCERTAINTIES IN THE NRX-A6 REACTIVITY ESTIMATE

As noted earlier, it was found that the 2 4 reactivity
uncertainty due to mass uncertalnties was 10, 38%, and the 2 react1v1ty
uncertainty due to reactivity effect uncertainties was 0. 58%. The statistical
sum-of these uncertainties is 10.69%, which‘is equivalent to 110° of control
drum motion.

Figﬁre 9.1 summarizes past experience in reacfivity_shimming
previous NRX reactors. From this data, it was found that the average reac-

tivity discrepancy-in shimming previous NRX reactors wasA-0.35$ with a 20"
variation of 0,628, On the basis of this data, it was decided to shim the NRX-46
reactor to a lower cold critical drum position in order to meet the aim»drum‘
angle'of 88°, An added factor in determining this lower drum position was
the possibility of violating the minimum shutdown requirement at the Test
Site. .Therefore, the NRXpAé reactor shimmed to give a cold critical drum
position of 85.2°. The reactiyity estimate at that time was based on a core
‘inventory which was not complete. The reactivity estimate based on the final
core inventory(l) indicated that NRXpA6 should have a cold critical drum
position of 87.4°, . ‘

If the uncertainty Analysis derived in Sections A.S and 5.4 is -
ﬁéed, the NRX-A6 reactor should have,.to a 2 G uncertainty, a cold critical
drum position between 78° and~98°; However, if the uncertainty derived from

previous NRX reactors is used, the NRX-A6 reactor should have, to a 20"

(1) The results presented in this reﬁort are based on the final inventory.
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FIGURE 9.1

EXPERIENCE IN REACTIVITY

SHIMMING PREVIOUS NRX REACTORS

Aim Drum Actual Drum Reactivity
Position, Position, . Discrepancy,
Reactor Degrees Degrees Dollars.
 NRX-A2 90 97.8 =059
NRX-A3 . 90 89.1 ' 0.07 -
NRX=Al ‘ 9 99.1 ~0.38
NRX-A5 93" 99.4 -0.48 -

Average Reactivity Discrepancy -0.35%

One Standard Deviation(1) on
the Discrepancy .0.31$

e

v
(1) CT':’ i=zl (Xi—i)z
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uncertainty, a cold critical drum position from 84° to 102°, From experiehce,
the problems and experimental anomalies encounteréd in shimming the NRX-A6
reactor lead to the intuitive conclusion that the aésignment of a 62¢ error

to NRX-A6 is somewhat optimistic.
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SECTION 10,0
. (CRD) DETERMINATION OF THE NRX-A6 NEGATIVE SHIMMING.
10.1 Selection of the NRX~A6 Aim Cold Critical Drum Position

Analysis of the expected corroéion behavior for the NRX-A6 fuéi‘
indicated that a hot start-of-life drum position of 90° and an orifice drum
position of 105° would be desirable. Therefore, to determine the aim cold

critical drum position_of the NRX-A6, it is required that. the cold=to-hot
'reactivity change of ‘the NRX-A6 reactor in going to full power operation be
determined. .
| The initial aﬁalysis of the NRX-Aé cold-to-hot reactivity change
indicafed-a reactivity effect of -0.13$.“However, the final analysis of the
NRX-Aé cold-to-hot change, performed after the NRX-A6 had been shimmed, indi-
cated a cold;to-hot reactivity loss of 0.033. Based on the jnitial analysis
of the cold-to-hét reactivity change, the aim cold éritical drum angle of the
NRX-A6 was chosen to be 88°,

' Figure 10.1 shows in ﬁetail the components comprising the final
analysis of the cold-to-hot reactivity change. The three components of this
reactivity change are temperature effects, hydrogen effects, and loss of
L mplybdenum4coating during the startup. The net're;ctivity'effect of eagh‘of
'..these components is respectively-2.87$, +2.2h$, and +0.60$. This results in a
net reactivity change in going from ambient to fnll.poier opefﬁting conditions
" of-0.03$. This analysis indicates thgt if the NRX-A6 reactor goes critical .

at the predicted drum position of 87.4° the reactor will have a hot |

start-of-life drum position of 87.9°.

Astronuclear 5
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FIGURE 10.1
'

NRX-A6 OPERATING REACTIVITY CHANGES

Conditions

Operating Power (100 Percent Power) ' 1120 MW Thermal
Propellant Fiow Rate . 71.3 Ib/sec
Ambient Temperature 528°R

Cold-to-Hot Reactivity Changes (Determined by COHOT Calculation)

Temperature Effects

Due to core expansion . ’ $ -1.61
Due to thermal bose shift | -0,-52
Due to Doppl'er effect - for U -0.42
- for Nb -0.26
- for Ta -0,
Due to Be contraction . +0. 05 '
Subtotal of Temperature Effects ’ $ -2.87

Hydrogen Effects

Due to core hydrogen 3 $1.64
Due to' lateral support : 0. 09
Due to Be reflector 0.22 '
Due to change in worth of H2 with temperature ! 0,07
Due to release of adsorbed H2 . 0,00
Due to diffused hydrogen : 0.22
Subtotal of Hydrogen Effects ) $2.24

Net Change in Feedback Reactivity $-0,63

Changes Due to Material Loss

Loss of Molybdenum during startup $'0,60

Total Reactivity Change from :

Ambient to Full Power - $-0.03
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10.2 Summary of the NRX-A6 and PAX-El Reactivity Comparison

Figure 10.2 shows the summary of the reactivity differences
between the NRX-A6 and PAX-El reactors obtained in the preceding sections of
this report. The sum of these reactivity differences indicates that the NRX-A6
is 0.02$ more reactive than the PAX~EL reactor. Since the PAX-EL reactor
had an ambient delayed critical.drum position of 87.7°, the NRX-Aé should
have an ambient delayed critical drum position of 87.4°,
10.3 Selection of the NRX-A6 Shim Content

The distributibn of the 38 TaC-loaded central support elements
required to make the NRX-A6 critical at 87.4° is given in Figure 2.,1. The
distribution of the shimmed elements was chosen to be symmetrical in the
azimuthal direction, and uniformly distribuxed over the regular clustér.region
of the core. In addition to meeting this criteria, the shim configuratien had
to meet the added constraints of the building schedule for the core and the

exact negative reactivity requiremehts.
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- FIGURE 0.2

SUMMARY OF NRX-Aé AND PAX-E1 REACTIVITY DIFFERENCES

Core Reactivity Difference,
NRX-A() Minus PAX-E1, ;.(
Fueled Elements
Unfueled Elements
Hardware
Non-Core Reactivity Difference
N;U\'-Ad Mitnus PAX=E],
Subtotal A, Inventory Difference

Subtotal B, Instrumentation,
Shield and Miscellaneous Differences

NRX-Aé Excess Reactivity at the PAX-EI

Ambient Delayed Critical Drum Position of 87.7°, £

NRX-Aé Ambient Delayed Critical Drum Position

)

15,7

-194.6

-36.1

78.5

38.5

2.0

87. 4 degrees

(XX
.
“e o
[ .
. .
aee o0

LI



. ' Astronuclear

RESTRIEHD B*I* « | ‘ | V__V Laboratary
] - - ' , , WANL-TME-1713

2,

3.

L.

s,

AP TR TS 100 L e e

-“-v. - A - l

(u) . 11.0 REFERENCES

WANL-TME-1355, "NRX-AL/EST Reactivity Analysis with the Automated
Materials Data System", January, 1966.

WANL-TME~1113, "NRX-A3 Reactivity and Shimming Report", March, 1965.
WANL-TME-878, "NRX-A2 Reactivity and Shimming", July, 1964.

WANL-TME-1642, "NRX-A6 Nuclear Subsystem, Thermal and Nuclear Design

Data Book", November, 1967,

WANL-TNR—O99, "Safety Report for the Westinghouse Astronuclear Experi-
mental. Facillty (PAX and FCX)", January, 1967.

N-2-7166, "Los Alamos N-2 Group Progress Report'", January, 1962.

.L—-' s

. s o
oo : b - s a @ : . ' oy o ®
et . e s 0








