'
4

a MASTER

APAE Memo No. 199

AR Rt

- BURNOUT DISTRIBUTION IN SM-|
(APPR-1) CONTROL ROD ELEMENTS
- FIXED ELEMENT No. 57
AND ABSORBER SECTIONS AT 10.5 MWYRS

ALCO PRODUCTS, INC.
. POST OFFICE BOX 4l4
- SCHENECTADY, N. Y.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



APAE MEMO NO, 199

BURNOUT DISTRIBUTION IN SM-1
(APPR-1) CONTROL ROD ELEMENTS, FIXED ELEMENT # 57

AND ABSORBER SECTIONS AT 10.5 MWYRS

3 Author: P. E. Mc Elligott
Army Package Power Reactor

Contract #AT (30-3)-326

Date Issued: June 5, 1959

ALCO PRODUCTS, INC.
POST OFFICE BOX 414
) SCHENECTADY, NEW YORK




COPIES

1-2

3-5

9-11

DISTRIBUTION

New York Operations Office

U.S. Atomic Energy Commission
376 Hudson Street '

New York 14 New York

Attentxon Ch1ef Army Reactors Branch NYOO

U.S. Atomic Energy Commlssmn :
Army Reactors Branch .
Division of Reactor Development
Washmgton 25, D. C:

' 'Attentlon‘: Chlef, Water Systems Broject Branch .

. Office, Ass't. Director’(Army Reactors)"

U S. Atomxc Energy Commlssmn
Chief, Patents Branch

Washington 25 D C.

Attention: Roland A;,_A‘nd‘ersoh ‘

U,S,' Atomic Ehergy Commission

Chief, New York Patent Group
Brookhaven National Laboratory

Upton, New York ,

Attention: Harman Potter

U.S. Atomic Energy Commission
Idaho Operations Office -

Ph1111ps Petroleum Company, NRTS
Technical L1brary :

P.0O. Box 1250

Idaho Falls Idaho

Attentxon Technical L1alson Offmer,
Army Reactors

'NUCLEAR Power Field Office

USERDL
Fort Belvoi 1r V1rgm1a

-Attention: Chief, Nuclear Power Field Office

iii




COPIES DISTRIBUTION

12 Union Carbide Nuclear Corporatron
Oak Ridge National Laboratory
Y-12 Building 9704- 1 '
P.0O. Box "Y" -
Oak Ridge, Tennessee

o Atté’ntiow A, L."Boch’
l
+ 13 : The Martin Company
P.O. Box 5042 = -
Middle River, Maryland

'Att_ention’: § AEC _Contract Document Custodian

14  ‘Combustion Engmeermg, Ine.
P.0O. Box 2558 i
Idaho Falls, Idaho

Attentnon Mr W B. Allred Progect Mana,ger SL 1

" 15 U S. Atomic Energy Commlsswn
.Reference Branch :
.Technical Information Services Extension
‘P.0O. Box 62 P
Oak Ridge, Tennessee =~ =
16 Alco Products Inc.

- ‘ P,0. Box 145 .

Fo'rt Belvoir, "Virginia °

Attentlon H. L. Wemberg

17-18 Battelle Memorial Instltute
505 ng Avenue
Columbus, Ohio"

Attention: S. Paprocki

19 Dr. R.'L. Murray
North Carolina State College
P.0O. Box 5596
State College Statlon ‘
Raleigh, North Carolina

iv ‘ L',\_',' i" :




COPIES
20.
o1
22
23
24
25
26

2

28

2
30
31-32
33
34
35
éé-gof

DISTRIBUTION -

Rf’

L)

u

b W »n v oW

J -: BeaVer
Cunningt;a;ré'
Gross

Kasschau

D; Folveyj‘-

D W.R.Obe.l"tson f |

G. Gﬁllagher

. Marngeri

.. E. Bobe

D. MacKay

. dJ. B-yrné

E. McElligott

S-f’ Rosen

. E. Fried

C. 'Tub:rb:s

. File

~ ORNL

WEATTATAT
SRS N T

v



vi

Figure 1
_Figure 2
Figure 3
Fiﬂgure 4
Figure,
Fiigur-e
F.,iegur.e T
E“‘igure 8
Figure 9
Figure 10
Z.Figvure 11
.Figuré 12
| Figure 13

FIGURES

Core Array

( )/ N25 vs. Axial Postion for Various Values of

-‘ Core Energy Release

Bank W1thdrawal VS, MWYR'

Ax1al Burnout Dnstrlbutlon at Various Values of Core Energy

i »Release

Initial Radial Flux Distribution

Flux Suppressor Eff.ectiveh-ess

Cylindrical P4 Flux Dislribution

Quadrant of Control Rod Fuel Element

Burnout Dlstrlbutlon m Centerlme Rod at 10.5 MWYR
Burnout Dlstrlbutlon in: Eccentrlc Rod at 10.5 MWYRS

Average Axial Fuel Burnout Dlstrlbutnon at 10.5 MWYRS

Fuel Element #57

Average Burnup Dlstrnbutlon of Burnable Poison in Element
#57 at 10. 5 MWYRS



ABSTRACT

- An analytical prediction of the burnout distributions in particular
SM-1 fuel elements and absorber sections after 10. 5 MWYR of core
energy release is given. The distributions are based on the results of
a one-shot, non-uniform burnout calculation, and are presented for both
fuel and boron -10 depletion. Particular emphasis is placed on those
elements removed from the SM-1 core in March, 1959, since their sub-
. sequent burnup.analysis by ORNL: should provide a: valuable check on the
analytlcal models employed. .



I.  INDTRODUCTION

: During the period of March 12-26, 1959, an on-sité examination
of SM=1 fuel elements and absorber sections was performed at Ft. Belvoir,
Virginia. On the basis of the in-core examination (1) it was decided to re-

place the boron absorbers in rods 1,2, 3, 4 and C, with europium absorbers, . -

to replace the control rod fuel element in one of the eccentric rods (rod 4)
-with a new control rod fuel element, and to. replace the fixed element in
position #57 with a partially burned fixed fuel elemeént from another core

. position (#56). See Figure 1. (2). Hot cell examination of the removed
elements will be performed at ORNL; this examination will include burnup
analysis of fuel and boron. This memo is an attempt to predict the burnup
distributions from the analytical models currently employed in the reactor
analyms sectnon at ALCO Products, Inc. :

The value of core energy release at the time of removal, as
measured by theOF-day meter, was 10. 5 MWYR. Since much of the ana-
lytical work is dependant on the results of a previously reported one-shot,
non-uniform burnout calculation (3), it was decided to use the nearest cal-
. culated curves of 9.84 MWYR, and apply a factor of-éﬂﬂ—: 1.07 to all
subsequently calculated burnup distributions. .

Comparison of the predicted and measured burnouts should pro-
vide a valuable check on the analytical model.. Calculations for the centerline
element, Rod C, have been included here as an indication of the maximum
expected burnout distribution.



-_lI;‘-.- CONTROL ROD FUEL ELEMENTS
A. Method of Calculatron - Fuel Burnout

The calculation of burnup distribution is based upon the re-
sults of the one-shot, non-uniform core burnup described in APAE Memo 126
(3). Flgures 2,3, and 5 are taken directly from APAE Memo 126 and are
strictly valid only for stationary.elements. In order to account for the control
rod fuel elements which move up. into the core as the' absorber is thhdrawn, '
the following approach was used. :

' Figure 4, which shows the average fuel burnup in the core as
a function of axial position at various values of core energy release, was re-

.plotted from Figure 2. The bank motion over 9.84 MWYRS (Figure 3) was
then superimposed on Figure 4 and one-inch increments along the control rod
fuel element and absorber sections were plotted

The average burnup over 9.84 MWYRS in a one-inch increment
of control rod fuel element was calculated from Figure 4 as follows:

% BURNUP
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- ‘In 2. 48MWYR the average burnup in this particular inch of fuel
element is By . From 2.48 MWYR to 4.97 MWYR the increase in burnup is
AB; js Where point "B" is the average burnup per increment over 4.94 MWYR.
The total average fuel burnup in the one mch segment over 9.84 MWYR is
then : .

| The average fuel burnup dxstrlbutxon over the inserted portmn of the control | ‘
. rod fuel element was calculated in this manner. ,

Figure 2 was obtained from Wmdowshade calculations whxch conmder an axial
flux distribution at an average radial position. The burnup distribution in a
particular control rod fuel element was assumed to vary as the ratio of the
radial thermal flux at the elément to the average radial thermal flux, i.e.

% B(r) = 2 . x B

‘§ th

Figure § - / = e A C
w (Y th = 1.478 a.nd ¢ ecc./'-'z-é: th " =1.183.

av—

It should be noted that the term fuel burnup is defined here as the
fraction of original U-235 atoms removed by all processes. The fraction of
orlgmal U-235 atoms lost through flssmn is then . % Burnup/ (1 + A eff)

' where

1 +°(éff = effectlve capture to flssmn ratio
' =ﬁ(1+0(th)+(1/3) (1+O(f)
-1 solyyy = thermal capture to fnssmn ra,tno = 1 18
1 ey = f*a,st »eapture to fission ratio =1, 42
ﬁ. - = percent thermal fissions as a furiction ofE
average fuel burncut (3)
20.7514 + (0.2060) (% B)
\
|
6 ./
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1 +4X g, = 1.23 for ¢_ element and eccentric ele-.
' ment and element #57

‘B.  Water Hole Peakiﬁg

g : Task VII ' measurements (4) ingicate that the flux peak in the water
hole is not completely suppressed by the Haynes combs (See Figure 6). This
flux peak is thought to be a local effect over the top 1/2" of the fuel, with the
maximum occurring between the two middle plates and falling off towards the
outer plates. To account for this effect, a local water hole peaking factor
should be applied to the average fuel burnup at the bank position (top of fuel
section) which varies from 1. 2 for plate #8. to 1.0 for plate #1 '

C. Lo;éal Plate Factors

.. Measurements, and P3 calculations indicate the presence of
thermal flux peaks at the corners of the elements. In an attempt to relate
the average fuel burnup distribution in an element to a local fuel burnup on a
particular plate, a local plate factor, Fj“ , has been defined.

Filal > /}’[ [ ._th:(ﬁrﬂw (1-B)
| 'fm
where | ' |

ﬂ = average percent thermal fissions in element

| '§ ~ (r)= relative thermal flux at position " r " from -
. the _@;'OE element. ‘

r

B ' = relative average thermal flux
Both §‘th (r) and f " were obtained from the cylindrical P-3
calculation as plotted in Figure 7. ' L
The local fuel burnup on a particular plate is then

S n
n _ ®
Bj-r‘— B x Fj



where:

Plate No. —p

n plate No. (1, 5or 8)

J
—
5

plate section (A, or B) &

8

I J
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S”eé-‘h.dr\
T

1

Section

ol 4l

* Figure 8 Quadrant of CRFE

TABLEI Local Plate I-"Aactlor_‘s for Control Rod Fuel Elements.

g— Elementl

1.154

1,111

1.004
.945
965
.918

Eccentric Element
1.151
1.109
1.004
. 946
965
.920

008

)
Cu>
P%)
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The local burnup in a control rod fuel element is then found by the following
re(:lpe '

1, Determine the average fuel burnup in the element from Figure 9
or 10 as a function of axial position. :

2, Apply a water hole peakmg factor (1.2 for plate #8, 1.1 for plate
- #5, -1. 0 for plate #1) if the axial posmon is within 0 5" from the
top of the fuel sectmn .

3. Apply the local plate factor for the particular plate and sectlon
from Table 1.

OI. - Burnup of Burnable Poision |

, The burnup of the B-10 in the control rod fuel-elements and m element
#57 may be related to the fuel burnup (where again the fuel burnup 'is based
on U=235 depletlon due to all processes) by the followmg equation.

-2 1% . Bf“e") k G

i /.—' .
-

o (EA P (BN o)

' (ﬁ(.mﬂg +(.-ﬂ)(.+«ﬂ

Values of "g"' correspondmg to the average fuel burnup 1n the element have
been used in this calculatwn 4 .

5.8199"

g
s
]

5. 8036

1]
("]
(¢
lg)

It

€' 457 = 5.7948

t

The burnup distributions of the burnable poison are also 1ncluded in Flgures 9
and 10.



IIi. - - BURNUP DISTRIBUTION IN ABSORBER SECTION
'A.:- ‘Method of Calculatmn

The term "burnup" in the absorber sections has been defined as the
- number of" absorptlons per orngmal number of B-10 atoms, i.e. B = A/No

The number of thermal absorptions in the total rodded region of -
the core in a tlme AN can be found from the Windowshade model.

Absorptlons -QM § x> .P Vx't ><€ R (6)'

=th
where ® = average absolute thermal flux in the

" core = 1. 36 x 1013 neutrons/cm2 sec. '

(7)

relative average Windowshade flux in
core =4, 83’ (3)

relative average Wmdowshade flux over
initial rodded region of core = 2.15 (3)

i

[
%,
s

Equivalent umfbrm absorption cross'
_section which represents the effect of

_ -1
the 5 rod bank =0.07755 (3)

V = Volume of core associated with >\ p,
and is volume of portion of core into
which absorber is inserted

.t = time 'iri secorfds

€ =fraction on assomated with the in-
sertlon of absorbers = .8863 (8)

The number of absorptions in a particular one- inch sectlon of inserted ab-
__sorber bank (5 rods) over 10.5 MWYRS may be calculated from Flgure 4, thus:

)
By

*Qlllel :
o .

Absorption/inch = 2 x
' 2

o o B
XZPxVxe X,.O7x[ B At <+ —?—Baa-t -+

B+AB3 _ B3+AB,,
- Bs At + t] A“"o“'cd

11
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1

where = Volume of a 1 inch slab of-core

% fuel burnup in inch "i" of absorber section
after '"'n" MWYRS :

"Bn . = average fuel burnup in fodded".region of the
core over 'n"" MWYRS

| A‘Bﬁi = increase in % fuel burnup in- mch "i'"-of ab-
. sorber from "n-1" to "n" MWYRS

'tlme mcrement between "n 1" 'and "n"' MWYRS
seconds

. D
!

2,48 MWYRS

pmi-
I

[\
1l

4.97 "

3.= 7.4 v

S
‘n

.9.84 "
From Figure 5 . 5({ / Q V;- 1. 478 and
_ _ . 7= 1,183

The number’ of 'abso‘rp'tkio'ns in a particular rod is then

:p‘;t _(1.478) Atetal

- 1,478 +(@)(1.183) = 0.238 F\:*'o*'e"
5 (1.183) Atotal _ i
. ﬂecc T TI4T8+ (4)8-183) S - @“9‘_, ,(’-\rqmd

Assummg an initial loading of 14.1 gm. B- 10 per plate, the or1gma1 numﬁ:fr
_of B-10 atoms per inch of absorber element (4 plates) is, 0.163228 x 1

" Flgures 9 and 10 show the absorber burnup (absorptlons per atom) for the
"in- core' sections of the rods. - ~

a1l

ad

12



o B.  Comparison with Key Method

g An alternatxve method of. calculatmg the total number of
dbsorptions in the rods over 10.5 MWYRS is the excess reactivity method
© (6).. In this model Q fraction " A" of thé excess neutrons (K eff- 1) are

assumed to be captured in the rods Froin reactivity measurements on Rod
A4 A =0.543.

g
r
!

Num‘ber.of absorption in rods = ,
| where: P = Reacfbr Péw.er = 107 watts
S- Fission/watt sec. = 3.24 xio}O
“U.=A neutréns/fission = 2. 46

t .= time increment, seconds

Kex = average excess reactivity in time "t'"

For purposes of comparison, the total number of absorptidns in the rods in
10. 5 MWYR was calculated using the 2N p method and the excess react1v1ty

method. The average Kex over 10. 5 MWYRS was 0.065 and the average bank
position was 9. 86 mches

Absorptions in Rods

. Kex -method

0.931 x 1024

_Zp method ,0.985 _x 1024

Chemmal analysis of the boron absorber removed from the SM 1 should
prov1de a check of these figures.

€32 o012 13-
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IV. BURNUP DISTRIBUTION IN FIXED ELEMENT NUMBER 57

- 'Figure 11 shows the axial fuel burnout distrlbutlon at 10. 5 MWYR
at an average radial position in the coré. To relate this average burnup dis-

“tribution to a local burnup in element #57 a local factar "Ly " was defined

such that

.B(n, I Z) i = B (Z) XL-n

where:- | B(n, j,z) = .local fuel burnup in element #57 at posit‘ion (n,j, 2)

‘ » B (z) = Average axial fuel burnout djstfibution from Figure 11.
The locé.l‘factor, "Lj,n" may"bAe written as | |
-‘AxF(x)xF(‘)'xP (J) '

n= number of fuel plate in element #57 ( See
Figure 12) , 4

j = Section of fuel plate in element #57 (éee
Figure 12)

A = Normalization constant = 1. 49 - Valpfo’d
relative power at centerline.

F (x), F _(y} S Geometrical power factors which result
: from an attempt to separate a radial power
distribution into x and y components. (9)

where x = f (), y =f ()

P (j). S1de plate peaking factor obtal,hed from

P3 calculatlons

TABLE II- Side Plate Peaking Factors
i P (j)

A - 1.05

15
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TABLE.I;H Loclal Burnup Factors for Element #57

.n
Ly
Lp18 = . 913
Lc1'8 , = . . 841
18 . sy
Ly - . 897
L,11 - . 827
L = .15
1 . . 830
L Al = 1. 621
Lc! - 1.400 L
1 _ : : B
LD = A 1.494 . o ;

- To determine the local burnup in Element #57:

"1. Determine average axial burnup, B (2), in ele_mént from
- Figure 11, :

. . : 3 4 (.
- 2. Apply local burnup factor "L.n" from Table III (note there
- is no water hole peaking fact%r for fixed element #57).

It should again be emphasized that fhe fuel burnups are caléulated as % U-235
~ depleted by all processes. To determine % U-235 depleted by fission the
burnout should be divided by the effective capture to fission ratio, 1+ offt

1 +X g =1.23 for element #57

17

o)

X
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V.  RESULTS

' The burnout distributions-are shown in Figures 9, 10 and 11.
Figures 9, 10 and 11 include the factor of 1.07 to account for the difference
between ava11a,b1e calculated curves (9. 84 MWYR) and the energy release at
the time of removal from the core. (10.5 MWYR) - In the control rod fuel
elements, the maximum fuel burnup occurs in Section A of plate #1 ap-~
proximately 5 inches below the top of the fuel. In element #57 the maximum
fuel burnup occurs in Section A of the outer plate (plate #1) approximately
5 inches:. from the bottom of the core. Applying local peaking factor Fp~ to:
the control rod fuel elements and LY A to element #57, the average and
maxxmum fuel burnups-are -

Average Fuel Burnup Maximum Local

Elemvent'. in the Element "Fuel Burnup
(Rod C) 0.25 0.68
Ecc. Rod (Rod 4) 0.21 = 0. 54

#57 o 0.19 0.63

Figures 9 and 10 also indicate that the burnable poison is almost completely
burned out over a large portion of the inserted control rod fuel elements -
based upon the average fuel burnouts in these elements. In element #57,

the. burnout distribution of the B-10 was calculated using Figure 11 and an
average local factor L, L.n for the entire element (L57 = 0.809). The average
boron burnup dlstrlbut{on is shown in Figure 12, ‘The maximum average burn-
up of the B 10 in this element is = 0.90. ' ' '

B The maximum burnup in the control rod absorber sections occurs
at the lower tip of the absorber, anq is = 0.27 for the @_ rod, and
= 0.22 for an eccentric rod.



APP'E'NDZ,I_'X 1

Fuel Accountébiliti Calculations

Rod4

o ’»'Initlal loading per plate
- Average Fuel Burnup
:Grams U-235 Burned per plate
. Grams U-235 Remaining per plate
-:Grams U-235'Remaining per element

Element #57

e .Initial loading per plate '
_ Average Fuel Burnup (Fig. 10 x 1.57
. per plate
-Grams U-235 Burned per plate
) Grams U-235 Remaining per plate
" Grams U-235 Remaining in element

L g

T
&
&

26.
.211
.51

20.
329.

017

11 grams U 235 (10)

60

60 . .

, 62 grams U-235 (10)
,'235x 809 =0. 190

.44
.18
417.

24

91



APPENDIX II

. 'Comparison With Estimated Fdel.Burnups at End of ‘Core Life

.‘.COte Energy Release =

10.5 MWYR 15 MWYR

% Burnupl, U-235

Average § o 28% 33
Gross MeXimumz, ‘ PR ~ 54% - 13% |
Local Maximum3, A 4 o 68% 93%

Atomn % Burnup of Meat?,

(Due to U-235 Depletion)

Average ©1.3%- 19% |
- Gross Maximum 0 3.0%..... S 4.1%
Local Maximum 5.2%

3.8%

1)

Burnup based upon deplet1on of U-235 By all Processes

Gross maximum burnup determined by synthes1s of one d1mens1onal
radial and axial calculation. This is applicable over areas of ap-

- Local n{axunum burnup determined by rhethods des'crlbed in fhis‘

report. ‘These are point burnups apphcable over areas of roughly

2)
proximately 2 in. € or larger
3 |
0.5 1nches
4) -Base'd upon 5. 61 At. % U-23_5' in meat,
22
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