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ABSTRACT                                     V

Physics experiments were performed on the SM-1 core under

Research   and Deve lopment.  Task  No.. VII,. Measurements were   made

on five rod bank positions and rod calibrations., The reactiv-
ity effects of core modifications were investigated..  Modifi.ca-

tions    to    the    core inc luded rep lacement o:f the·boron .absorb.ers

in.rods 1,.2, 3, 4 and·C:with. europium absorb,ers; replacement
of a .control .rod fuel .element .with .one .containing.an integral

europium fluxsuppressor; and replacement of a stationary fuel
element.  Additional experiments were designed to determine the

reactivity of the. SM-·1 with 4 and 8 stationary elements re-

moved; the neutron flux in the biological shield and in the

region of an integral europium flux suppressor; and the gamma

flux above.the core and from irradiated control rod components.
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4          1.0  INTRODUCTION

Tbis report is the second interim report on SM-1 core

measurements, covering the period from November, 1958 to June 30,

1959, The experimental  work was performed under Task.VII  of  the
SM-1   Research   and Deve lopment program.    .  The    experiments.will
provide a basis for evaluating the nuclear performance of the

SM-1 Core,„. The first .interim reportl(issued March 1,  1959)  on
core measurements to November 1958, included a description of
the    SM-,1   and the experimental techniques deve loped    for   core
measurements„ .A final.report on core measurements during the

entire lifetime of.core I.will.be issued in early 1960.

2* 0   . EXPERIMENTAL  WORK  PERFORMED

From November, 1958 to June 30, 1959 (from 9,.1 MWYR to ap-

proxim,tely 11 MWYR.of energy release) no shut-downs were

scheduled for core measurements.  However, the SM-1 was shut
-           dbwn .on March 6, 1959, and the pressure vessel head was re-

moved to .allow physical examination of the core and fuel ele-·
ments*    .Some   core   data were ohtained while the pressure vessel.

was open.  Work performed under stipulated Task_VII experiments

included plotting of.five rod bank positions; rod calibrations;

and source multiplication.    Experimental work.was also performed

to determine the effect of modifications on the core, such as

the. rep lacement    of a stationary fuel element; the replacement

bf .a).control rod fuel element with one containing an integral
veuropium   flux  :suppressor;    and.the rep lacement of boron absorb-
ers in .control. rods 1, 2, 3, 4, and C, with europium ahsorbers„.
Othai:  axperiments were designed .to determine the, reactivity  of

the..SM-1.core.with. 4.and 8 fuel.elements removed; the neutron

flux in th6 region of the.integral europium flux suppressor
,                I and -in the biological shield; and the gamma flux above the core

and from irradiated :control   rod  .components.
:
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2.1 Five Rod Bank Position                                        *

The critical five rod bank positions for several conditions

were obtained.  The critical bank position at.70'F, no xenon,

10. 5 MWYR burn-up  was 7.20 inches.. The critical bank position

at 4409F, equilibrium xenon,     10.7 MWYR burn-,up, was 12 ..86   inches.
These positions are shown in.Fig.. 2.1..1, where  the  five  rod bank

position is plotted as a function of energy release.  The criti-

cal five rod bank position with the boron absorbers in control

rods    1,    2,    3,    4,    and   C, rep laced by europium ab.sorbers   at    700F,

no-xenon, 10.5 MWYR, was 7.09 inches.

The hot, equilibrium xenon bank po's·ition   at  :10*7   MWYR  burn-

up is approximately 0:3 inches below the fitted extrapolation of

bank position plotted as a function of energy release as shown

in.Fig. 2.1.2.  A displacement.of.-0»2 inches in the hot, equil-

ibrium xenon bank position was expected as a result of the core.

modifications (see·Section 2..4.2 C).  Since the latest point

falls 0.3 inches below the extrapolated curve, this indicates           -

that the fitted extrapolation may under estimate core life.»
The energy release plotted as a function of calendar time

is .shown in Fig. 2.1.3:  Assuming a load factor of 62% shown in
Fig. 2.1.3, and 15 MWYR energy release, the end of core life
will occur in January, 1960,

2.2  Rod Calibrations

Rod  calibrations were performed at approximately  700F. with
no xenon present.  Rod A was calibrated by the period methodls
and the five rod bank was calibrated from the integral rod A -
worth.

Three .calibrations of rod A at a burn-up of 10«5 MWYR with
rod  B· at 19 inches are shown  in  Fig.   2.2.1..    Two  of  the calibra"„

tions.were performed as a function of the pbsition of.the five         .

6.
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«         rod bank.  The third calibration was performed ·as a function of

the four rod bank position with the absorber and fuel sections

removed from rod C position, leaving water in that position.

The two curves in the figure have approximately the same integral

worth  (321 1 6 cents)., The figure shows  that the removal of  fuel
and absorber from rod C increases the worth of rod A in the ab«-
sorber region of the .core (above the bank), but decreases the

worth in the all-fuel region (below the hank)*

The -calibrations of.rod A as a function of the five rod
bank position for the normal SM-1 core.and the.41 and 37 element

cores are shown in Fig. 2.2.2:, The calibrations ·were performed
at.a burn-up  of  10...5 MWYR,  with rod 8 at  19  inches.    The· bank
motion and the position at which rod A.is even with the bank is

shown for each core donfiguration,  . Th.e original boron absorbers
in rods 1, 2, 3, 4, and.C, were replaced by new europium..absorb->

ers before these calibrations.were performed..

The integral worth of rod A in various cores was obtai,ned

by integrating the differential worth curves shown in Fig. 2.2,2.
The integral worth is given  for  each  case in Table  2* 2-1..    The
five rod bank .position .at the terminal points of the integration

are .also given in the table. . The differential bank .worth was

calculated by dividing the integral worth of rod A by the cor-

responding ,motion  in  the  five rod .hank as given in Table  2.2-·1»,
The reactivity worths of several boron-10 absorbers fully

inserted  in  the rod.C position are shown .in Fig..  2..29.3.    The.

worth.of a stainless steel aksorber was taken as 0 cents, and

other absorbers were evaluated relative to the steel absorber.
The reactivity worth is plotted as a function of weight of

5 ..

8-10 in the absorber.  Figure 2.2*3 shows data from a europium

absorber, plotted so that the number of europium atoms equal
the number of boron atoms.

11
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Tab le. 2.2  -·1

.Five Rod Bank.Calib.ration

Number.of Rod A Integrated Five Rod Bank Average Average
Elements Position Rod. A: Worth Position Bank Position Bank.Worth
in the (inches (cents) (inches) (inehes) (cents/inch)
Core

0.00 8.97

45 330.5 8.03 175..8

18.00 7.09

1...00 10.47

41 356.9                           . 9.41 167.6

16.00 8.34

0400 12.04

37 395.9 10:79 158»,4

18*00 9,54

..

C



FIGURE_2.2.3

111    -1    +       :1111:11:111111111  .11- :''f.TA#.T  f Ii 140!11: -'....1.t.41*,.fi:=   "  .t- --    z:liz:"-1,·tz-ill

----- -ti    4»33,11-,=il  „: ff#ZP-F.1, »- :1 »111=«»F j 111, 311-E:'-FF IN                1      ----4·--·it-     ·'-- 1··It "---   - - - + -

Irr-4= i 4 -- -r- -Ilil-IuI-I-I--AivI---19.1 .-    -li-. - -+

  L 3,3.,-I i-JIi hI-Il"I-':       -      --- . - - EL-- ; 4- 2, f:: "   I,ill'JIL:-#ez ;ilii]       '  : -zr,=1-1- ---:I+2         --ii  -:11 , ,Il»,--- 2   -Iti-:-4 I.-/IHI.4--    --- .--- ------ - --  .--i-----i.--- I.---  -i.- + .It
1

+

-       -      -                                          A             'I H        -     111-1- 111-   - - - - -1- -1- - - -4.]Sli --I   -  - a=431-             p-                                            -
S -

-                  ............                                                                                                                     :::    :         .::     
  "         i -· +: ,-    Z-         F-   -     -- ==-=---  --  ....-  ----    -»i ..... .-

=#      ,         -7                      13: _ -1==                                    -
- --9;*·.i.t     ' 4...1- ,  +                                  + *, :

1--T---
-r -*3-ip*:1·,

1=lf' -7                41'11 11111-   ....·

. iII  &                                                                                                                                    ig                                                  1    1
5
f.

I.

4
l

,
-*-13

.

- L --+
«1 11 111

91;'*r

51- 1                                               
              =

h:-

N                                                       +4        +
t.                                 ,

t
P.                                                                                                                                                      .....1

.-

--

. . -                                                                                                     ==1== =FF     +             +   : . : :t:f 16-::1 .  :.

-»     1 *f -.6 r·... W        T ----•-r.-1
./4-i 1,4.*:'.'...0/,1,

-

-=  - - -
-I -1--. -„ T .......... -=4 2-

....... :'.... .....................:......". ......... .. -.--'..   .-

--E                             -         3 --   --trf/Fj,Er&#ba/ZH/ZEJHEmi</f-igf 6---7--p-  -=.-7-4%9.==
7-MAL- --1... H=.2 - -  -- ----1 --I 4-s---_t--EWE,45 9« 1®1-*iN 3 - IakI    --- I-LIL=i-- --.-        i-          -      -  -- If i- --  4--=. I 1---.--- -- I---IItiffg IZEIET
»=»»-li.Hlf' fl3»E .fi146-11-«-«. ,2 -2-1,-'----91»»t--14-,»--- '1-2 6 113

..LEW,-1   ..:1 117-3 - -:      f==5. -'ig-    ANZ -I .31:3.. .   : --,----=i--422=:-41*121---,f-
I     E  I  _-    1]- -i-p---3.-3 -11- 73:f; 1- I  '-. --.:- 0-:-_-1- 3,t- L--1-   

1 -     --#   Bakad SYZI£,A;L
St---        -,rL=1:.  :d  ---- F-----c=,f»Slt: Ittillm ,  - -,-.--1 ..z---    E Ilft,==441:   .

17



.

-              2.3  Source Multiplication

Data was recorded from two .BF3 neutron .counters -for various
times after shut-down from full power.  Relative count rate

plotted as a function of counter high voltage is shown for the

two counters in Figures.2.3..1 and 2.3.2.. Th.e counter perform-
ance is unsatisfactory for short times after shut-down, but.the

performance improves with increasing time after shut-down.   he
high gamma flux shortly after shut-down apparently is responsible

for the poor performance; ,however, activations in the counter

walls could also contribute to the loss of plateau..  The gamma

dose rate for various times .after shut-down as given in .Figures

2..3.1  and  2.. 3,2 was abtained from shielding measurements3.4

2.4 Core Modifications

On May 8, 1959, the following modifications were completed

on.the    SM-1.coret

1. .The boron.absorhers in .control rods 1, .23 3, 4, and Ck

-                 were .replaced by europium absorbers numbered 1, 5, 4,

6, and 8, respectively.
2.  The fuel element in .control rod 4 was replaced .by a new

control     rod fuel element containing    an    integral    europium

flux suppressor.

3.  .The· stationary fuel element .from position 56 wa5 rotated
1800 and used to replace the element removed from posi-

»

tion    57.

4.  .A spare, dnu:sed 'core.I stationary fuel elementwas

placed in position 56.

The position numbers  in  the.core are shown  .in  Fig*   2.441„

The hazards associated .with the .modifications.were evaluated, and

are reported in APAE Memo 1944. The effects on core measurements

are described .below.
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FIG.2.4.1
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2.4. 1    Temperature  and  Pressure .Coefficient
Since the temperature.and pressure coefficients.are primarily

functions of the water volume fraction, small changes in fuel and
absorber loading will have a negligible effect on this experiment»,

2*-4.2 Bank Positions

A*  Replacement of Boron Absorbers with Europium
Absorbers

The  coldF .no xenon  5  rod bank .position was 7.20 inches  with
original boron absorbersi  and 7,«09 inches  with new .edropium. ab-
sorbers„ The reactivity associated with, the replacement was
evaluated by several methods.and is 204 + 54*  This should ·ealise
a   displacement.of.approximately    -0...1    in'ches    in    the   op'erating   bank
position at approximately  12..8   inches   (10*.5  MWYR).      The.*orrection
can be made in the plot .of bank position as .a function of eniergy

release, and the correction will diminish to zero at the :end of

core. life::

A new boron absorber .wa.s used as a. reference for comparison
with  europium. absorber worth as given in Table -2*4-1.    The..meas«re--
went was performed by fully inserting the absorber, new boron .or

europium, in rod C position and determining the, critical fotir.rod

bank position„  .Differences..in the four rod,bank position were
converted to, reactivity changes using a.measured worth of 143 dents
per  inch   for·  the·  .four  red  bank   from  8.7   to 9.1 inches.

%*   Replacement of Fual Elements

The net reaetivity effect of moving and rotating the f«el
element from position    56 to position    57    and    the   replacement    of
fuel..elements  in rod .4.and position 56 was ,estimate:d as  0*,0841 p,
or ·11.5 cents: This would *ause a  displacement.of:-0: 1  inches  in
the .operating bank position at 10:.5 MWYR*  The increase in :cora

life  due  to the addition of' these  fuel elements is e:stimated  at
0,2.to 0.5 MWYR.
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N                                                                                                                                                                   TABLE.   2..4-1
00

COMPARISON OF BORON AND EUROPIUM ABSORBERS

FOUR ROD BANK- CHANGE-IN BANK · DIFFERENCE IN WORTH*
POSITION POSITION

ABSORBER (INCHES) (INCHES) (CENTS)

Boron #16 (New 9.039 0 0

(reference)

#1                              8.. 944 .-0.095 +13.6

#4 8,944 -0..095 +13.6

: #5 8.942 -0..097                            +13.9

#6 .8.942 -,0.097 +13.9

IM 
#8. 8.947 -,0.092 +13.2

S
AS

#3                                        8,„768 -0.:271 +38 8

#7.. 8.772 -0.267 +38.2

Boron   (Used   10. 5   MWYR) · +  1.9

*   Positive sign' indicates less poisonous  rod.

,                                                                                                                                                                                                      i



C*      Net:Effect.on Bank Positions
The net effect .of absorher replatemimt and fuel element

changes on the operating bdnk position will .b:* to displate the
.bank approximately ·-0*.2 inches at 10*,5 MWYRs.

2.4*3  Rod Calibrations

The  e:ffeet  of  tore  modifications  on  rod  calibrations  will  be
negligible..

2...4: 4     Start-dp ,Coilnt:  Rate

Thetore modifications will have ne,gligib.le effect.on. start·-
up count rate

2*4.5  S™ek Rod Conditiona

The  'change  in  safety.margin  .as  a  result  of core .modification
..-

was    evaluated   :and    is.reported    in   APAE   Memo. No.      1944.

2.5      Reactivity   of Smaller Cores
Experiments were performed to detarmine the loss of re ·«

attivity.as3ociated  with the removal  o f fuel elements   from fore
positiong 12, 21* .16, 27,s .67* 745 61f :and 72.   In the first ex.
periment p.  .only   the.fuel  .elements in positions   16.0   27*.61,   'and   72

were .removed and the reactivity ,effect measured.   It was.as-
sumed   that   the   meastred   effett  .:could be mulitplied   by  two   to    01>-
tain an estimate of the effect of removing 8 fiel elements.  Be-
cause' the.measured reartivity loss was large and advarsely aS-
fected the estimate :of the .PM-WA li.fetime.* it was ,decided to
perform a second  'experiment  in  which 8 elements were. removed
from the SM-1 :*ore.

The general procedure for both experiments was to .calibrate
rod A as a function.of.the five rod.bank position.in the normal
SM-1  ·dore,  and, then  in  the  dore with elements removed*  -  The  in-
tagital worth.of rod A was u*ed to. calibrata the .five red *Ant
(see  section  2.2%   . Five  tod -bank.-dali,brations are shown  in  Fig 4.

-
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2.5.1. The reactivity change associated with fuel element - 4 /.

changes   is   subj ect to different . interpretations because   of   the

change  in rod worth with. core  size .and bank position..
Table.2.5-1 gives the results  of -Ap  .computed  on the basis

of rod 'calibrations in.the various cores.., To estimate the re-

activity remaining in the 45 and 37 element cores., the differ-
ential bank .worth curves were extrapolated linearly to zero at

22 inches,.as shown in Figure   2.5.:2. The differential ·curves
in Figure 2.5.2 were integrated to yield Figure 2,5.3.  Tbe

straight line extrapolation of Fig. 2.5.2 yields an integral

worth from 7.09 inches to 22 inches, which agrees .within 0..1%*
With the integral worth.taken from the differential worth curve

1in APAE Memo 178 .

The critical five rod bank positions in the 45 and 37

element .cores were 7.09 inche.s and 9.54 inches, respectively.

Reading from Figure 2..5.3 at.these positions,

22-0  ("
 37 element core = $10.-95

9.54J -10.95
p=1-e =  . 0768

22.01=

  45  element core =  $13,.90
7.09 -13. 90 ·

p=.1-e =    *. 0964

22.0  2210f

Ap               
45 element  core -

  37 element core.= 1.96%
7.09 9.54

The .integral -bank worth method of determining the' reactivity
difference between the two .cores has .the .advantage of correctly

treating the change in bank worth with core size. .However, it
is.subject to a large uncertainty due to the extrapolation em-

ployed. This' method yields .a value of .445 ,+ 37 = -1«9:6%,
30
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TABLE 2,„ 5-1

Reactivity:Change Associated.with,Fuel

Element Changes

Change in Reactivity Loss Reactivity Gain
Number of (based on larger core (based on smaller.core
Elements Bank. calibration) bank, .calibration)

45 to 41 1.43%

45 to 37 3.09%

41 to 45 1*51%

37 to 45 3.51%

- 1 33



FIGURE 2.5.2
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2.6       Neutron..Flux   Measurement s
The relative neutron flux in the .core, in ·the region of .an

integral.europium flux suppressor in a fuel element, and in.the
shield rings, was measured by the activation of gold foils.

2.6..1   Shie.lding

For the measurement of the relative neutron flux attenua-
tion betweenthe core and the shield rings, foils were placed in

fuel.element positions 35 and.62 in the.core and in the water

gaps between shield rings.1,.2, 3, ,4,1, and 5. The foils were

activated for 10 hours with the reactor operating at a power

level of 10 kw. :The reactor was then shutdown and the foils re-

moved. .The activity of the foils was determined and decay cor-

rected to the time of.shutdown. .Corrections.were made using the

relative axial flux plotl for the displacement of the foils in
_         the core from the relative peak flux. The activity of .cadmium

covered gold foils activated in the,core was normalized to the

calculated3 peak fast neutron flux in the core. .The bare gold

activity minus the cadmium covered gold foil activity for foils
activated in the core was normalized to the calculated3 peak
thermal neutron     flux    in    the    core.         The .no rmalization factors
determined in the core for the .fast and thermal fluxes were ap-

plied to the measurements between the shield rings.   The .com-

pari.son between the core-normalized relative gold foil activities
and the calculated fast and thermal neutron fluxes in .shield
rings is shown in.Figure 2.6.1..  The figure shows the design

shield ring spacing; however„ the actual spacing  may  vary  +  0.. 5
inches from the design.  The variation inspacing from the design

is the reason for the apparent inconsistant peaking .of the therm-
al flux in.water gaps.

-
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2.6.2  Europium Flux Suppressors

A  new..control  rod fuel element containing integral europium
flux suppressors was placed in control rod four.  Gold foils were

activated in the suppressor region to measure the effedtiveness

of.the suppressor in reducing the thermal flux in the tip of the

fuel element section of the .control rod. .Bare and cadmium

covered gold foils were activated for 10 minutes.with the reactor
1

operating   at a power level of approximately    80    watts«         The    re-

actor was shut down and the foils removed.   Tlie relative activity
was determined and corrected to the time of shut-down.  The

activity of the .bare gold foils minus the -activity of the cad-
mium covered gold foils was normalized to a measurement of rela-

tive thermal flux with no suppre.ssor4.between 2 and 3 inches be-
low    the    top    o f the active    fue 1„ Figure 2.6.2 shows a comparison
of the relative thermal flux measured by gold foil activation for
an integral europium suppressor; no suppressor; Haynes suppressor4;
and the calculated thermal flux for an integral europium suppres-
sor4.

2.7  Gamma Dose Rate Measurements

2.7,.1     Above-Core

The.shut-down gamma flux was.measured on March 31, 1959 at

points above   the   core.       The . air-walled ionization .chamber  used   to
make the measurements i.s described in APAE No. 353.  To take
measurements under water, the .chamber   was   enclosed   in a section

of.3-inch diameter iron pipe, approximately 10 inches long.  The.

pipe was gasketed and capped with aluminum  on -the lower .end, . and
attached by a welded connection on the top to a 1-inch diameter

iron pipe 17 feet long. The upper pipe provided waterproof pro-
tection for the electricalconnections to the chamber and was

marked to determine the position of the.chamber.· .Measurements
:       were taken at several positions.above.the core,.and the.dose rate

.„.
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was calculated by the equation:
(3)

D =FA'I Za I
- ' P  To

where D   dose rate R/hr

F = chamber.sensitivity = R/hr/*wA ·at S..T. P: = 0.2452
A = attenuation through pipe wall = 2..72

Po= standard pressure - 760 mm of H,

P = pressure in chamber during measurement

(assumed to be 760 mm of H1)
To= standard temperature .= 4920 R

T.= temperatute in chamber during measurement (530'R)

I  = chamber clirrent
(,0,y amperes)

The shut-·down gamma dose rate plotted as -a function of position
above   the core centerline .is shown  in  Fig„  .2.7*1.    .The  results.
shown in.Fig.  2.7.1 are difficzilt .to interpret with respect to

generated fission products because.of intermittent reactor oper-
ation.  The reactor was on line 183 hours in February and 69 hours

in March.

2.7.2  Control Rod.Components

The gamma dose rate.from.components of.safety rod A was
measured with a Jordon probeo Measurements were made with the

instrument approximately one inch from the surface of the water

and one inch from the holding tool, with.the component underwatere
·.

or .one inch from the component when removed from the water.

1) Fuel Element .Section

The gamma dose rate with the fuel element section

underwater is plotted in Figure 2.:.7.2. The distance is

measured from the surface of the water to the bottom of

the element pin. .The dose rate is greater than 50 R/hr

with  the fuel element section  less.than  2.3  feet  under-
water.
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_            .2)  Boron Ahsorber Section

The gamma dose.rate was measured with the boron absorber

section underwater and.also with it.fully exposed. .The

results  of the measurements are tabulated in Table· .2.7-1.
The measurements with .the absorber fully exposed give a

dose rate greater than 50 R/hr when the detector is placed
more than 9.5 inches below the top.

3)  Rod Cap

The     gamma    do.se    rate -'was measured    with    the     rod dap under-
water and .when fully exposed. .The results .are tabulated

in.Table 2.7-2. Measurements. with the cap fully exposed
gave a maximum   dose    rate.of:2.7 R/hr. However,    it
should. be .noted that rod A is withdrawn during operation

at power, and the top of the .cap is then approximately
51 inches above the center of the core.

5

-
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TABLE  .2.  7p 1                                                                                                               ,                     -

Gamma.Dose Rate from.Sakety Rod A Boron

Absorber Element
.....

Measurement Position Dose
Rate
R/hr

6.5.inches  from top of water to bottom of element pin 0.06

3.5 inches from top of water to bottom of. element pin· 0.6

0..5 inches from top of water to .bottom of elemant. pin(   .125 inches of.·e·lement .exposed) 1.3

4.0  inches  from top of element .completely  exposed               15

9.5  inches  from top.of .element ,completely exposed              50

All of element more than 9.5 inches from top of                        +
element. completely exposed* greater thah 50

».
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TABLE 2.7-2

GAMMA DOSE RATE FROM SAFETY ROD A CAP

Measurements Are· -Fromi.the :Surface of the
Water to the End of the Tool Installed
On   the -Cap.

MEASUREMENT POSITION            ·.                       Dose
Rate
(R/hr)

.10 feet under water 0..5

, 40 .feet .above water 1.4

,.65    feet. above water 1.,5

..89 faet above water  

2.4

1.15 feet above water 2.7

Cap.clear.of water.„ measured 0,5 inches from spring 2.4

.
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3.0       CONCLUSIONS                                                                                     ...                                                                                                        '-

The experimental measurements included in.this report in-
dicate that:

1*    The unsatisfactory performance  of BF3 neutron
counters for short .timas ,after shut+down is .ap-
parently caused by high gamma.flux.

2.  Modifications made to the core .will not seriously
hinder the interpretation of measurements .made

under Task VII

3.  .Measurements.of.the neutron flux verify the.calcu-

lated4 attenuation of neutrons to the .biological
shield  . and    show.that an integral europiumsup-
pressor effectively reduces the .thermal flux peak

at.the tip of a control rod fuel element.

4.  The total energy release will be .approximately

15 MWYR.                                                   #

I

.
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