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ABSTRACT

’

Experiments were performed on the NS SAVANNAH Service
Core 1to supply information on futurle shipboard operation of the
Nuclear Merchant Ship Reactor. '

Testing of instrumentation equipment shipped to The Babcock
and Wilcox Company from New York Shipbuilding Corporation was
- satisfactory. Correction factors for 'shipb‘oard use were determined.

’ Fast neutron flux, neutron flux distribution, and stuck control

rod studies were carried out successfully, as was a three-dimensional

calculation (TKQ) to match two critical rod patterns.

- £l -



1. INTRODUCTION

The extended zero power studies on the NS SAVANNAH Service
Core I were conducted by The Babcock and Wilcox Compahy (B&W) -at‘
its Critical Experiment Laboratory (CEL). The CEL facilities afforded
simpler operationt and better access to the core than would have been
poss1b1e on board ship.

" All tests were designed to prov1de information for the future
operatmn of the Nuclear Merchant Ship Reactor (NMSR) on board ship.
"The followmg areas were investigated.

1. Characteristics of instrumentation to be
installed aboard the NS SAVANNAH.

2. Manner in whicha stuck rod within a
rod group affected reactivity and reactor
operation.

3. Neutron flux distribution with a var1ety
of control rod patterns.

4. Measurements leading to an estimate of
the fast flux at the pressure vessel wall.

-1 -
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2. DESCRIPTION OF THE FACILITY

Bay number one in the CEL has a core tank adapted to accept the
SAVANNAH service core internals, lower flow baffle, fuel elements,
‘and control rods with followers attached.

Two sets of control rod drives were used.- Thé first was the
cable-drum drives usedwith the MARTY experiments. These drives
position to within 0.01 e¢m and will operate the SAVANNAH rods, but
they do not have. adéquate snubbing attion to handle a rod under scram
conditions. The shafts of these drives, therefore, have been securely
pinned to prevent scram. A second set of four hydraulically operated -
rod drives was adapted to handle scrams. Snubbing is done by a
“hydraulic orifice. These rod drives position to within 0.1 c¢cm.

All rod positions — as in the case of the Zero Power Tests — are.
measured with reference to the position where the rod rests on the
emergency snubber.l Rod indicators read zero at this point, so that
the bottom of the active poison of the rods is 7.5 ¢m above the bottom
of the active fuel, as shown in Figure 1. 3 -

The normal core instrumentation consists of two linear channéls,\
both using Neutronics Model BR ion chambers; two linear safety channels,
both nsing '"beanpole''# chambers; a logarithmic channel, reading the!
current from a Neutronics Model BR ché.r'nbe:.'; and a fission chamber,
Westinghouse Model WL-6376. Figure 2 shows the location of these
instruments, and Figure 3 shows the core. Additional details of the
facility are given in BAW-1202.1 '

Reactor runs reported here are numbered serially. These numbers

are carried through this report as positive identifications for each run..

"Beanpole' is the name of a long ionization chamber, designed and
constructed at the CEL.
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3. INSTRUMENTATION TESTS

Work for this contract included the determination of operational
characteristics of instrumentation to be installed aboard ship. The
items sent to the CEL from the shipyard were instrumentation cabinet
A, instrumentation cabinet ﬁ, a BF; multiple counter, a fission counter,
a compensated ion current chamber, and the associated cables and
connectors. This equipment was tested in conjunction with the reactor,

and the expected operating conditions aboard ship were determined.
3.1 DESCRIPTION OF INSTRUMENTATION
3.1.1 General

Figure 4 shows the connections between the detectors and
their associated amplifiers and indicators. The digital scalers — used
for the ship BF3; and fission counters — were connected at the "amp out"

jack of the pulse amplifier-integrator. During measurements with the
"log microammeters, these scalers were disconnected to eliminate any
loading effect. .The Keithley micromicroammeter was used for the com-
pensated chamber rather than the ship instrument because it was readable

down to 10713 amps, as opposed to 107!® amps for the ship instrument.

3.1.2 Shipboard Instrument Calibration and Installation

The ship cabinets were set up and calibrated in accordance '
with the instruction manual.2 The microammeter in cabinet D and the
linear power channel in cabinet A required service to correct defects.

A series of electrical disturbance measurements, taken throughout the
work at the CEL, indicated that both the BF; and the fission counter
amplifiers were sensitive to electrical transients caused by switching
pumps and other power equipment on and off. Of various rﬁethods of
shielding tried, the most successful was ‘standard, magnetic, thin-wall
house conduit. The power consumption of the two cabinefs was 440 w,

as measured on a Simpson model 390 wattmeter. The temperatxire in

-5-



the cabinets was taken by a thermometer suspended in air at the mid-
plane. After a 17-hour run with the cabinets closed, and an outside
ambient of 70 °F, cabinet A was at 98°F and cabinet D was at 120°F.

3.1.3 Cable and Gain Measurements

Using in turn the fission counter, the BF, counter, and a;
pulse generator, the attenuation caused by the insertion of 200 ft of tri-
axial cable was measured. The émpliﬁer outputs were viewed directly
on a Tektronix type 531 oscilloscope. _

On the BF, amplifier, the peak pulses (caused by neutrons)
with 200 ft of cable were 11 v 0.6 p-scé wide. With the 5-ft cable attached
to the chamber, the peak pulges werc 16 v. The pulsef with either length
of cable gave a 4-v output pulse for a 1-mv input pulse, indicating a gain
of 4000. The normal noise level with or without the cable connectea at
the amplifier output was 0.5 v peak-to-peak.

~ On.the fission counter amplifier, the peak pulses (caused
by neutrons) with 200 ft and also with 5 ft of cable, were 4 v. The.
pulser with either length of cable gave a'2~v pulse out for a 100-uv
pulse in, indicating a gain of 20, 000. The normal noise level at the

amplifier output was 0.8 v peak-to-peak.

3.1.4 Discrimator Measurements

Section II-5-18, Step 14 of the manual states that the dis-
criminator is to be set at a point where the noise generates about 10 c/sec
and then the bias is to be reduced by about 3 v.2 Using this information,
the minimum pulse level counted from the fission counter is 190 uv and

from the BF; counter it is 870 wv.

3.1.5 BF; Counter, Plateau and Sensitivity Requirements’

The ship BF,;, WL-7087, is specified as having a sensi-

tivity of 40 c/sec/nvt Figure 5 shows the ¢ounting rale versus voltage

applied to the cou.nto.er}:.l A neutron source was piaced near the counter,
and 200 ft of tri-axial cable was used between the counter and the ship
amplifier. The voltage was measured with a University model electro-
static voltmeter. Thc discriminator setting was 21 v, 3 v below the

10 c/sec noise setting. From the plateau, a 2200-v setting was selected

as the operating point for all subsequent measurements with this counter.

-6 -



3.1.6 Fission Counter, Pulse Height Curves, and Sensitivity
Measurements

The ship fission counter, WL-6376, is specified to have
a sensitivity of 0.4 c/sec/nvth.A However, the sensitivity was found to
be a function of the discriminator setting. Several measurements were
taken with a constant source (either the reactor source or polonium-
‘beryllium) of count rate versus discriminator setting. Curves shown
in Figures 6 and 7 show the loss of sensitivity as a function of dis-
criminator setting. The procedure given in the manual for setting the
discriminator will reduce sensitivity of the fission counter more than
a factor of 20 compared with the setting found operable at the CEL.
In Figure 6, the one volt bias point is 690; in Figure 7, the one-volt
bias point is 345. The relationships are linear.

3.1.7 Compensated Jon Chamber, Compensation and Sensitivity
Measurements

The ship compensated ion chamber, WL-6377, is specified

to have a sensitivity of 4 x 10-!* amp/nv_.. This chamber was placed

in the mockup shield water tank and the etf};ect of changing the compen-
sating voltage while the reactor was at power was determined. With the .
compensating voltage at 0 (measured on an RCA voltohmyst model 98A),
the output current from the chamber was 57 ppamp. With the compen-
sating voltage at -5.0 v, the current dropped 32% to 43 ppamp and
remained there as the compensating voltage was changed in 5-v incre-
ments to -90.0 v. -

| In another experiment, the output of the compensated
chamber as a function of reactor iaower was determined. The deviation
from linearity is about 10% over the decade fromn 4 to 40 ppamp, as

shown below.

Reactor Power, Chamber Output,

Arbitrary Units ppamp
1 ‘ 4.6
2 , 8.3
5° o 22
10 46

3.1.8 Intersensitivity Comparison

The three ship detectors were inserted in wells (the BF,

in a non-metallic 6-in, -ID pipe, others in metallic 6-in. -ID pipe) in

-7



the mockup shield water tank; and during a reactor run, the outputs
were read simultaneously. The BF, and the fission chamber were
connected to the ship amplifiers and indicators and the compensated
chamber with -10.0 v compensation was connected to the Keithley
micromicroammeter. As seen in Figure 8, all instruments indicated
linearly with reactor power. Although the detectors were at slightly
different distances from the reactor, the ratio of BF; counts to fission
counts should be in about the same ratio as their neutron sensitivity.

. The fact that the fission counter appears less sensitive by a factor of °
20 than expected is attributed to the 3-v bias éetting of the discriminator

(according to the manual).

3.1.9 Non-Ship Instrumentation

In addition to the ship instruments in the shield watcr Lank
mockup, there were fisoiou chambers and ion chambers located around
the core in the core tank as shown in Figure 9. One additional BF3 was

placed in the shield water tank and islabeled '"Auxiliary BF;'".

3.1.10 Instrument Location and Shield Water Tank Description

Figureé 9 and 10 show the mockup shield water tank in
plan and side views. The wells are 6-in. diameter pipe. The distances
are shown in the figure for both the shipboard installation and the CEL
mockup. Figure 11 shows the locatioﬁ of various instruments around

the core when installed -on board ship.
3.2 RELATIONSHIP OF CEL TO SHIP INSTRUMENT RFSPONSE
3.2.1 Flux Scans

Flux was measured in the water from the outer wall of

the inner thermal shield to determine the attenuation of neutrons as a
function of distance from the ¢ore. This information is used to csta-
blish the relationship between the shipboard and CEL instriunent loca-
tions. Figure 12 shows that the attenuation in water is approximately
exponential with a 6.2 cm relaxation length. The measurements were
taken with pure indium foils 0.5 in. diameter, 96 mg/cm?, loaded in

a lucite holder and placed at the core vertical centerline. The exposure

was made at full water height with all of the control rods inserted and



the two sources in place in the core. The strength of the sources on
the date of exposure (23 March 1960) was 4.07 x 108 neut/-s,ec., The
activity plotted in Figure 12 is the saturated activity of the foils; the

flux (nvth) is about eight times this value.

3.2.2 Attenuation Factors

The thickness of steel between the outer wall of the.inner
thermal shield and the BF; detector is 25.7 cm on board ship, and 19.4
cm at the CEL. The thickness of water between the outer wall of the
inner thermal shield and the BF; detector is 33.7 cm on board ship and
57.8 cm at the CEL. The removal cross section of steel for fission
neutrons is Z_ = 0.17 cm.'1 using data in ORNL-1843.2 The relation-
ship (cold) between ship and CEL is

“Z. (ship)
2
= [snip ] . P(cEL)  A(ship)
CEL Tt
' r (CEL)

* ship) A(CEL) °©

where D is the distance from the core center to the instruments in
(CEL) or (Ship), D(CEL) = 80.3 c¢m, D(Ship) = 67.9 cm,

A is the attenuation factor for water taken from relaxation
length of Figure 12 using the thtckness of water for (CEL)
or (Ship), A(Ship)/A(CEL) =

' Z:r is the removal cross section of steel, 0.17 cm-!, and
t is the thickness (in ¢cm) of steel between the inner thermal
shield and the instruments for the (CEL) or (Ship), t (CEL)
= 19.4, t(Sh )=:.5 7.
R  the ratio between ship and CEL readings due to georuetry

is 23.5.

3.2.3 Differences Due to Sour'ce' Strength

Startup source decay will reduce the absolute count rate
measured on board ship as compared with the CEL measurements. The
two polonium-beryllium seurces decay with a 138-day half life. The |
total strength on 18 January 1960, as calibrated by Mound Laboratory
was 5.63 x 10® neut/sec or 256.6 curies. According to the plotted decay
as shown in BAW-1202, the strength on 1 September 1960 would be 1.8 x

1

10% neut/sec.! Another source of neutrons is the spontaneous fission

-9 .



of the U-238 in the fuel. Using data from Weinberg and Wigner, this

rate is.1:8 x 10% neut/sec.%

3.3 LOADING RESPONSE OF INSTRUMENTS

The location of instruments around the core is shown in Figures 2
and 9. .Table I shéws'the indication of the various instruments as fuel
was added to the core. More detailed information on the nonship instru-
mentation loading responée is found in BAW-1202.1 Figure 13 is a plot
of the ship detector response as the fuel was loaded, starting on 25 March
1960 with a source strength of 3.9 x 10® n/sec. The level of 2.7 c/sec
is considered primarily neutron or instrument background although all
sources and fuel were removed from the vicinity of the experiment.
Using a currected indication for the fully loaded core of 1.8 c/sec and
the corrections for differences in source strength and attenuation, it was
expected that on 1 September 1960 the ship BF, (aboard ship) would read
higher by a factor of 10.8 or 20 c/sec. '

3.4 ROD WITHDRAWAL RESPONSE OF INSTRUMENTS

Continuing the approach to criticality, safety rods were cocked
in the fully loaded core, and water was admitted until the core was
completely covered. Starting from the fully inserted position of all
rods the E group, and then the D group, were withdrawn until the reactor
,Became critical. The instrument location is the same as before and the
response.is shown in Table II. A normalized plot of the ship detector
responSe' is shown in Figure 14, where the inverse count rate is plotted
to show the approach to criticality. A similar plot should result during

- the approach to criticality aboard ship.
3.5 EXTRAPOLATION TO SHIPBOARD USE

3.5.1 Source Power Calibration With All Rods. In

A convenient base point for power calibration (identical for
the ship and the CEL) is the case with full water, the sources in their
normal locations, and all control rods fully inserted. This will provide

the first power information available on board ship.
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3.5.2 Measurement of Power

During the power calibration run the CEL 'BF3' in the
shield water tank indicated 250 c/sec, corresponding to a pbwer,of ‘
135 + 28 w. The same BF, in the same location indicated 0. 42 c/sec
(see Table I) when all of the fuel was loaded, the sources locéted
normally, and the rods full in with full water height. Thus, as of
25 March 1960, the source power was 9.23 % 0.06 w. B

3.5.3 Calculation of Power

The neutrons emitted from the source at shutdown are
multiplied by an amount dependent on the degree of subcriticality. The -
subcriticality of the core, as measured by pulse neutron techniques,
was -$2.9 + 0.47.1 The k_,. is 0.98 £ 0.03.

- The multiplication of the core is-

M = 1/1—keff = 50 + 8.

Knowing that for every source neutron emitted, 50 fission
neutrons are created, the core power may be determined. The yield
of 2.47 neutrons per fission indicates that the number of fissions per
source neutron, and thus the source power, can be calculated from

M S,

vo Ko

P =

where

P = power, w,

M = multiplication, 50,

v = neutrons per fission, 2.47,

Ko=‘fissions/sec/w, 3.12 x 1019, and

S,= source strength in neut/sec.

Using the above information, the calculated source power
on 25 March 1960 was 0.25 + 0.04 . w, in good agreement with the

measured value.

3.5.4 Anticipated Ship Indications

This information can be used to extrapolate to the antici-
pated ship indication for a given date. The arbitrary date selected is
1 February 1961; other dates can be used by applying source decay

corrections.
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3.5.5 Startup Channel at Source Power, Cold

The anticipated source power on 1 February 1961 is 0. 048
watts (0,19 of 25 March 1960 value }; the anticipated BF; reading is
8.9 ¢/s. Both conditions should exist with full water, source in, and

rods fully inserted.

3.5.6 Startup Channel at Source Power, Hot

As water temperature ihcréases, three effects are noted:
(1) a change in the leakage of neutrons from the core,. (2) a change in
the shielding of neutrons by the water between the core and the neutron -
detectors, and (3) a decrease in keff resulting from the temperaturé,
defect. _

The firat of.these eftects may be estimated from the one-

group model:

K - koo
eff ~ 1+ M*B

: 1
where the non-leakage probability is 1+ MEBZ ° The leakage probability,

1 MZ BZ . . .
therefore, is 1 - T T MZBZ” °T T+ MZB2 ° The change in leakage as the

core water is heated is attributed to the increase of the migration area.
The ratio of leakage hot to leakage cold is then given by

IQZBZ
1 + M2B?| hot

R = > = 1.35
M? B
1 + M2B2| cold

using migration areas calculated in connection with tlie Savannah core

phys1cs program.

The effect of decreased water shielding may be regarded
as an effective decrease in the shielding thickness of hot shield waler |
compared with cold shield water. Waithin the pressure vessel, between
the active core and the shield water tank, 35.1 c¢m of water is heated to
approximately 508“’AF changing thc water density from 0.998 to 0. 793.

The change in neutron leakage may be determined from Figure 12,
0.793
0. 998

comparing the ﬂux at 35.1 cm to that at 35.1 x This ratio is

3.47.
Assuming a temperature defect of 3.2% k off’ the effect on

source power may be calculated by con51der1ng the multlphcatwn
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Meora *T- 0798 = 5°

- 1 _
Mot “TT0.95 - 20

Thus, the hot source power will be reduced by a factor of 0.4.

‘, - Combining these effects, the instrument i'esponse at critical
will be increased by 1. 34 x 3.47, or 4.65. These effects are shown as
a funétion. of temperature in Figure 15. The source power response of
the instruments will.increase by 1.34 x 3.47x 0.4, or 1.85. A table

of source power response is shown below:

Expected Indication on Startup Channel

Date o : Cold Hot

' c/s . cl/s

January 1, 1961 10.4 19.2
February 1, 1961 8.9 16.5
March 1, 1961 7.8 14. 4
April 1, 1961 T 6.6 12.2
May'1l, 1961 5.7 10.5
June 1, 1961 4.9 9.1
July 1, 1961 4.2 7.8
August 1, 1961 3.6 6.7
September 1, 1961 3.1 5.7
October 1, 1961 2.6 4.8
November 1, 1961 2.4 4.4
December 1, 1961 1.9 3.5
1.6 3.0

January 1, 1962
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4. POWER LEVEL CALIBRATION

4.1 INTRODUCTION

This experiment measured the total power generation of a specific
clean, cold, critical configuration of the NS SAVANNAH service core,
and correlated this power with'observed reactor control instrumentation
readings. The experimental procedures for the measurement can be
analyzed into four distinct steps.

Step 1 was the measuring of the relative neutron flux distribution
" in the core (both vertically and radially) by scanning the induced activity
on Mn-Cu alloy wires. Because of loading symmetry only one-quarter
of the core was analyzed. .

Step 2 analyzed the fine structure of the neutron flux (as shown by
the wire data); this yielded an estimate of the average radial and vertical
flux in each fuel can. At this point, the flux numbers are only relative,
since no attempt was made to calibrate the Mn-Cu wires to measure
absolute neutron flux.

Step 3 was the measurement of the absolute neutron flux in a
specific location with calibrated Dy-Al alloy foils, and the conversion
of the relative wire data in Step 2 to absolute 2200 meter/[sec flux.

Stcp 4 was the final calculation of fission rate for the core by the

activation formula and its conversion to total power.
4.2 EXPERIMENTAL PROCEDURES

4.2.1 Stepl

The core that was calibrated is shown in Figure 16 and the
positions of the Mn-Cu wires are indicated. The procedures for loading
and counting the wires were identical with those described in Section 7

of this report.
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4,2.2 Step 2

To analyze the fine structure of theAneutron flux in each can,
the flux must be averaged in the vertical direction, and then, in the radial
direction. The vertical average is readily obtained'by numerically
averaging the data points from a vertical scan of almost any'Mn-Cu wire,
since the vertical flux shape is relatively constant throughout each can.
For this reason, a Mn-Cu wire was irradiated in the center of each can
and a vertical average count rate computed from the scan data. The
absolute flux determinations (as explained in Step 3) were rﬁade at a
vertical height ot 80 cm above the bottom of the fuel. Therefore it was
necessary to ratio the average count rate of each center wire to the 80-
cm count rate on that wire, so that count rate could be converted to flux.
These ratios are given in thc fourth column of Table IV. .

The radial average is not so readily available. Ideally, a
Mn-Cu wire should he irrdadiated in.cver_y waler channcdl in each can, but
this was ruled out by the time and effort required. As explained in
Section 9.2 an eight-wire patterﬁ was established for estimating the
radial averages in each can. When many sets of radial averages were
inspected, it was found that the-center wire data could be corrected for
the radial effects by a single factor dependent only on the rod configuration
around each can. These factors were estimated to be as follows: 0.85
for a can surrounded by completely inserted rods; 0.95 for a can
surrounded by partially inserted rods; and 1.00 for a can surrounded by

completely withdrawn rods ‘(see Table IV).
4,2.3 Step 3

The absolute flux determinatinns were donc with fuur Dy Al
toils irradiated in each of three cans in Run 352 as shown in Figure 16.
The foils were vertically located 80 c¢cm above the bottom of the fuel, and
were calibrated such that their saturated activities could be converted to
absolute 2200 meter/sec neutron flux. The foil data are shown in Table
III.. An average flux was computed from the: four foils and a ratio was
found between the flux and the correspoﬁding center wire count rate for
the three cans. The flux-to-count rate ratios were averaged and applied

to all center wire data, thereby converting all center wire count rates at

- 16 -



80 cm to absolute 2200 meter/sec flux, as shown in Table IV. The
“average 2200 meter/sec flux for each can was computed by applying the

vertical (fv) and the radial (fr) correction factors to the 80-cm flux values.
4.2.4 Step 4

To compute the power generated in each can, the total
fission rate in each can must be determined. The fission rate may be
calculated from the basic activation formula and several correction
factors (refinements necessary to calculate total fissions rather than

just thermal fissions). The power formula in its refined form is as

follows.
i _ fiss/sec - .
power = : x correction factors or,
' 3.1x 101° fiss/sec/watt
Nzs (0g)2200 & 2200 ,
watts = - x VFRE,
3.1x 10%0
where Nzs = number of U-235 atoms per can,
= 24.6 x 10%* atoms per can (for cans with 4.2%
enrichment), '
= 27.0 x 10%% atoms per can (for cans with 4.6% ‘
enrichment); : ,
(O'f);_z(,o = fission cross section for U-235 at 2200 meters/sec,
= 579 barns;
¢ 2200 = averaged 2200 meter/sec neutron flux for entire can;
v = non 1/v correction to the U-235 thermal cross section,
= 0.98;
~ ¢fue1 . . . .
F = _ (This correction is needed since the flux values

water were obtained in water channels and not in the
fuel; the factor was calculated from MARTY
critical experiment data.)

= 0.696 for 4.2% enrichment,
= 0.678 for 4.6% enrichment;
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R = total U-235 fissions
sub-cadmium U-235 fissions ’

i

1.18 (This correction is to account for non-thermal fissions
in U-235; data is given in.8.2.2.)

E = U-235 fissions + U-238 fissmns_: 1.05

U-235 fissions

(This corréction accounts for the U-238 fast fissions
determined in MARTY Critical Experiments.)

Thus by inserting the values for all factors into the power> formula, two

constants are generated.

I

1. For cans with 4, 2% enrichment, power

3.88 x 1077 x ?2200 watts.

b

2. For cans with 4.6% enrichment, power =
4,15x 1077 x ¢ watts.
2200
The power for each can as calculated by the above formula is shown in
Table IV.

4.3 RESULTS

The ship BF; counter and the ship fission chamber, located as
shown in Figures 9 and 10, were observed during the power calibration
run. Table V lists the r.esulting correlation between reactor power and
count rate for each detector.

Although the instrument-power calibration was measured for only
one rod configuration, it should be approximately valid for most standard
rod patterns. " The calibration is limited, however, since it was calculated
from data taken at room temperature and thus will not apply to determina-
tlons at operating power and pressure. It may be used only for the critical

experiment and initial startup power determinations.
4.4 DISCUSSION OF ERRORS

Since the power formula is made up of only multiplying factors,
the best estimate of the total percentage error is the square r*o'ot of the
sum of the squares of each individual percentage error. A tabulation of
the estimated errors shows that the error in ¢,,,, dominates all others.
This large error is due to the uncertainty in correction factors -used to

average the radial flux. The available fine structure data indicate that
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. the outer row of pins in each can are the ones most affected by rod
positions, but there were not many data _té.ken in these regions that
could be used for the radial correction factors. The error in the abso-
lute-flux calibration by the Dy-Al alloy foils is also included in $z-m and
is estimated to be £5%. Table VI lists the estimated errors for each
factor of the power formula and the calc.ulated total error for the power

calibration is £21%.

N
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5. FAST NEUTRON FLUX MEASUREMENTS

5.1 INTRODUCTION

Several A212 carbon steel samples will be irradiated in a test well
(see Fig. 17) just outside the SAVANNAH core. These samples will be
used for radiation damage effect studies that can be correlated with the
expected pressure vessel life. Since the test samples can be removed
' only during a complete reactor shutdown, it is expected that they will be
irradiated for about two years. The long range irradiation time, coupled
with the fact that the test well is inaccessible once full-power operétion
is reached, makes the flux monitoring extremely difficult.

Usually, the experimental program for a radiation effects study
includes many irradiations of monitor foils in the test facility to measure
the 2200 meter/sec flux, the 1/E flux, and the fast neutron flux above
1 Mev. These measurements require cadmium ratios, threshold detectors,
and variable power levels to _acéommodate the wide range of activation
characteristics of the monitors. Most of the neutron spectrum measure-
ments are made at the beginning of the éxperiment', and several monitors
are then left with the test samples for the duration of the experiment to
obtain the time-integrated neutron flux. If necessary, the integrating
monitors are replaced during experiments that continue for many months.
All of these operatiohs are possible in most research or test reactors,
but they are virtually impossible in the SAVANNAH core. Thus the
following experiments were devised during the zero power tests to pro-
vide a limited nurﬁber of fast neutron measurements that will help fill
the obvious gap of the flux data required for adequate interpretation of
the steel test samples in the SAVANNAH program.

v " The first experiment was the correlafion of a thfeshold—type
reaction (which'is primarily sensitive to fast neutrohs) with a long-lived
‘thermal neutron reaction product that would be a good integrator for the

power—tbi,me history of the long time irradiation for the steel test samples.

- 21 -



This experiment was considered necessary for two reasons. First, no
flux monitors are to be used with the steel test samples. Second, none
of the threshold reactions that are currently being used in fast neutron
damage effect studies result in nuclides with half-lives that are long
enough to integrate properly a 2-year, or longer, irradiation. The
Ni-58(n,p)Co-~58 reaction was chosen for the threshold measurements,
primarily because of its current popularity in fast neutron damage
studies in steels. The resulting nuclide, Co-58, has a half-life of 71
days. The Co0-59(n, y)Co-60 reaction was chosen for the thermal neutron
reaction inasmuch as the natural Co-59 impurities (measurcd by ORNL
to be 103 ppm in A212 carbon steel) in the test samples would allow the
sampleo to Le their ovm moniturs.2 The Co-60 half-life, 5.24 years,
thus fulfills the long-lived requirements. '

The secaond expcrimient was the measurement of the attenuation of
the fast neutron flux (as measured by the Ni-58 reaction) at the pressure
vessel wall from the test sample l.x{uationo In addition, a complete map-
ping of the thermal and epithermal neutron flux in this region was made

with bare and cadmium-covered gold foils.
5.2 THEORY OF EXPERIMENTS

5.2.1 Correlation of Ni-58 Reaction With Co-59 Reaction

It is assumed that the damage effects observed in the steel
test samples will be proportional Lu the total number of interactions of
neutrons above some energy with the samples. At present. the exact
relationship hetweon dawiage ettects and the type of fast neutron spectra
is not fully understood. However, widespread research is being conductcd
at many laboratories in an attempt to correlate damage effects in steels
with fast neutron spectra as measurcd by several types of threshold and
tast-fission detectors. As indicated above, one popular reaction under
study io the Ni-58(n,p)Co-58 reaction. If the tolal number of Co-58
alums formed in a nickel foil could be determined — assuming the foil
had been irradiated along side the steel test sé.mples — then some corre-
lation of the SAVANNAH steel test samples could be made with data from
other laboratories. Unfortunateiy, even if a nickel foil were to be

irradiated with the SAVANNAH steel test samples, the relatively short
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71-day half-life for Co-58 would mak.e it essentially impossible to calcu-
late the total number of Co-58 atoms formed in the foil during a Zwyr
irradiation.

| The Co-59(n, y)Co-60 reaction that occurs in the natural
cobalt impurities in the steel test samples will allow a moderately accurate
determination of the total number of Co-60 atoms formed in the samples
during a 2-yr irradiation, provided that the power versus time history
is known and that the absolute disintegration rate of the Co-60 can be
‘measured. ‘ S

Although the number of Co-60 atoms formed is proportional
to the thermal neutron abéorptions primarily, and, although the thermal
neutrons are not the neutrons causing damage interactions in the steel
samples, it is assumed that the ratio of the thermal neutron flux to the
damaging fast neutron flux will remain constant throu-ghout the irradiation.
This assumption may be in error; however,‘ for a first approximation, it
allows the only practical approach to the problem.

It can be shown fhat the ratio of specific activity of Co-60
to the Aspecific activity of Co-58, in a pair of cobalt and nickel foils
simultaneously irradiated for a few-rr;inutes in the steel test sample
location at low power; is the ratio of the total number of Co-60 atoms
formed in the cobalt foil to the total number of Co-58 atoms formed in
the nickel foil. For example, the activation formula can be written as

follows:
At
AN = WA co(l -e Py,

disintegrations per second of nuclide formed

uwe

where. AN

w = weight in grams per atomic weight of isotope being
irradiated

= Avagadro's number
= cross section for the reaction involved

* neutron flux causing the reaction in neutrons/cm?/sec

T & q %
1

irradiation time in same units as X\ is expressed -

1

exp

b
Ll

‘decay constant for nuclide ‘being formed, and is in units
of reciprocal seconds when multiplying N, and is in same
reciprocal time units as texp in the exponential.

N = number of atoms of nuclide formed at the end of the
irradiation
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For the cobalt foil then,

1 -)\Cotexp
Aot Ngose/87am =35 A oy by, (1 - ).

and when the exposure time is very small compared to the half-life,

_ 1
)\C 6ONC 6°/gram T 59 A %th cbt:h )\Co6° texp'

L1kew1se for the mckel foil,

©
1- ' :
C 58 NC s¢ /gram = —§ g o(E) ¢ (E)dE - )‘Co“ texp’
E

eff
%0

where g U‘(E)q,»(E)dE is the complicated relationship of cross section
Ets | | |
and fast neutron spectrum for the reaction.

-Thus the ratio of the specific activities is

)\Co6°NCo,6° :'_SE © %th %h ~ )\C06°texp
N 5N~ ss 59 { Negsst
Co Co S’ o(E) ¢ (E)dE Co>® "exp
Eetf
Simplifying,
— =
N 6o _ )
. Co_ = 0.983 . th "th
N~ _ss
Co g r(L) ¢ (E)dE
;Eeff ]

In the Co-60 activation, no consideration was given to the
epithermal or resonance neutron activation. It is estimated that this
error is less than 10% so, in lieu of the other assumptions used in this
treatment, it has been neglected.. Also, it is rcalized that the use of
an E-,, in the threshold reaction may be somewhat fictitious; il is )

eff

assumed that at some fast neutron encrgy, nanely E the cross

section for the reaction becomes significant. .
We assume that to good approximation the ratio of the
thermal flux to the fast neutron flux remains constant at all powe1 levels,
opersting temperatures, and time, so that the ratio
N

N

C660

COSB

= constant
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for any given irradiation time. Thus, that constant can be measured by
observing the ratio of the specific activities of a cobalt and nickel foil
that were exposed at low power for a short duration. NC06° can‘be deter-
mined from the Co-60 activity in steel test samples following the 2-yr
irradiation, by considering the saturation factors and the power-time
history, and NC058 can be estimated from the above relationship. This
gives an estimate of the total number of Co-58 atoms that would have
been formed if a nickel monitor foil had been present. This information
aloﬁg with the observed damage effects in the steel samples can then be

correlate‘d.

5.2.2 Fast Neutron Flux Attenuation

It is also desired to know the ratio of the fast neutron flux
at the steel sample test location and at the pressure vessel wall. Two
problems occur in this measurement. The first is that the fast neutron
flux level was too low in the zero power tests to measure the Ni-58(n,p)
Co-58 reaction at the pressure vessel wall. The second is that a correction
must be made for any room temperature measurements in extrapolating
to operating temperature of the SAVANNAH core. ~

In order to estimate the fast neutron flux at the pressure
‘vessel wall, a partial traverse of the water gap between the test well
and the pressure vessel wall was made with nickel foils. Simultaneously,
a cdmplefe map of the entire gap was made with both bare and cadmium-
covered gold foils. Based on previous data obtained in bulk shielding
experiments, it is reasénable to assume that the slope of the fast flux
will be essentially that of the thermal flux in the water gap. The partial
nickel travérse was thus e)étrapdlated on this basis to the pressure vessel
wall. l - ‘ |

Since the water density decreases as the temperature
increases, the ratio of the nickel activities between the test sample .
location and the pressure vessel wall will decrease at operating tem-
perature from that value observed at room temperature. .The density

3 at room temperature to 0.765

of water decreases from 0.997 gm/cm
gm/cm? at 512°F. This change effectively moves the pressure vessel

wall closer to the test weli, so that
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effective distance = actual distance x 0.765

0.997

actual distance x 0.767

5.3 EXPERIMENTAL PROCEDURES

5.3.1 Irradiation Conditions

, Figure 17 shows the location of the nickel foils, bare and
cadmium-covered gold foils, and the cobalt foils that were irradiated
simultaneously for this experiment. The exposure time was 660 sec,
and the integrated power was estimated to be 10.8 kilowatt-hours.

The gnld foils were calibrated so that their caturated
activities could be converted directly to absolute thermal neutron flux,
based on an intercomparison with the standard neutron flux at the
National Bureau of Standards, Washington, D. C.

The nickel foils were counted 13 days following the irradiation,
and this decay time was considered in the calculation of their absolute
disintegration rates. The 13-day decay time was neglected in the calcu-
lation of the Co-60 disintegratibn rate. Counting times on these foils
ranged from one to thirty minutes, and all data were reported in net

counts"per minute.
5.3.2 Step 1

Following aCti.Vation, the nickel toils (approximately 1 in. x
1 in. x 0,020 in. and 99+4% pure) were counted on a gamma-ray single-
channel spectrometer similar to that of R. L. Heath.2:%& The detector
was a right-circular cylinder of NaI(T1), 1-3/4 in. diameter by 2 in.
high, located inside a 2-in. -thick lead shield which was 16 inches wide,
16 inches deep and 24 inches high. Some of the factors for calculating
the absolute disintegration rate must be estimated since the detector
was not exactly the same size as that given in the references.2:£ Inspec-
tion of the gamma-ray spectra from the nickel samples several days
- after activation indicated that the activity contribution from impurities
was negligible, and that the foil activities were quite small. Thus,' to
enhance the counting statistics, the integral count rate of each foil was
determined rather than obtaining a complete spectrum analysis. The

count rates of the nickel foils are given in Table VII.
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In order to calculate the absolute disintegration rate of the
nickel foils, a complete spectrum ahalysis was performed on nickel foil
No. 8 which had been activated near the center of the core to a much

higher nvt than the foils near the test sample location. Using Heath's

formula
' . N 2,129 N__a
N = p = m
[e) o N .
«,PaeMw. ¢ wPAe M
where
N = the number of gamma-rays per minute emitted by the
o . . Y :
foil at end of irradiation;
Np = ‘the area under the photo peak in counts per minute
2.129N__a '
— m .
= = :
A = the correction factor for z/a.bsorption in the source and
any beta absorber used, '
= 1.0;
‘ Nm = the peak counting rate in counts per minute,
= 92 counts per minute;
a = the half width at one- ha]f maximum of the photo peak in
pulse he1ght units (PHU),
= 20.0 PHU; A
w = measured width of the '"window!' of the c1ng1e -channel
analyzer,
= 9.0 PHU;
P = the peak to total ratio,
= 0.317 (based on an extrapolation of Heath's data on a
volume basis for the size of the Nal crystal);
e't = the total absolute detection efficiency for the source-
' detector geometry used,
= 0.0180 (based on an extrapolation of Heath's data on a
volume basis for the size of the Nal crystal); and
e-)\tw = decay fafcfor, where tw is the elapsed time of 13 days

between counting of the foil and end of exposure, and X
is the decay constant for Co-58,

0.881.
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The activity of nickel.foil No. 8 is
N _ 2.129 x 92 x 20
0 0.0180x 9.0 x0.317x 1.0 x 0.881 .

8.65 x 10* disintegrations per minute.

The absolute disintegration rate of nickel foil No. 6 (irradiated in the
test well for the steel samples) can now be computed by comparing the
integral count rate with that for nickel foil No. 8. !

Thus,
399
20,765
~ 1,67 x 10? disiutegrations per minute.

’ - . 4
(NO)‘N% 6 8.65 x 10% x

Since foil No. 6 weighs-2.58 gm, its specific activity is

(N_)

2
oNi 6 = 6.45 x 10¢ disintegrations per minute of Co-58

per gram of nickel.
5.3.3- Step 2

The 2200 m/sec flux measured at the sieel sample test
well with bare and cadmium-covered gold foils was 5.9 x 108 neut/cm? [sec
at the power level of this experiment. The low n,eut_;ron flux level pro-
hibited direct cobalt activity measurement due to the Co-59 impurity in
the A212 carbon steel samples. To determine the total cobalt activity
in this location, a pure cobalt foil (1 in. x 0.5 in. ‘x 0.020 in.) was
irradiated, and its disintegration rate was determined by comparing
the count rate with that of a calibrated Co-60 standard. |
Thus, ' |

(count rate)q ¢4

x (dis/min)

(Dis/min)c (o0 = (count rate) . g4 Co 5td,

1,163
57,548
3.15 x 104 dis/min,
and dividing by the weight of the foil (0.9566 grams)

3.15 x 104 A
0.9566 , , ,

= >3,30 x 10% dis/min of Co-60 per gram cobalt.

% 1.56 x 10° dis/min

(Specific ACthtY)Co foil =

As a check for the absolute disintegration rate of the cobalt foil, one
may use the activation formula and calculate the neutron flux to which

the foil had been exposed. Using 34 barns for the cross section. an
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exposure time of 660 seconds and a half-life of 5.24 years for Co-60,

the thermal flux is computed to be 5.7 x 10% neut/cm?/sec. This is in

good agreement with the' 5.9 x 10® measured by the calibrated gold foils.
'Assumingvthat the Co-59 impurity in the A212 carBon steel

samples will be 103 ppm * 10% (by weight), the calcula.ted cobalt specific

activity in the test samples (had they actually been e)gposed in this experi-

ment) would be |
(N )C 60 = 3.4 dis/min of Co-60 per gram of A212 carbon steel..

Combining this result ‘with the specific act1v1ty of nickel foil #6 as

computed in 5.3. 2, the following ratlo is obtalned

. No. of atoms of Co-60 per gram steel _ 3.4 = 5.27 x 10-3
No. of atoms of Co-58 per gram nickel 6. 45 X 102 ’

One correction for this ratio is necessary. The cross. sectlon of Co-59
is essentially reduced at the operating temperatures due to the spectrum
shift of the thermal neutrons. If the cross section is reduced, .t,hen the
specific acti\}ity of the Co-60 is likewise reduced. The correction is

estimated as follows:

Let
o, = cross section of Co-59 at room temperature
o, = cross section of Co—~59 at operating temperature
T1 =. room temperature = 293 K
T2 = operating temperature = 538 K,
then

~ 1T, < |2 C~ ~ ’
Tz =q/_- s 4/_9,_ )0.584 T 0.740
o, ’I‘2 538

No. of atoms of Co-60 per gram steel - 5.27>x 10-3 x 0. 740

No. of atoms of Co-58 per gram nkael at 508 °F

=3.9x 103
5.3.4 Step 3

Ideally, the fast neutron flux should be measured at the
test sample location and at the pressure vessel wall. However, the
fast neutron flux was not high enough to activate a nickel foil at the
pressure vessel wall, but it was high enbugh to obtain a partial traverse

in the water gap. This was done with five nickel foils equally spaced
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3 cm apart. (See Fig. 17.) The count rates of these foils are shown in
Table VII, and their normalized activities are shown in Figure 18. To
obtain a complete flux picture, bare and cadmium-covered foils were
irradiated on lucite strips (Fig. 17) that traversed the entire distance
between the test well and the préssure vessel wall. The gold foil activities
are also plotted in Figure 18, and the slope of the nickel data appears to
agree with the slope of the bare gold data. Assuming that the nickel acti-
vations do follow the slope of the bare gold data, the nickel activity at the
_pressure vessel wall can be estimated. This estimate, when. compared
with the nickel activity at the test well, yields an attenuation of approxi-
mately 100. However, this factor must he correcred for the change in
moderator deusity that ocﬁufs at NS SAVANNAH operating temperatures.
Since water density decreases as temperature increascs, the ratio of the
nickel activitles between the test sample location and the pressure vessel
wall will be decreaéed from that observed at room temperatures. ‘L'he
density of the water decreases from 0.997 gm/cm3 at room temperature
to0 0.765 gm/cm? at 512°F. This ‘change in density effectively moves the
pressure vessel wall closer to the test well, so that"-

0.765
0.997

t

effective distance actual distance x

32.4 cm x 0.767
24.8 cm.

Referring to the extrapolated nickel curve (Fig. 18), the ratio of the

activity at the test well to activity at 24.8 cm is 34.
Some of the A\;le carbon éteel samples will be placed at
the top of the fuel in the test well, in addition to those placed at the
reactor fuel centerline. Thus the moderator gap was traversed at this
level with bare gold foils, in the same manner as described above. The
slope of this traverse (Fig. 19) is approximately the same as the bare
gold curve in Figure 18. The attenuation factor for the fast neutron flux
is expected to he similar to that measured at the reactor fuel center line.
‘5,4 CONCLUSIONS
Combining the data in Steps 1, 2, and 3, the following general

rclationships can be formulated for the test well location.,
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AN . .
1. The thermal nvt (neglecting epicadmium contribution) can be

calculated from the Co-60 disintegration rate observed 'in the steel test
samples, by using the activation formula and the power-time history of
the irradiation. ' f
2. The number of atoms of Co-58 that would have been formed in
a nickel foil placed along side the test samples can be obtained from =

_ (No. of atoms of Co-60 per gm steel)

(No. of-atoms of Co-58 per gm n1ckel)at500°F— 39 % 10°3

assuming that the number of atoms of Co-60 formed can be calculated
from the Co-60 disintegration rate observed in the steel samples.

. 3. The ratio of the fast flux at the test well to the fast flux at the
pressure veséel wall (as measured by the Ni-58(n,p)Co-58 reaction) can

be obtained by

= 34

<Co-58 activity at test well >
Co-58 activity at pressure vessel wall. at 512°F

For example, assume the following radiation history:

T

" exp

. Power Level = constant = 69 MW

I}

2yr=6.3x107 sec

{

Weight of A212 Steel Sample = 1 gram

Co-60 Disintegration Rate = 4.25 x 10°® dis/sec per gram steel.

(at end of irradiation).

Then, .
(1) The thermal nvt may be estimated by .
-6 — ok -
AC06° = dis/sec = £§%E)-—- x 6.02 x 1023 x ¢th x 25.2x102%4x (l-e Mexp), :
or 4.25x 108 = —10—93 x 1076 x 6.02 x 107 x §,, x 25.2 x 1072 x 0, 2325,

Solving for the average $thermal’

®th
and the total integrated thermal nvt, :
(nvt), = 6.9 x 10! x 6.3 x 107 = 4.3 x 10! neut/cm?.

= 6.9 x 10! neut/cm?/sec,

J

* Note that the oy}, for Co-59 has heen reduced from 34 barns to 25.2
barns to account for the energy shift in the thermal neutron distribution
at the operating temperatures of 508 °F. '
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1

(2) The total number of Co-60 ‘atorhs'formed.during irfradiation

may be found as follows.

Neoeo = NC_o59 C O AV
.‘ ) ,_,6 . R . ‘
= —1035}; L x 6.02 % 1083x 25.2x 10-27x 4.3 x 1019

1.14 x 10'® atoms. Co-60 per gram steel.

n

'(Z":)' The total number of Co-58 atoms that would have been
formed during the irradiation in the test well if a nickel monitor had been

used would be

N . ) NCO'60
| Co®lgiae 3.9x 1073

- 1.14 x 1015
NCo58 L —
© |512°F 3.9 x 1073

N~ sg
[ Co ]512°F

The vliserved damage effects in the A212 carbon steel samples can now

i

2.93 x 107 atoms of Co-58 per gram nickel.

i

be correlated to fhe total number of fast neutron interactions that would

have been suffered by the Ni-58(n,p)Co-58 reaction.

(4) The total number of Co-58 atoms that would have been
formed during the irradiation at the pressure vessel wall, if a nickel

monitor had been uséd, would be

: N ﬂs‘]
N - YV ]JTest Well
-~ 58 = = .

Co P.V.Wall 34

. ) 17 '
- £.93x 1070 R.60 x 1015 atoms of Co-58
34 per gram nickel.

Obviously, this is an indirect method far obtainiug Aculron
flux data for correlation with the steel damage effects; however, in the
vase of the SAVANNAH samples, it appears to Le the only _feasibl.e

method for vbtaining neutron flux information.

* Note that the o) for Co-59 has been reduced from 34 barns to 25.2 .
barns to account for the energy shift in the thermal neutron distribution
at the operating temperatures of 508 °F. :
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6. STUCK ROD TESTS

Fach rod group was withdrawn from a pattern of fully inserted
rods’ té determine if the reactor would remain subcritical in case of
control rod drive malfunction. It was established that the. reactor was
suﬁcritical if either the X,4 C, D, or E group is independently withdrawn.
The reactor becémes critical as the third rod of the A group is with- ‘
drawn and as the fourth rod of the B gi'oup is withdrawn. -Measurements
were done at room temperature, 15.8°C, the point of maximum reactivity.

Results are shown in Table VIIL.
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7. NEUTRON FLUX DISTRIBUTION MEASUREMENTS

7.1 NEUTRON FLUX DETECTORS

The detectors used for determining flux distributions were 0.020-in. -

diameter wires of a manganese copper alloy. Two alloys were.used, a
nominal 20 w/o Mn-80 w/o Cu, and a nominal 80 w/o Mn-20 w/o Cu.
The deviation from nominal composition is discussed elsewhere in this
report,

The wires were inserted into two different sizes. of é.crylic plastic
tubes depending upon the proposed location of the wire in the core. The
smaller tubes were 3/16-in. OD and 1/16-in. ID; the larger tubes were
5/16-in.. OD and 3/16-in. ID. Both were approximately 6 ft long.

" The "wired!' plastic tubes were inserted into selected positions in
the core in spaces within the ferrules. The smaller plastic tubes were
used at positions near the cdrﬁers of fuel bundles.

The wires were drawn taut within the plastic tubes but some
horizontal displacement was still possible. The maximum displacement
was equivalent to the tolerance of the wire within the tube plus the ~
tolerance of the tube within the ferrule, for a total maximum displace-
ment of 0. 135 in. from centerline. N

Several experiments were performed to determine the i;naximum
possible activation error for maximum displacAemen,t in a pos'i.t.i-on of
" maximum flux gradient. (See Section 8.5.) ‘The results indicate a
maximum pos sible error of +6% for a given point, but the maximum
possible error for the integrated activity over the full length of a wire
should be considerably less gince a loose wire has a tendency to spiral

in a tube and thus average out errors.
7.2 WIRE SCANNER

The activity at increments along the length of the wire was

determined by an automatic scanning device similar to that described
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for fuel pins by Mortenson and Ball. % '

The irradiated wires were removed from the plasfic tubes and
positioned under tension on an aluminum bed. A friction-drive
mechanism moved the bed under a lead shield containing a collimating
hole and a beta-sensitive scintillation detector. At a predetermined
position, the bed was arrested by a mechanical stop, and the activity
of the wire under the collimating hole was counted for a time interval.

At the conclusion of the time interval the bed wéé, advanced to the next
mechanical stop and the cycle was repeated.

The mechanical stops were positioned within +0.05 cm. The
position of the wire under the collimator was rigidly controlled by
forcing the wire through a groove in a teflun block, allowing about
0.02 c¢cm tolerance. The distance between the wire and the anthracene
scintillation cry‘stal (depth of‘the 2,54-vm TN collimating hole) was
approximately 5.0 cm. Figure 20 shows the resolution of the collimating
hole. _

Figure 21 shows a block diagram of the instrumentation, which is
- divided into two identical channels, the master charmnel and the slave
channel. The master channel monitors one small section of an
irradiated wire during a counting session, and the activity of this wire
is displayed on the master scaler. The counting interval -of both counting
channels is detérmined by the time necessary for the master scaler to~
accumulate a preset count. As the activity of the master wire decreases,
the counting intervals increase proportionately, ihdis correcting all data
accumulated in the slave channel for radioactive decay:. Data from the
slave channel was recorded on paper tape by a Berkeley digital printer
and simultaneously punched into IBM cards by an IBM serial card punch.

The uncertainty of an individual count, due to the statistical
nature of the ré,d.ioacti.vg decay process, is al function of the total number
of counts. accumulated on both scalers. From Mortenson and Ball, the

standard deviation of an individual count is

NZ
c=%|N +—= N
S v m

1
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where N and N are the total number of counts Aaccumulated on the
slave and master scalers, respectwely,_ For all wire mappmg data
reported here, N was preset to 10, 000 counts; therefore, the sta.ndard
dev1at10n9 due to countmg stat1st1cs, for any smgle activity measure-
ment reported in Volumes I, II, and iif of this report may be determmed_

from the relation

=+ ,JIO, 000 N_ + N2/100.

Several experiments were performed to determine the dead time
resolution losses of the entire scanner system (see Fig. 22). Although
resolution losses at count rates above 20,000 c/sec are indicated, in
practice count rates were never allowed to exceed 10, 00‘0 c/sec.
Deviation of the decay curves from the straight line at the extreme
right is due to the contribution of the longer half life copper isotope.
The decay curve represents the decay from 8 to_31 hr after reactor

shutdown. In practice all wires are counted within 8 hr after shutdown.
7.3 DESCRIPTION OF MEASUREMENTS

Each flux experiment was performed ir a similar manner. The g
first activation was performed by exposing the wires to a sfcéady neutron
flux for ten minutes; each subsequent activation was accomplished by
exposing the wires to an exponentially rising flux. ‘

Tables X and XI list the reactor conditions for each flux
measuring run; including control rod settings, boron plastic. inventory,
peak instrument readings, and doub'ling time when ascending to peak
Rowef, In addition to normal reactor instrumentation, some of the
runs used a Neutronics Model BR ion chamber in the shield tank mockup.

These readings, where available, are also shown in Table X.

7.3.1 Wire Identification

For the purpo-ses of wire position identification, a standard
nomenclature was adoped. Each wire is assigned a series of three
numbers which completely define its posi;ion, The first number
identifies the can in which it is located; the second number identifies
~the x position in the can, and the third number identifies the y position

within the can. Figure 40 shows the location matrix.

- 37 -



7.3.2 Borated Polyethylene

~ Many of the rod patterns required the addition of borated
polyethylene rods to attain full water height. These rods consisted of
25% by weight of natural enrichment boron carbide and 75% by weight
+0.002 in diameter, 6 ft £ 1/2 in.

- 0.010 ™
long. To test their uniformity, 34 samples were cut at random from

polyethylene. The rods are 0.250

a few of the poison rods. These samples were 10 cm long, and their
weights are shown in Table IX. Note that, since the density of the boron
carbide is approximately 2.5 times the density of normal polyethylene,
slight variations in uniformity will show up as differences in density of
the mixture. Table IX theretfore, gives an indication nf both dimena-

sional and compogition uniformity.
7.4 WIRE QUALITY CONTROL

An extensive program of wire calibration was undertaken to
investigate uniformity of the wire as received from the vendor. Wire
sponls werce spot-checked as they were received from the vendor, until
large variations in wire activity were observed. At this point, the
wire quality control program was expanded, beginning with run 405,

Samples. 2-in. long were taken fyom each section of each roll as
it was received from the vendor. These were irradiated as described
below, and the wires were separated for use as determined by the
results.

As the wires were loaded into the lucite wire holders;, a 1 1/2
tu 2-in. section was‘ taken from each wirc and set aside for '"quality
contivul' testing. Samples were chosen at random from these sections
for an irradiation test.

After separating the wire into grbups for lnading wulo the lucite
tuhes, enlured tape was applied for permanent ideﬁtiﬁcation; and, where
possible, wires with a common color identification were used in a given
run.

The wire samples, approximately 0.47-in. long, were irradiated
in a lucite wheel 3.07 in. in diameter by 0.48 in. thick. The wheel has

fifty-five 0.42-in. indexed holes vn a 2. 72-in. diameter. There is an

0.25-in. thick undercut top piece tohold the wires in place.
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The loaded wheel was placed on the end of an adjustable length
shaft and driven by an electric motor. The w.heel assembly was then
" hung from the top and on the outside of the thermal shield with the wheel
at the vertical center of the core. The*wheel was rotated at 60 rpm
throughout the irradiation. The wires were irradiated at the same .
power level that the flux map required. '

After irradiation, the wires were put in small envelopes, and the
- envelopes were indexed. Each wiré was counted for one minute on each
" of three gas-flow proportional beta counters, and then weighed.

All data were corrected to saturated activity and divided by u
mass on the Burroughs 205 Computer, so results are given in units. of
counts per minute per gram (c/min/gm).

Table XII summarizes the results of each colored flag grou'p'and

identifies the run where this group was used.
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8. SUPPLEMENTARY FLUX DISTRIBUTION
MEASUREMENTS -

8.1 PARTIAL WATER HEIGHT TRAVERSES

A set of three wire tra'vers.es were done with all rods withdrawn.
For these traverses, run 401 had 594 bbron plastic strips in the core,
run 404 had 256 strips, and run 405 had no boron plastic strips; the
reactivity differences Being adjusted by water height. These runs gave .
information to deterfnine the effects of the boron plastic strips on corner
peaking. The data are shown in Figures 23 through 25 and in Volume III

of this report.
8.2 MARTY CAN MEASUREM ENTS

A bundle of MARTY pins was constructed on a 0. 663-in. pitch,
using.a specially designed tube sheet afrangerhent that allows the bundle
to fit within the NS SAVANNAH internals. This bundie, although con-
structed using 4% enriched fuel, differed in reactivity by only about 2
cents from the NS SAVANNAH element (the MARTY bundle is slightly
more reactive because of its smaller amount of steel).

This bundle was completely instrumented with wires. Using the
wire scanner to.count the wires and the MARTY pin scannerv to determine
the gamma activity of the fuel pins, data were taken in half of the
symmetrically located can. The experiments were designed to investi-
gate the effects of borated plastic strips on peaking factors and wire flux
to pin power conversion. '

The MARTY can was exposed five'sepa.rateAtimes., Table XIIT
gives the runs, conditions, and comments. In each case; the pin
activities were normalized to the average pin activity, and the wire
activities were normalized to the av'erag‘e wire activity. The data for

each run are shown in Volume III of this report.
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8.3 CADMIUM FRACTION MEASUREMENTS

These measurements were undertaken to determine the spectral

‘similarity of manganese and fuel in various positions in the can.

8.3.1 Mn-Cu Cadmium Fractions

- The wire used in this measurement was the same Mn-Cu
wire that was used in the power maps. The cadmium tubing used was
0.075-in. OD with a 0. 020-in. wall thickness.

The thermal component of the bare Mn-Cu wire is given by

Total Activity minus Cadmium-covered Activity

A, =F A; where F ed ~ Total Activity

th cd’

The quantity, ch, the cadmium fraction.reprcaenis the percentage of

thermal aclivations., The variation of the Mn-Cu cadmium fraction was
rmeasured in an axial direction, and the change was not appreciable in
the regions unperturbed by the control blades. A total of 11 different
sets of data were taken, varying the control blade positions and the wire
locations in d1fferen'r cans. These data are shown in Figures 26 through
36.

A composite curve was then constructed to give the ch in
the horizontal direction in a fuel can. This was done by measuring the
Mn-Cu cadmium fractions at a point ‘on the wires 49.4 cm above the bot-
tom of the fuel. In all cases the control blades were out of the core in
the regions measured. The ch was found to vary from 0.96 near the
edge of the can to an apparent asymptotic value of 0. 74 near the center

portion of the can (see Fig. 37).

8.3,2 U-235 Cadmium Fractions

Two U-235 cadmium fractions were taken with fully enriched
U-Al foils. Figure 37 shows a value of 0.R75 near the edge of the fuel can,
but near the center region the value drops to 0.845. Cadmium boxes
0.020 in. thick werc used in these cases.

Core symfnetry was used in both uranium and Mn-Cu cadmium
fraction measurements to establish equal fluxes at the cadmium-covered

and bare wire locations. A summary of the data is shown in Table XIV.
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8.4 COCKED ROD MEASUREMENTS

Two sets of experiments were performed in which the control rod
‘was intentionally cocked in its channel. In run 456, rod A~4 was wedged
toward can No. 12. Table XV shows the ratio of the wire activities in
symmetrical cans. In run 458, rod A-2 was wedged toward the MARTY
element in can 20, and rod A-3 was wedged away from this element.
Table XVI shows the analysis of this experiment, based on fuel pin activity.
From either run, it is difficult to evaluate effects of the cocked
rods on peaking factors. In only one case did the ratio between flux in
the pin away from the cocked rod and the flux in the pin against the cocked
rod exceed 1.05. In this case, wires located one position away from the

rods gave a ratio of less than one.

8.5 FLUX GRADIENT MEASUREMENTS

Small sections of manganese-copper wire were loaded into a lucite
rod which had holes drilled along its diameter. This rod was attached to
a smaller rod and inserted into a ferrule in posmton 13-25-25. - The re- ‘
sults of this traverse are shown in Figure 38.

In a second set of measurements (Run 422), wires were taped to '
the fuel pins in can 31 at a point 49.4 ¢cm above the bottom of the active
fuel. The results of this measurement — compared to the same point on

wire 31-3-25 — are shown in Figure 39.
8.6 REPRODUCIBILITY CHECK

The conditions of run 418 were repea.ted‘ in run 459, with the A rod
group banked at 79.0 cm.

A direct comparison may be made by compar{ng Figures 48 and 63,
and Figures 75 and 86. The data for runs 418 and 459 are in Volume Il
of this Report. There are slight differences 'in point-by-point activity,
with the worst disag'reerhent occurring in the corners. As stated earlier,
if a corner wire is cocked to one extreme in run 418, and to the other
extreme in run 459, a 12% difference would exist, although each wire is
only 6% off of the true corner position activity.

It may be seen in Table XVII that the axial position of the peak is
not-the same in runs 418 and 459. Actually the true peak probably falls

between the two points, and the differences are not statistically significant.
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9. FLUX MAP ANALYSIS

9.1 DATA REDUCTION PROGRAM

To expedite the data reduction and to prepare a printed record of
the data points measured, the data were punched automatically into IBM
cards. A computer brogram was prepared to average and normalize -

" the data, to arrange it in‘a reasonable order, and to print the raw data,
along with the normalized data, on paper offset plates. Details of this

computer program are given in Volume II of this report. In summafy,
the program first computes by numerical methods, the average axial

activity by performing the operation

] .
oo m
SI ¢ (z) dz
z :

where ¢ (z) = the activity at each axial position along a wire,
z = the first point counted, and
z_ = the last point counted.

A total core average is then computed by
Z Wi ¢,

QW

where W, is a Weightihg factor, denoting the importance of this wire in

)

representing the flux of a region.

The computer then normalizes each point by dividing the data point
by.the average activity. This numbef is printed, along with the measured
data, at its respective position, identified by can number, x, y, and 2z

position as defined iin Scction 7.3.1 and Figure 40,
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9.2 RADIAL WEIGHTING FACTOR SELECTION

Weighting factors for maps where wires are concentrated in one
octant are determined by estimating the area of influence of the wire.
This method was checked by computing can averages from the 32-can
MARTY core as reported in BAW-1124.28 The following computation was
done for comparison: the can average for the wire pattern was computed
by assigning weighting factors to the wire according to their.location
and computing the average from the extrapolated flux existing at the
wire location. This number, when compared to the numerical average
of the fuel pin data, gave an average difference of + 0.9% + 4.1%.

In many of thc maps measured, a maximum of eight wires wao
a.véilablc ta determine the average flux [ur a particular can, so an
eight-wire pattern was established upon which an average could be
based. A number of combinations of wires were tried in an effort to
determine a set of weighting factors which could be independent of the
rod positions around the can. The best agreement with the MARTY

‘power maps described above came by using an average determined by

4 4
Z 9 ¢ + Z 32 ¢,
3 = o=z=1 i=1
164
where d)o = each of four corner wires and
¢. = each of four specitied inner wires

1

(9-9, 9-19, 19-9, 19-19).
Comi)arison with the MARTY maps gave an average difference of
-0.3% * 3.0% for 7 cases compared. ‘

" The extrapolation of the flux in the MARTY can to the flux in the
corner wire, however, underestimated the flux iu llie corner wire as
detertnined by activation of MARTY fuel pins, along with wires, in a
special test inccrt in the Savannah core. Calcnlation of the average b'y
thig formula gives an average that is 1.09 £ 0.Q5 times the true average
determined by the use of wires in each position in the can.

In general, the measurement of peak normalized flux is given an
uncertainty of 6.3%. Tﬁis error includes the maximum error due to
positioning the wire (see Section 7.2), the uncertainty in activity of the

point as a result of counting statistics, and the variation in wire compositi
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Figures 41 through 64 show profiles of the. axially averaged flux,

and the data are tabulated in Volumes II and III of this report.
9.3 POWER PEAKING ANALYSIS

The transition from flux peaking factors to cold, power peaking
factors is one involving several corrections, each having some asso-
ciated uncertainty. The major corrections are as follows.

1. The higher flux seen by the corner wire due
to its location '

2. The spectral differences between wire activity
and fuel activity

3. The effect on peaking of the boron plastic strips

Itéms 1 and 2 have been evaluated by the MARTY can maps de-
scribed in Section 8.2. To evaluate these factors, the ratio of the
normalized wire fluxes in each corner to the normalized fission product
activity in the corner pins was determined. The average ratict for the
data available was 1.21 * 0,13, Statistically, no dependence of this
factor on borated plastic loading may be observed. This is further
substantiated by an experiment to establish the flux gradients through
fuel pins in the corners using manganese wire, as shown in Figure 39.

The effects of borated plastic were determined by two sets of
runs, where two sets of similar MARTY can data were ruﬁ with and
without borated plastic. In one case (runs 426 and 430) the reactivity
difference was taken up by adding more boron plastic to the remainder
of the core. In the other case (runs 458 and 460), the reactivity dif-
ference was taken up by changing the water height. For 10 to 12
borated plastic strips per can, the av-erage ratio of peak-to-average
with borated plastic to peak-to-average without borated plastic waé
1.08 £ 0.06. The worst case observed was 1.17.

The second approach was to analyze three runs with eight wires
 per can for peaking factors discussied in Section 8.1. The average
ratio of peak~to-average flux with 594 borated plastic strips to peak-
to-average with no borated plastic was 1.04 + 0.15. The average
ratio of peak-to-average flux with 256 borated plastic strips compared
to the no borated plastic. case was 1.10 £ 0. 21.

The conversion from wire peak-to-average flux to cold power

peak-to-average may be broken down into three cases.
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9.3.1 No Borated Plastic, Octant Symmetry

The correction factor is

1
0.9545 x .21 ° 0.7888,

where 0.9545 is the reduction resulting from the
lower than ave'rage enrichment in the inner

cans where the peak occurs, and

1.121 is the pin power to wire flux ratio
‘previously discussed. .
The uncertainty on this case, calculated from combining
. the uncertainties of each factor, including the wire flux
uncertainty, is £ 12.5%". .
This factor applies to runs 418, 420, and 459.

9.3.2 With Borated Piastic, Octant'Symmefry A

The correction factor is

1 - :
0. 7888 x 708 ° 0.7304,

is the borated plastic effect on peaking

I
1.08
as previously discussed.

where

The combined uncertainties are £ 13.6%. This factor

applies to runs 360, 363, 422, 425, 433, and 449.

9.3.3 With Borated Plastic, Using Eight-Wire Radial Ayegraging
Method

The correction [avtér is

0.7T304 x 1.09 = 0.7961,

where 1.09 is Lhe over-estimate of the can average due
to the higher flux seen by the carner wirsea.
The nocertainties in this case are + 14. 3%.
This factor is applicable to runs 367, 370, 378,
383, 401, 404, 416, 422, and 445. It was applied
partially to runs 432, 435, and 439 since a portion
of the cans in each of these runs was averaged in
this manner.

A slight correction, necessary due to renormalization of

average power to 1.00, was not applied to the péak-to-average.pqwer

.in each of these cases since it is too small to be important with these

v
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ranges of uncertainty. A systematic error of several percent also
exists since the bottom 8.2 cm and the tdp 5 cm of the fuel region do

not contribute to the average.

Figures 65 through 86 show averaged can fluxes and can -
powers for each of the flux maps, and Table XAVIIAshows a summary of

the peak flux factors and the peak power factors.
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10. THREE DIMENSIONAL CALCULATION

10.1 INTRODUCTION

Three dimensional calculations were carried out to match two
critical rod patterns as experimentally determined in this program.
Data from runs 418 and 420 were the basis of this work. The two

cases are distinguished by control rod positions, as shown below.

POSITION OF
BOTTOM OF ACTIVE CONTROL ROD

Rod Referenced to Referenced to Active
Run " .Group Snubbers Fuel Bottom
418 Group A 79 cm 86.24 cm
Others In . 7.24 cm
. , Rod X © Out (150 cm) . 157.24 cm
420 Group C 108 cm . 115.24 cm
' Others In '

10.2 WESTINGHOUSE TKO PROGRAM FOR THE IBM 704 COMPUTER{

The TKO code solves few-group, time independent, neutron dif-
fusion equations in x, y, z geometry. The number of lethargy groups
may be one, two, three, or four, and the solution is obtained. over a
rectangular parallelepiped that is symmetrical with respect to the plane
xx=y, over one fourth of the core.- A mesh of horizontal and verti::al
planes is. imposed on this parallelepiped, and all region faces must

- oecur on mesh pianes. Input parameters are specified region-wise, and

completely variable mesh spacings are permitted. The number of mesh
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points on and to one side of the plane x=y is limited to 2675 on 16, 384-word

computers and 4725 on 32, 768-word computers. Eithér a zero flux or a

zero current boundary condition may be applied at each boundry plane.

The equations solved are of the form

' ' X . .
| @ R AR TRA R
{'Di Ve ¢yt [Zi +Zy ] S i W Zi ¢4i"’1}i

where 1 g K

z
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]
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The physical
D =
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X
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Fh

i=K

[

1A
L

X~
n
L

1ifK-1, =
0if K> 1.

interpretations of these symbols are as follows.

diffusion coefficient
absorption cross section’

removal cross section

integral of the fission spectrum over the lethargy
range represented by group i.

average number of neutrons produced by a fission
in group i

fission cross section

fission source

nentron flux

eig envalue.

Code input consists of a description of the mesh (intervals between

successive mesh planes and composition placement] together with com-

position coefficients and a flux guess for each composition.

Output includes a complete edit of the input, a picture of each

different x-y plane with all regions and interfaces indicated, the com-

position vdlumes, the composition integrated flux and source, and the

point-wise flux and source values.
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10.3 TKO INPUT PREPARATION.

10. 3.1 Composition Coefficients

All coefficients were generated by the B&W "40—gro.up_
Spectral Code which gives spectrum weighted poiygroup coéfficiepts N
for the desired groups. The groups used in the TKO problems were =

as follows.,

Group ' Energy Range
1 10 Mev-to 9.119 kev
2 9.119 kev to 50.3 ev
3 50.3 evto 0.4 ev
4 Thermal (0.4 ev cutoff)

Data for the Spectral Code consist primarily of the atomic
' concentrations (Table XVIII), and the disadvantage factors (Table XIX)
for each region. The leakage from one'region can be used as a source in
“another (for example, from a fuel composition into steel). The coeffi-

cients are on page 1 of the TKO printout in Volume IV of this report.

10. 3.2 Mesh Description and Overlay

The x-y mesh is identical in the two cases because only
vertical rod position changes. Since a very limited number of points

are available in the IBM-704 version of TKO, a certain amount of homo-
genization is required. Previous experiénce has established the strong
influence of the steel cans on flux distribution, and for this reason the
cans were shown as finite regions. The control rods were then homo-
genized with the adjacent water. A separate one-dimensional study |
showed a small increasc in computed rod worth when using this method
“but it promised to give a better flux shape in the important areas (where
flux peaks are expected) than if the can and water were combined. A
diagram of the x-y mesh, including dimensions and composition position,
is shown in Figure 87. Areas labeled "'5,6'" are either control rods or
followers at any given plane, depending on rod positions. The illustrated
mesh applies to all vertical planes ' except those at the two reflectors,

where the fuel in areas 2 and 3 is replaced with water.
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A different z-mesh is required for each case. Lines
defining necessary points such as region interfaces and rod tips were
chosen first. Previous NMSR axial flux calculations were used to
determine the optimum locations for the remaining planes. Figures
88 and 89 represent the two z meshes with dimeﬁsions and plane locations.

The detailed input for the two TKO cases is shown in

Volume IV as part of the machine printout.
10.4 COMPARISON OF TKO AND EXPERIMENTAL RESULTS

Agreement between exper_iment and calculation might be expected
in these four areas:
1. General flux shape
2, Location and magnitude of peaks
3., Excess reactivity of the core

4, Can averages of flux'and power

10-,45 1 General Flux Shape

The TKO code determines a point flux distribution, as does
the experimental program, and a power, or source, distribution. Flux
shapes are compared by normalizing the group four (thermal) flux to the
average flux in the two fuel regions as determined by averaging the
composition averages for group four in regions two and three as reported
in Volume IV. This is compared to the manganese wire activity, also
normalized to the average in the fuel region.

The general axial flux shapes agree well. as shown in
Figures 90 through 99. In some cases, the wire location and the TKOQ
line ¢oincide exactly; in other cases they are several centimeters apart,
but are in the same area of importance. '

An examination of the traverses reveais a systematic
difference between the axial location of the peaks as calculated and as
measured. The source of this difference has not resolved; a recheck
of experimental and calculational dimensions did not show a positioning
error. This systematic position difference adds more uncertainty to the
comparison of magnitudes since the peaks occur in regions of high

gradients.
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10.4. 2 Location and Magnitude of Peaks

The location of both flux and power peaks given by TKO ~~~
is different from that measured. This difference occurs because the
curved can corner and the curved follower at the can.corner cannot'be v
accurately described with a limited x-y mesh. The highest peak in
thermal flux, and power occurs in a position not directly measured
with a wire; but as shown in Figures 39, 52, 53, 61 and 62, this
position does not see this large;t:j power or flux in physical reality. The -

highest normalized thermal flux and power are shown in Table XX,

10.4. 3 Calculated Excess Reactivity

In the process of generating the mesh spacings, 'computer
storage limitations required that the control rod and water gap be
homogenized. A one-dimensional, four-group analysis established that
this homogenizati‘on would increase control rod worth in the critical
core by 2% . Thus, for the two experimental critical cases, a‘keff of
about 0.98 would be expected, and TKO gives 0.9795 for run 418, and
0.9792 for run 420. Considering the very limited mesh, agreement is

excellent.

10.4.4 Can Averages of Power

Can averages of power were computed by volume weighting
each ‘point within the cans. The normalized can powers are shown in
Figures 100 and 101. The flux numbers shown on these figures are
calculated by dividing by the ratio of the zone enrichment to the average

enrichment, and then renormalizing the power to a quadrant average of

. unity.

10.5 CONCLUSIONS AND RECOMMENDATIONS

Comparison between experiment and calculation sho-ws thaf in
certain core positions reasonable agreement may be obtained with a
limited mesh. The mesh planes can be placed to cover the most !
important locations, but a general lack of detail is inevitable. This
becomes more and more serious as the complexity and size of the core
increases.

TKO uses few-group neutron diffusion theory. Extensive experience

with this model in one- and two-dimensional work establishes its validity
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in production work. The four-group model, Whe;l p:rop'erly used, gives
good: agreemént with experimental data.

The primary shortcoming of TKO as presently used is the limited
mesh. It is impossible to describe a NMSR-type core well enough with
the limited storé.ge of an IBM-=704. TKO is being rewritten for the
Philco 2000 (TRANSAC) machine which allows 100', 000 interior points
compared with only 4725 on the IBM-704. This new developmenf will
substantially increase the usefulness.and value of this three-dimensional
code. . A : .

The IBM-704 version of TKO is'adequate for simple problems;
-but for a core as complex as the NMSR it is recommecended Lhat the

Philco 2000 (TRANSAC) version or its equivalent bec used.
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11. APPENDIX
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CONTROL ROD LOCATION IN SAVANNAH CORE

Location in Reactor Control Rod Number
E‘l 1
Cl 2
D1 3
n4 ‘ 4
B4 5
Al 19 Dimensioned Rod
Bl , 7
E2 8

- C4 9
A4 : 10
X o1
A2 o ' 12
C2 ' 13
E4 14
B3 15
A3 16
B2 17
D2 18
D3 6
c3 20
E3: 1
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"12. TABLES AND FIGURES

- 59 -



TABLE I |
INSTRUMENT ‘RESPONSE DURING FUEL LOADING

_09-

Conditions . Ship BF,
Added Total Number : Lab BF,, F.ssion
Run Bundles Bundles Ships Meter, Lao Scaler, c/sec Ccunter, Linear No. 1, Linear No. 2,
Number In Position ) In Core c¢/s=c c/sec (In Mockup? c/sec pjpamp ppamp
7, 8, 9, 13, (Source In)
338 14, 15, 19, . 12 2.7 3.00 0.08 0.42 0.1 4.8
20, 21, 25, ’ :
26, 27 .
339 18 & 24 14 2.6 3.07 0.07 1.00 0.1 5.2
340 6 & 12 16- 2.7 2.82 0.08 1. 20 0.6 5.5,
341 1 & 2 18 2.7 2.90 0.09 1. 30 7.5 5.4
342 344 20 3.0 2.29 0.10 1.46 9.9 5.4
344 10 & 16 22 3.0 2.17 0.04 1.40 10.2 i 5.5
345 22 & 28 24 3.0 2.20 0.03 : 1.49 10.5 9.6
346 31 & 32 26 31 2.94 0.12 1.69 . '10.8 320
- 347 29 & 30 28 3.6 3.41 0. 35 78. 14 10. 8 400
348 17 & 23 30 4.1 4.75 C. 36 99.18 11.1 400
349 5 & 11 32 4 5 (1. 8%) 4.60 Q.50 108. 08 23.0 410
0.42

* Corrected for backgrcund
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TABLE II

APPROACH TO CRITICAL BY ROD WITHDRAWAL

Ship BF, .

, Rod Positions Fission
" Run Group D, Group E, . .Ships Meter, Lab Scaler, Lab BF,, Counter, Linear No. 1, Linear No. 2,
MNumber in. : in. cl/sec - clsec clsec clsec Riamp ppamp
0 4.2 4.15 0.48 109 - 410 23
9 4.3 4.45 "0.41 113 420 32 -
S 19 4.2 4.68 0.50 127 510 56
350 ! 29 5.4 6.25 0.90 198 960 99
G 39 8.0 8.41 1.53 373 2040 165
49 10.7 12.91 2. 69 662 3800 250
— 0 59 15.0 16.78 3.61 891 5200 320
4 17.0 18.73 3.86 956 5500 350
8 5 17.0 i 19.66 .4.23" 1063 6000 - 440
351 <12 O 24.0 . 28.82 6.70 1572 ~ 8700 730
: 14 — 39.0 44,41 11.21 2450 12900 1080 7
15 3 59.0 + 68.36. 15.87 | 3785 . .19800 1980 -
16 fo 147.0 160. 64 36.32 8813 46000 4900
17 Slightly Supercritical C
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TABLE II-
ABSOLUTE FLUX MEASUREMENTS

3%

National Bureau of Standards absolute neutron flux.

N Mn-Cu Wire
¢ 2200 3 SCotmgB Rate _
Can Dy-Al Saturated  “*sat © 27.8,* Perzggn, aarbitrgrrr;r ® 2200
" Number Foil Number Activity neut/cm?[sec neut/cm?/sec units Wire Count Rate
10 4 5.59 x 105 1.56 x 107 1.58 x 107 274 0.576 x 105
5 6.62 x 10° 1.84 x 107 |
6 T 4.84x 105  1.35x 107
T .5.68 x 105 1.58 x 107 .
14 8 4.98 x 10° 1.39 x 107 1.40 x 107 249 0.562 x 10°
2 5.12 x 10° 1.42 x 107
12 4.97 x 105 1.38 x 107
11 | E.13x i0% 1.43 x 107
15 2 6.82 x _0° 1.90 x 107 7 1.90 x 107 331 0.574 x 10°
13 7.07x 105 1.97x 107
14 6.47 x 10° 1.80 x 107
15 - 6.97 x 105 1.94 x 107 )
N Average | 0.571 x 105

The conversion factor of 27.8 was determined for the Dy-Al foils from an intercalibration with the
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TABLE IV
POWER CALCULATIONS

- ® 22°°)s-o ¢m 3
Mn-Cu Wire  Wire Count : 2200 .
Can Count Rate Rate x £ % £ s per Can, Power . Power/Can,
Number at 80 cm 0.571 x 105 v R neut/cm? [sec - Factor _ watts
5 165 0.94x 107 0.80 1.00  0.75 x 107 4.15 x 1077 3.1
6 366 2.09 x 107 0.74 1.00 1.55 x 107 1/2x3.88 x 107 7% 3.0
9 359 2.05x 107  0.735 1.00  1.51x107 = 1/2x3.88 x 1077 2.9
10 274 1.58 x 107 0.705 1.00 1.11 x 107 4.15 x 1077 4.6
11 199 1.14 x 107 0.775 0.1)5 0.84 x 107 4.15 x 1077 3.5
12 267 - 1.52x 107 .0.768 0.85 0.99 x 107 . 3.88 x 1077 3.8
13 257 1.47x 107  0.705 0.85  0.88x 107  1/2x3.88 x 1077% 1.7
14 249 1.40 x 107 0.723 '0.85 0.86 x 107 1/2x3.88 x 1077% 1.\7
15 331 1.90 x 107 0.716: 0.85 1.16 x 107_ 3.88 x 1077 4.5
16 296 1.69 x 107  0.746 0,95  1.20 x 107 . 4,15 x 1077 5.0
Total Power/Quadrant = 33.8 watts
Power of Total Core = 33.8 x 4 = 135 watts
w® 'fV = Vertical Correction Factor
fr = Radial Correction Factor

The factor 1/2 was used since only one-half the can was in the measured quadrant.



Instrument

Ship BF,

 TABLE V

SHIP INSTRUMENT CALIBRATION AT CEL

Ship Fission

Chamber

. Reactor -
Instrument Power,
Count Rate, c/sec watts Counts/sec/watt
1.7 x 103 - . g 135 R o 12.5 ’
11., 135 0.083

TABLE VI

ESTIMATE OF POWER CALIBRATION'ERROi{S '

Factor

' Estimated Error, % - Comments.

N5 +1 Estimated from fuel manufacturing
data '

(o) 2200 % 1 Reference 10

. + 20 Includes errors in f,, f,., and
ahsolute flux calibration

A + 1 -

F x5 Includes both calculational and
experimental errors

R + 3 Experimental error

E x 2 Experimental error -

'Ifotal error

Total power

"

,J(l)"' +(2)% + (20) + (1)(,2 + (5)2‘-+ (3)2°+ (2)2 % = £ 21%

135 *+ 28 watts for run 352



o TABLE VII ,
INTEGRAL COUNTS OF NICKEL FOILS

Nickel : »
Foil Net Counts ' Weight, ~ Net Counts
Number Per Minute gm Per Minute/gm
1 384 2.56 150
2 241 2.64 91.3
3 155 2.68 57,7
4 82 2.60 - 31.5
5 70.3 2.55 27.6
6. 399 2.58 155
7 563 2.52 223
8 20, 765 0.682 , 30,507
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TABLE VIII
SUMMARY OF "STUCK ROD GROUP' MEASUREMENTS'

Rod Group
Withdrawn X -
(All Others Inserted) Conditions . Cornments
X ’ Subcritical
A Critical A-1 150 cm
A-2 150 cm
A-366.4 cm
_ A-4 2.5 cm
B Critical B-1 150 cm
B-2 150 cm
B-369.8 cm
B-4 150 ¢cm
C Subcritical
D A Subcritical
E Subcritical

- 66 -



TABLE IX
BORATED PLASTIC SAMPLE WEIGHTS

Sample Number Weight, Sannple Number - : Weight,

10 cm Long gm 10 cm Long gm
1 3.3156 - 18 3.2240
2 3.3147 .19 : 3.3662
3 '3.2579 20 ‘ 3.3025
4 3.3747 21 3.4131
5 3.3870 22 3.4003
6 3.4109 23 3.2858
7 3.2748 ' 24 3.3565
8 3.2553 ‘ : 25 3.3818
9 3.3330 ' 26 T 3.3349
10 3. 3347 27 3.3319
11 3. 2458 28 : 3.3980
12 3.3284 29 3.3832
13 3.4078 30 3.3209.
14 3.550 . 31 3.3104
15 3.3116 32 3.3148
16 3.3994 AR 33 3.2986
17

3.4414 ‘ 34 3.3737
Average 3.3395+0.057
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TABLE X
FLUX MAP EXPOSURES

Shield Core

Safety Safety Tank Tank Water
Reactor Log Log N, Linear Linear Monitron, No. 1 No. 2 Chamber, Temper- Height,

Run Number CRM H$i amp No. 1 No. 2 R/hr - amp amp . amp» zture, C cm Exposure Time -
352 65000 0.023 40% K 37% N 0.023 17%x% 10 5%x 107" - 19.2 Full .20 min
360 Off Scale 9 37% N* 33% O 1.0 35%x 107° 20%x 1078 - 18.8 Full 10 min
363 Off Scale 6 500 66%Q - 7.0 20%x 107" 8%x 1077 - 19.1 Full 60 sec DT
367 Off Scale 2 49% 0 29% Q 7.0 15%x 107 55%x 107° - 18.3 Full 59 sec DT
370 . Off Scale 2 46% O 29% Q 7.0 15%x 1077 50%x 107° - 17.8 Full 62 sec DT
378 Off Scale 8 80% O 85% P 7.0 35%x 1077 18%x 1077 - 17.5  Full 56 sec DT
383 »» 7.0 - Full 56 sec DT
401 Off Scale 6 5% 0 24%5Q 1.0 34%x 1077 22%x 1077 - . 20.8 Full 60 sec DT
404 Off Scale 4 4190 30%0 11.0 80%x 1077 120%x 10 - 20.0 51.74 73 sec DT
405 Off Scale 3 3% 0  26%0 10.0 135%x 1077 70%x 107 - 20.0 35.65 115 sec DT
416 Off Scale 8.5 89% 0 32%Q 7.0 84%x 10°°  73%x 10°° - 20.2 Full 66 sec DT
418 Off Scale 7 32% P 66% P 7.0 45%x 10" 55%% 107° - 19.5 Full 60 sec DT
420 Off Scale 8 68% 0 70% P 6.0 65%x 107 70%x 10°° - 18.9 Full 67 sec DT
422 Off Scale 8 30 P 25% Q 7.0 45%x 10" 55%x 107° - - Full 62 sec DT
425 Off Scale -8 MHP  23%Q 5.0 45%x 10"  55%x 107° - 18.5 Full 58 sec DT
426 Inoperative 2 35% 0 29% P 1.5 12%x 107° 15%x 107 70%x10x10""  19.0 Full 63 sec DT
430 Inoperative 0.8 - 42% N 63% O 1.0 45%x 107 45%x 1077 - 18.0 Full 61 sec DT
432 Inoperative 8 30% P 5% P 7.0 45%x 10 50%x 107° 88%x 3 x 19" 18.0 Full 50 sec DT
433 . Inoperative 8 0% P 24%Q 7.0 45%x 10°°  50%x 107  28%x 1C x 10™° 18.1 Full 50 sec DT
435 Off Scale 9 93% 0 89% P 7.0 74%x 107 75%x 10"°  100%x 3 x 1077 17.9 Full 57 sec DT
439 Off Scale 9 35% P 24%Q 7.0 60%x 10°° 70%x 10°° 92%x 3 x 10”° 18.0 Full - 57 sec DT
442 Off Scale 5 0% 0 80% P 7.0 55%x 10™°  55%x 107°  35%x 10x 10°'%  19.9 Full 61 sec DT
445 Off Scale 7 87% O 100% P 7.0 80%x 10°°  70%x 107° - . 1.5 Full 65 sec DT
449 Off Scale 8 ‘55% P 84% P 7.0 45%x 10™*  55%x 107° - 16.0 Full 55 sec DT
456 Off Scale 3.5 4% P 4% P 2.5 30%x 107 30%x 10"  38%x 3x 1077 15.5 Full 48 sec DT

458 Off Scale 2.0 95% N. TO0% N 6.5 70%x 10~ 38%x 1077  51%x 3 x 107° 20.5 47.2 59 sec DT
459 Off Scale 10.0 43% P  66% P 7.0 15%x 1077 15%x 1077 - 20.0 Full 43 sec DT
460 - Off Scale 4.0 93% N 8% O 6.0 43%x 1077 25%x 1077 20%x 3 x 10”° 19.9  114.53 63 sec DT

* -6 .

N: 3x10 = amperes full scale sa& All Instruments Not Read

O: 10 x 19': amperes full scale
P: 3x 7_'0:’ amperes full scale
Q: 10 x 107° amperes full scale

. DT: Doubling Time
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TABLE XI

ROD POSITIONS FOR FLUX MAP EXPOSURES

Number of

Rod Position, cm Withdrawn
Reactor . - Boron
~Run Number X Group A Group B Group C Group D Group E Strips Comments

352 0 0 0 .0 42.25 151 0
360 0 "0 Vi 88.6 150 150 150 336 ~

~.363 0 89.0 0 150 150 150 320
367 0 80.0 30.0 C1-0 C2,3,4,-159 150 150 320
370 0 25.0 79.8 Cl1-0 C2,3,4,-150 ‘150 150 320
378 0 A3-0 Al1,2,4,-150 91.0 150° 150 150 448
383 150 A3-0 Al1,2,4,-150 82.8 150 150 150 488

* 401 150 ° 150 150 150 150 150 594
404 150 150 B1,2,-:50 B3,4,-70 150 150 150 256
105 150 150 B1,2,-150 B3,4,-50 150 D1,2,3,-150 D4-60 E1,2,3,-150 E4-60 4]
116 0 101.0 0 150 D1-0 D2,3,4,-150 - 150 320
418 0 79.0 0 0 0 0 0
420 150 0 0 108.0 0 0 0
422 0. 100.0 0 101.7 150 150 320
25 0 89.6 45.0 150 150 150 384
426 0 82.5 45.0 150 150 150 384 MARTY can in Position
430 0 88.1 45.0 150 150 150 419 MARTY can in Position
432 0 90.0 B2,4,-150 B1,3,-75.0 150 150 150 © 458
433 0 90.0 ’ 90.0° 150 . 50 150 458
435 0 90.0 B1,3,-102.B2,4,-180.0 180 180 180 458
439 90 .7 90.0 B2,4,-150'B1,3,-39.0 150 150 . 150 458
442 0 Al1-150 A2,3,4,-101.3 B2,3,-150 B1,4,-55.0 150 150 150 458
445 0 Al1-150 A2,3,4,-104.0 150 C1-0 C2,3,4,-150.0 150 150 . 496
449 0 88.5 0 50.0 150 150 240
456 0 75.2 o] 0 0 0 0 MARTY can in Position
458 . 0 A2,3,4,-150.0 A1-75.0 0 75.0 ‘150 150 0 MARTY can in Position
459 ] 79.0 0 0 0 0 0
460 0 140.0 0 150 150 150 320 MARTY can in Position

27
27

20
20

20



TABLE XII
STANDARD DEVIATION OF CCLOR GROUPS

Nominal
Composition, Standard Deviation,

Color Group Reactor Runs % Mn %

Red 413, 416 - 20

Blue 416 20
Red and Blue 416 20 ' 1.6

Brown 433 20

Green . 456 80 1.8

Qver-all Standard Deviation in wire composition within compousition
group: 1.5%.
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TABLE XIII

MARTY ELEMENT MEASUREMENTS

Number of.

. Water

Run Marty Element Refer to Borated Polyethylene Height, Rod Positions,
Number In Can Number Figure = Strips in Marty Can - cm cm Comments
426 27 52 12 full X: in For comparison to
A: 82.5 Run 430 to evaluate
B: 45.0 boron plastic
C;, D; E: out effects
430 27 53 0 full X: in For comparison
' A: 88.1 to Run 426
B:45.0
~ C, D, E: out
456 20 61 0 full X: in For evaluation of
A: 75.2 flux to power con-
B, C, D, E:in version in case to
be calculated on
the IBM 704
457 20 02 0 47.2 X: in For comparison to
: A: out Run 460 for boron
B: in plastic effects and
C, D, E: out flux to power
conversion '
460 20 €4 10 114.53 X:in For comparisoa
‘ A: out to Run 457
B: in -
C, D, E: out



TABLE XIV

SUMMARY OF CADMIUM FRACTION MEASUREMENTS

Manganese-Copper
A

NuRrrU:{)ler Can and Position Cadmium Ratio at 49.4 cm ‘Cadmium Fraction
420 i;:?g:ég 4. 1% 0. 7787

422 SR 4.29 0. 7670

425 a0 3.89 0. 7421

426 L 26. 6 0. 9624

430 S 28. 2 0. 9644

433 ijjgg:gg 4,21 0.7690

439 1goe3-92 3.907 0. 7440

442 }g:?g:}g’ 3.796 0.7366 .

445 o 5.593 0.8212

449 ooy 4.020 0.7512

459 14-09-19 4.245 0. 7641 .

Uranium

Hun B P ]
Numl;er Can and Position ngmlum Ratio at 4Y.4 cim Cadinium Fraction

434 }i:gg:gg 8.023 0.8754

a3 0% 6,498 0.8461
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TABLE XV

COCKED ROD MEASUREMENTS

RUN 456 ROD A-4 COCKED
~ Can 12 Can 18.

Wire A Average Axial - Wire Average Axial
Position Activity, Counts ‘Ratio™ Position Activity, Counts
12-23-03 13378 1.046 = 18-23-25 13995
12-25-03 18559 1,010 18-25-25 18751
12-25-05 13778 1.010 18-25-23 13921

Can 13 . Can 19

Wire Average Axial Wire Average Axial
Position Activity, Counts Ratio™* - Position Activity, Counts
13-03-03 22632 1.11 19.03.-25 25061
13-03-05 16030 .,0.953 19.03-23 15275
13-05-03 16089 0.980 = 19-03-25- 15764
* The ratio of wire activities of symmetrically located wires in

Can 18 to wires in Can 12.

W
*

- T3 -

The ratio of wire activities of symmetrically located wires in
Can 19 to-wires in Can 13. '



TABLE XVI

COCKED ROD MEASUREMENTS

. RUN 458

MARTY CAN 20

Fuel . Average Axial
Position Activity, Counts Ratio™
20-02-04 13163 1.05
20-02-06 11705 0.950
20-04-02 L. 14242 . 968
20-04-04 10810 1.01
20-04-06 9493 1.04

20-06-02 111390 1.02

RODS A-2 & A-3 COCKED

Fuel Average Axial
Position Activity, Counts
20-26-24 13851
20-26 -22 11114
20=21-26 13786
20-24-24 10969
20-24-22 9904
20-22-26 11563

Ratio of fuel activities in symmetrical corners of the can away from .

the rod to activity in corners against the rod.

o Th -
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TABLE XVII |
PEAK FLUX AND PEAK POWER FACTORS

Axial Position, Highest Normalized Highest Normalized

Run Pocsition, cm from Bottom Flux (as measured) Power
Number Can #; %, y of Active Fuel Av'= 1.000 Av = 1.000
360 14-25-25 70.0 - 4,36 £0.27 3.18 £ 0,43
363 08-03-25 : 80.3 3.91 £ 0.25 2,86 +0.39
367 26-03-25 49,5 5.09 £0.32 4,05 +0.58
370 26-25-03 49.5 5.42 £ 0.34 4.31 £0,.62
378 14-03-25 59.8 5.20 £ 0.33 4,14 £ 0.59
383 14-03-03 - : 59.8 5.43 £ 0.34 4,32 £0.62
401 14-03-03 ‘ 90.7 5.50 £ 0.35 4,38 £0.63
404 13-25-03 34.2 4.49 +£0.28 3.57 £0.51
405 20-03-25 22.2 3.93 £ 0.25 ©3.38 £0.45
416 25-25-25 . 70.0 4.91 £0.31 3.91 £ 0.56
418 14-03-25 . 48.4 7.53 £0.47 5.94 +.0.74
420 19-25-25 69.0 5.77 £0.36 4,55 + 0.57
422 08-03-03 69.0 4.66 £0.29 3.40 £ 0.49
425 21-03-25 48. 4 4.91 £0.31 - 3.59 +£0.49
432 21-03-03 59.7. 4.87 £0.31 3.72 £ 0.53
433 14-25-25 59.7 5.90 £ 0,37 4,31 £0.59
435 20-25-25 70.0 5.15 £ 0.32 3.93 £ 0.56
. 439 20-25-25 59.7 5.82 £0.37 4.44 + 0,63
442 20-25-03 : 70.0 5.34 £ 0.34 4,25 + 0,60
445 21-03-03 ' 49.4 4,97 £ 0.31 3.96°+£0.56
- 449 07-25-03 49.4 5.53 £ 0.35 4.04 £ 0.55
459 14-03-25 59.7 7.41 £0.47 5.85 +£0.73



TABLE XVIII
ATOM CONCENTRATIONS

Composition Element N X 10-%
1, Moderator Hydrogen 0.0668
A . Oxygen 0.0334
2, Inner Hydrogen 0.03636
zone ' Oxygen 0.0325
fuel °  Stainless Steel 0.01061
U-235 0.0002937
| U-238 0.00653
3, Outer Hydrogen 0.03636
zone - Oxygen 0.0325
fuel ‘ Stainless Steel 0.01061
U-235 0.0003217
U-238 0.00655
4, Flow . Hydrogen 0.03908
block Oxygen 0.01954 -
- area Zircaloy 11 : 0,017
5, Control Hydrogen 0.0319
rod and B-10 ' 0.003761
moderator ’ Oxygen . 0.0159
Stainless Steél 0.04155
6, Follower - Hydrogen 0.02238
and moderator Oxygen 0.02286
: : Aluminum 0.00778
Zircaloy 0.02119
7, Can Stainless Steel 0.0847
TABLE XIX

DISADVANTAGE FACTORS »
(In Fuel Regions as Determined by P; Approximation)

(_T_r_)mgosn}c.m . kh,lement ‘b/d’cell
2 H 1.1356

O 1,0000

S5 0.9160

U-235 0.7751

U-238 0.7915

3 H 1.1446

O 1.0000

SS 0.9140

) U-235 0.7608
U-238 0.7769
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. TABLE XX
EXPERIMENTAL AND CALCULATED FLUX AND POWER PEAKS

Run Pogition Experimental Magnitude Calculated Magnitude
T ' ITKO Mesh Mn -Cu Wire| [ Flux Power | | Flux Power* |
418 27 plane 4 14-03-25; 48.4 cm 7.53£0.47  5.94£0.74 7.7 7.36
418 ;:é;plané4 | - - - .- 10.3 9.31
420 4-4 ; plane 5 © 19-25-25; 69.0 cm 5.77 £ 0. 36 4", 55 + 0. 57 3.86 3.59
420 %73 planes - - - - R o 5. 14 4.58

Note that normalized power peak in the experiment is determined for the nearest fuel pin to the corner
and does not lie on the point of measured flux; calculated normalized power peak is determined as if
homogenized fuel existed at the mesh point.



FIG. 1: ELEVATION DIAGRAM OF SAVANNAH CONTROL RODS AND
~ FUEL ELEMENTS IN TEST FACILITY '
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FIG. 2: NORMAL INSTRUMENT LOCATION AROUND CRITICAL

FACILITY
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FIG. 3: PHOTOGRAPH OF SAVANNAH CORE
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FIG. 4: BLOCK DIAGRAM OF INSTRUMENTATION FOR ZERO POW ER
EXTENSION TESTS ON CORE'I
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VOLTAGE PLATEAU FOR SAVANNAH BF,; COUNTER, WL-7087
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FIG. 6: BIAS CURVE WITH REACTOR FOR SAVANNAH FISSION

COUNTER, WL-6376
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FIG. 7: BIAS CURVE WITH Po-Be SOURCE FOR SAVANNAH FISSION
COUNTER, WL-6376
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Reactor Power (Arbitrary Units)
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FIG. 8: SIMULTANEOUS RESPONSE OF THREE SHIP DETECTORS
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FIG. ¢ LOCATION OF INSTRUMENTS IN SHIELD MOCKUP AT
CEL — TOP VIEW
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FIG. 11: PLACEMENT OF DETECTORS AROUND CORE ABOARD
NS SAVANNAH
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FIG. 12: FLUX DISTRIBUTION Vs DISTANCE FROM THERMAL
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FIG. 13: SHIP DETECTOR RESPONSE Vs FUEL ELEMENTS LOADED
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FIG. 14: NORMALIZED INVERSE COUNT RATE OF SHIP BF, IN
CEL MOCKUP - NS SAVANNAH CORE I
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Relative Counting Rate

FIG. 15: DETECTOR RESPONSE VERSUS TEMPERATURE
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FIG. 16: WIRE AND FOIL LOCATION FOR POWER CALIBRATION
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FIG. 17: NICKEL AND GOLD FOIL LOCATION IN CORE FOR FAST
FLUX MEASUREMENT
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Activity

FIG. 18 GOLD FOIL TRAVERSE AT CORE.CENTERLINE FROM
CORE TANK TO THERMAL SHIELD
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FIG. 19: GOLD FOIL TRAVERSE AT TOP OF FUEL FROM CORE
TANK TO THERMAL SHIELD
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FIG. 20: SPATIAL RESOLUTION OF WIRE SCANNER
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FIG. 21: BLOCK DIAGRAM OF WIRE SCANNER
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FIG. 22: RESOLUTION LOSS OF WIRE SCANNER WITH Mn-Cu WIRE
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FIG. 23: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 24: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 25: RADIAL PROFILE OF AXIALLY AVERAGELC FLUX
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Cadmium Fraction

FIG. 26: CADMIUM FRACTION Vs AXIAL POSITION
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FIG. 27: CADMIUM FRACTION Vs AXIAL POSITION

BOW
| 2 3 4
| |
Y 4ag 5 |[[e]l[7]i[8 |I[s][10] _Legend

Bare Wire 14-09-19 O | : . Rlead el

Cad. Cov. Wire 14-19-09 @ == = o4 oo —.— .

Rod Positions 1 I 12 13 :d4 118 16 Bs ----
A'lg—---- 100.0 cm . | | c’
Bl's-==a- in i | @ S
Cl's-=w-- 101.7 cm ""f””--','-_ --1_- D e
Dig=-==- out 17 [:] 18 |i] 19 20 (4| 21 22 ’
E's-we-- out ' : . Es — —
Xommmmm in s el s S A_'_. e ) ety X ey

23|I[24)'[25]i[26 |'[27 ||[28
! |
29 ||[30 ]:[ 31 ]|[32
1.0 B H
=} et
2 0.9 :
o E
8 E
i 0.8 e 7 e
é 0.7 [ b =
8 0.6 i -
8 : : : =
0 20 40 60 80 100 120 140 160

Distance From Bottom of Fuel, cm

= 10 =




CADMIUM FRACTION Vs AXIAL POSITION
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FIG. 29: CADMIUM FRACTION Vs AXIAL POSITION
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FIG. 30: CADMIUM FRACTION Vs AXIAL POSITION
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FIG. 32: CADMIUM FRACTION Vs AXIAL POSITION
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FIG. 33: CADMIUM FRACTION Vs AXIAl, POSITION
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Cadmium Fraction

FIG. 34: CADMIUM FRACTION Vs AXIAL POSITION
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FIG. 35: CADMIUM FRACTION Vs AXIAL POSITION
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FIG. 36: CADMIUM FRACTION Vs AXIAL POSITION
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FIG. 37: CADMIUM FRACTION ACROSS CAN

iRARERRARGAE PARASFABAA ANS

5 iunosauuEn saRRE NRGAR |
e

Eaasiaedanaiaies

Note: Composite Curve showing points taken 49.5 cm

above bottom of fuel at various positions in cans

OManganese Cadmium Fraction

OUranium Cadmium Fraction

< 7 9 {00 KRR e U0 (L T R K AP e e BSR4

Diagonal Position in Can (XY Plans)

- 114 -

27




Relative Saturated Activity

FIG. 38: FINE STRUCTURE THROUGH CORNER OF SAVANNAH
FUEL BUNDLE
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FIG. 39: WIRE ACTIVITIES ADJACENT TO CORNER FUEL PINS
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FIG. 41: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 42: RADIAL PROFILE OF. AXIALLY AVERAGED FLUX
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FIG. 43: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 44: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 45: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 46: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 47: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 48: RADIAL FROFILE OF AXIALLY AVERAGED FLUX

3% Y49 4t 46 18e LA B4 . .23 13
.56 |.50 .44 .50 L 24 24
58 S5 4“4 14

69

X X]

55 49
X
X
a 51 154 st |.5s
8T 14 KN
a
IQ‘QX
X
a L 17 [AR . 60 wol .31
"“ 73 7% .76
o
X 93 .84
. X FULLY INSERTED ROD
X .
&
O 4 77 71 PARTIALLY INSERTED RED
— €___JFULLY WITHDRAWN ROD
)
- 1. 03 @®  WIRE LOCATION
1.9 NO BORON PLASTIC IN CORE
THT. J '
14 141.99 1 BOW X o
bt cm
A — M9cm
Y / B — 0cm
- / C — oem
- L IHZ.2)| 2 3 4 D — Oem
TSP.T8 E— ocem

) N V,
5 6 7 s\ % 10
2.18 1.9 ,g .
0" 12 13 g 5 16
4
20 I.gl
17 18 19 20 21 22
®. 16
22 b9} o .
.00 23 24 25 26 27 28
s | ,
RUN 418 T
29 30 3, 32
.56

..]_25-



FIG. 49: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 50: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 51: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 52: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 53: RADIAL PROFILE OF AXIALLY AVERAGED FLUX

Run 430

Marty Can in Position 27
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FIG. 54: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 55: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 56: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FlG. 51

RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 58: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 59: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 60: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 61: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 62: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 63: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 64: RADIAL PROFILE OF AXIALLY AVERAGED FLUX
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FIG. 65: CAN FLUX AND POWER AVERAGES

Run 360
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FIG.

66: CAN FLUX AND POWER AVERAGES
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FIG. 67: CAN FLUX AND POWER AVERAGES

Run 367
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PORT

. FIG. 68: CAN FLUX AND POWER AVERAGES
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- PORT

FIG. 69: CAN FLUX AND POWER AVERAGES.
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PORT

FIG. 70: CAN FLUX AND POWER AVERAGES
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PORT

FIG. 71: CAN FLUX AND POWER AVERAGES
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PORT

FIG. 72: CAN FLUX AND\POWER AVERAGES

Run 404
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PORT

*FIG. 73: CAN FLUX AND POWER AVERAGES
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PORT

FIG.

Run 416

.74: CAN FLUX AND POWER AVERAGES
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PORT

FIG. 75: CAN FLUX AND POWER AVERAGES
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PORT

FIG. 76: CAN FLUX AND POWER AVERAGES
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PORT

FIG. 77: CAN FLUX AND POWER AVERAGES
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PORT

FIG. 78: CAN FLUX AND POWER AVERAGES
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PORT

FIG. 79: CAN FLUX AND POWER AVERAGES
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{cm)

Aj 90.0 B} 75.0 C| 150 p} 150 [} 150
A2 90.0 . B2150  C2_ 150 D2 150 E2 150
A390.0 B3 _75.0 C3_150 D3_150 E3_150
A4A90.A0 i B4150 C4 150 D4 150 E4 150

X 0
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PORT

FIG. 80:

CAN FLUX AND POWER AVERAGES
sOowW )
¢ (¢ Y(¢ .851 (¢ .579

Rod Positions

{cm)
Al_90 BI_90 CI_150 DIi_150 _EI_150
A2 90 B2 90 C2 150 D2 150 E2_150
A3 90 B3 90 C3_150 D3 150 E3_150
A4 90 B4 90 C4_ 150 D4_150 E4_150
X O
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PORT

FIG. 81: CAN FLUX AND POWER AVERAGES

Run 435

»

P & F__ y,
STERN
Rod Positions
(cm
Al__90 Bi_102 Ci_180 DI_180 EIl_180
A2 90 B2 180 (2180 [ 180 E2 180
A3 90 B3 102 (C3 180 D3 180 E3 180
A4 90 B4 180 C4.180 04 180 E4_180
X__ o0

-158-

QyvosyvlisS



PORT

FIG. 82:

CAN FLUX AND POWER AVERAGES

sow

\g ) '\P '\P / J
| STERN
Rod Positions
(cm)
Al__9 Bl_39.0 Cl__150 DI_150 El 350
A2 90 B2150 C2 150 D2 150 E2 150
A3 90 B3 39.0 C3_150 D3 150 E3 150
A4_90 B4I50 C4 150 D4 150 E4 150
| X 90
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FIG. 83: CAN' FLUX AND POWER AVERAGES

PORT

P A (P1.079 | (P .640 )

STERN '

Rod Positions
{cm)

Al 150 Bl 55.0C| 150 DI 150 EI 150
A2101.3 Bz2_150 C2.180 D2 350 E2_150
A3101.3 B3_150 C3_150 D3 _1s0 E3 150
A4101.3 B4_ 55.0C4 150 D4 150 E4_1s0

X 0
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PORT

FIG. 84: CAN FLUX AND POWER AVERAGES

.506

.538

.885

.941

.924

.982

QYvYOo8YHVLS

.523

.556

STERN

Rod Positions
(cm)

Al 150 BI_150 CIl__ 0o DI_150 EIl_150

A2_104 B2 150 C2 150 D2_150 FE2 150

A3 104 B3 150 (C3 150 D3 150 E3 150

A4 104 B4 150 C4 150 D4 150 E4 150
X 0
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PORT

FIG. 85: CAN FLUX AND POWER AVERAGES

Q¥VOSHYLS

STERN

Rod Positions
{cm)

Al _88.5 Bl 0 _Cl 0.0 DI_150 FEl_ 150
A2_88.5 B2_g _ C250.0 D2_150 E2_150
A3 88.5 B3 0  (C350.0 D3 150 E3__150
Agq 88.5 Bg 0 C459.0 D4g 150 g4 150

X 0
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FIG. 86: CAN FLUX AND POWER AVERAGES

Qs AR Qi _E
STERN
Rod Position
{cm)
Al_79.0 BI cl 9 DI ElI_O
A2_79.0 B2 6 R L & E2_0
A3_79.0 B3 3.0 D3 E3_0
A4_79.0 B4 C4a_0_ D4 E4 O
%0
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FIG. 87: XY MESH FOR TKO CODE

Y : o~ 27
22.0_% / / L 26
3.0 ' 25
0.23495 | 24
1.91643 | s
707517 : =22
4.37642 s
7.07517 5o
1.91643 | 19
0. 23495_.“ 18
1.8669_ -17
0.23495 | 16
1.91643 | ~15
7. 075 LT s e - I 1 4
4.37642 | =13
7.07517] S Li2
1.91643 ] R g
0.23495 =10
1.8669_ 9
0.23495 ] 8
1.91643] 7
7.07517. 6
4.37642 i 5
7.07517 4
1.91643] e
0, 23495 ] ~ 2
0.93345 | /_ 1
0.93345 L I R W I VIV 4 'A 0

0 2 5 6.7 "8 9 10 11°12 1334 1516 17 18 1920 2122723 24.25" 26 27
Symmetry About Linex =1, y =1 X

Flux = 0 on Outer Boundaries
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FIG. 88

Z MESH FOR TKO CODE — RUN 418

GROUPS
ACTIVE FUEL EXPT. ROD IN ROD OUT PARTIALLY
POSITION LINES % POSITION POSITION INSERTED TKQ* %
13
167. 64 161.7 . 176. 64
167. 64
160 — 1572 0SS vy
— 151.4
150 — _
— 141. 1
140 — 10 440
el 130.8
130 —
— 120.5 -
120 — i 9 120
Tl _110.2
110 —
A 0950 100
100 — F g ¥
= 89.6 Q
90 — = -
i ___E’c.l_shﬁlp___ 7 86,24
e = 7
80 — =179.3 Q
= w
71
70 — =69.0 E 6
ol R
do—] —58.7
] 5| =Rt
50 — —i8.4
i 41
i 38.1 4 ———
30 —e] 27.8
g 3 25
st 17.5
) .78
10— e 9.78 st 2 918
0 1 20~
0 _'.9_

* Points where experimental wires were counted
%% Location of mesh planes
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FIG., 89: Z MESH FOR TKO CODE —RUN 420
GROUPS
ACTIVE FUECL EXIPT. ROD IN PARTIALLY
POSITION LINES * POSITION POSITION INSERTED TKO® %
13 116.64
26704 12 167.64
i =167 1 —_——led oy L2l
sty X
150/l T151.4
140 — 14101
Tt 10 438
. =130.8
e
$%0 =120.5
_R_Ol_i(}roqg_._ 519 115.74
o =110.2 c
—
100 —— £=99.9 g 400
90 - 89.6 7 £
0 oo 19,8 s 45
70— 2=69.0
5 £
60 58.7
-—
W . 48
40 38.1
30 27.8
3 2
20 LTS
10— 1.2 ) .18
—y
0 1 R
el

%% Location of mesh planes.

® Points where experimental wires were counted.
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FIG. 90: AXIAL FLUX TRAVERSE
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FIG. 91:

AXIAL FLUX TRAVERSE
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FIG. 92: AXIAL FLUX TRAVERSE
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FIG. 93: AXIAL FLUX TRAVERSE
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FIG. 94: AXIAL FLUX TRAVERSE
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F1G. 96: AXIAL FLUX TRAVERSE
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FIG. 97: AXIAL FLUX TRAVERSE
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FIG. 98: AXIAL FLUX TRAVERSE

9! ISl Ia e 8l

hY
7l

S

s,

- QLT -

N

N

S

P

Run 420 E
Experimental Wire: 14-3-3
TKO Mesh Point: 4-4

Wire and mesh point
coincide.

-

40 60 80 100 120 140 160

Distance From Active Fuel Bottom, cm



-9L'[-

fuel
th

by 1

2.50

2.00

1.00

0. 5C

FIG. 99: AXIAL FLUX TRAVERSE
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FIG.

100:

CAN FLUX AND POWER AVERAGES

STERN

Rod Position
(cm)

AI_79.0 BI_0 CI_0o_ DI _EI_O

A2_79.0 B2_0 C2_0 D2 E2._0

A3_79.0 B3_0_ C3__ 0 D3_0 _E3_0

A4_79.0 B4_0 C4_ o D4 E4_o
X_ o0
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- FIG.

CAN FLUX AND POWER AVERAGES

101:
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Run 420 .
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Rod Positions
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Al_0 BI 0 _Ci_108.0 DIi_0 Ei_0
A2 O B2 0 c2108.0 pp O E2 0
A3_ % B3 _° (c3108.0p3 0 g3 O
A4_0 B4__ 0 C41u8.0 pg_0 £E4_0

X 150.0
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