


DISCLAIMER

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



DISCLAIMER

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






NAA-SR-7368
PHYSICS
35 PAGES

SNAP SHIELD TEST EXPERIMENT
REACTOR PHYSICS TESTS

By

R. L. TOMLINSON ™
R. P. JOHNSON
S. G. WOGULIS

*Present Address: Aerojet General Nucleonics
P.0. Box 77

San Ramon, California

ATOMICS INTERNATIONAL

A DIVISION OF NORTH AMERICAN AVIATION, INC.
P.O. BOX 309 CANOGA PARK, CALIFORNIA

CONTRACT: AT(11-1)-GEN-8
ISSUED: JUL 15 1962



DISTRIBUTION

This report has been distributed according to the category
"Physics'' as given in ""Standard Distribution Lists for Unclassified
Scientific and Technical Reports' TID-4500 (16th Ed.), December
15, 1960. A total of 670 copies was printed.

NAA-SR-7368
ii




CONTENTS

Page

Abstract . . . . L e e e e e e e e e e e v

I. Introduction. . . . . . . . . . o e e e e e e e e 1
II. Summary and Conclusions . . . . . . . .. . . ... . 1
III. Experimental Tests . . . . . . . . . . i it ittt 2
A. Control and Safety Rod Scram Tests . . . . . ... ... ... ...... 2

B. Fuel Loading. . . . . . . . . i ittt it i e e e 3

1. Initial Fuel Loading . . . . . . . . . . . . o vt v i v 3

2. Second Fuel Loading . . . . . . . .« .t ot vt v i vi v v 3

C. Isothermal Temperature Coefficient . . . . . .. ... ... ... .... 6

I. Reactor Pool. . . . . . . . . . o i i it 6

2. Reflector Tank. . . . . . . . . . . . o o i e 8

D. Reactivity Measurements. . . . . . . . . . . . 0o e s 8

1. Techniques Employed . . . . . .. . .. .. ... . ... 8

2. Control and Safety Rod Calibrations. . . . . .. . ... ... .... 13

3. Fuel and Reflector Element Reactivity Measurements. . . . . . 15

4. Measurement of the Neutron Lifetime . .. ... ... .. .. ... 1%

5. Reactivity Worth of the Thermal Column . .. ... ... ... .. 19

E. In-Core Thermal Neutron Flux Traverses . . ... .. .. ... .... 19

F. Void Measurements . . . . . . . . . v o oo e e e e 20

1. Fuel/SS Dummy Element Annulus Measurements. . . . . . . . . 20

2. Dummy Element— Water. . . . .. .. .. .. ... .. .. .. ..., 23

G. Power Calibration . . . . . . . . . .. e e e e 24

1. Thermal Flux Integration. . . . .. . . .. . o v oo 25

2. Coolant Temperature Rise Across Reactor. . . ... .. ... .. 25

3. Electrical Heat Substitution . . . . . . .. ... ... .. ... .... 25

H. Power and Grid-Plate Coefficient Measurements. . . . . . ... ... 28

1. Coefficient Measurements . . . . . . . . . . . . . ... 28

2. Fuel Temperature Measurements . . . . ... ... ......... 29
References . . . . . . . . . . o e e e e e 30

NAA-SR-7368
iii



TABLES

Page
I. STE Control/Safety Rod Drop Time (msec) . « « v v v v v v v v 00 v e oo 2
II. Measured Control/Safety Rod Reactivity Worth . . . . . ... .. ... .. 15
III. Fuel/Dummy Reactivity Worth as a Function of Core Position . . ... 17
IV. Reactivity Effect of a Void Fuel Element Coolant Annulus . .. ... .. 23 ‘
FIGURES
1. Initial Core Loading . « v v ¢ v v v o v o o 6 e o v v ot o o o o v o v o a s o oo 4
2. Second Core Loading. . « « v v v v v v v v e 0o 0o o v v e e e e e e 5
3. Measured STE Temperature Coefficient. . . ... ... ... ... v e e T
4. Reactivity vs Temperature of STE Reactor Reflector Tank .. ... .. 9
5. Positive-Period Measuring Circuit . . . . .. .. ... 0., e e e 10
6. STE In-Hour Equation. . . « v v v v v v v o v v v o v o o v o v o o o oo 0 v oo 11
7. Pulse Neutron Circuitry . .« ¢ v v v v v v e i vt v i o v vt vt et v v oo s o 12
8. Typical Pulse-Neutron Decay Plot. . . ¢ . ot v v vt vt v v v v v v 0 v v 13
9. STE Control Rod No. 1 Calibration Curve. . .+ . v . v vt v v v v v v v v 14
10. STE Control Rod No. 2 Calibration Curve. . « « « v v v ¢ o v s s 0o 0 v o o s 16 )
11. Fuel/Dummy Rod Worth vs Core Position. . . ... ..o oo 18
12. East-West Thermal Neutron Distribution in the STE
Reactor Core at 50 kw. . . . . . . . v v v v v v 0 v e e e e e e e e 21

13. Centerline-South Thermal Neutron Distribution in the
STE Reactor Core at 50 RW &« v v ¢ v v 6 o v 6 e o o 6 6 ¢ 6 o o o oo s s oo 22

14. Reactivity of a Void Fuel/Dummy Element Coolant
Annulus as a Function of Core Position . . . ¢« ¢« v ¢« ¢ ¢ o ¢ o 0 ¢ ¢ ¢« o o « o 22

15. Reactivity Effects of a Large Void as a Function

of Core Position. . . . . .. v v v o v v e e e e s et e e e e e 24
16. STE Reactor Power Calibration Curve . . « « v v o o v v ¢ s 0 o v v 0 o s v s 26
17. Reactivity as a Function of Reactor Power and Coolant At. .. .. ... 28
18. Radial (§) Temperature Distribution in STE Reactor

Fuel Rods at 50 kKW . ¢« v v v v v ¢ ¢ o v 0 0 0 o o oo e e e e e e e e e e s e e 29
19. Volume-Weighted STE Fuel Element Temperature as a

Function of Core Position . . .. .. e e v e e e e e e e e c e e e e e e e 29

NAA-SR-7368

1v



ABSTRACT

The initial physics tests on the Shield Test Experiment reactor

and the precriticality rod-drop test data are presented herein.
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I. INTRODUCTION

The Shield Test Experiment (STE) reactor achieved initial criticality October 9,
1961. This reactor was designed and built for use as a high-intensity neutron
source for compact reactor shielding experiments. The initial physics tests on
the reactor as well as the precriticality rod~-drop test data are herein described.
A complete facility description appears in the '""'SNAP Shield Test Experiment
Final Hazards Summary," NAA-SR-5896,1 while a description of the procedures
used in performing the above-mentioned physics tests appears in the ""'SNAP Shield

Test Experiment Operations Manual," NAA-SR-5897.2

1. SUMMARY AND CONCLUSIONS

The initial criticality for the STE reactor was achieved with 60 rejected
SNAP 2 Experimental Reactor (SER) fuel rods having an average NH of 5.69 and
a total U235 content of 2591 gm. The second STE criticality was achieved with
56 rejected SER fuel rods having an average NH of 5.90 and a total U235 content
of 2471 gm plus 16 BeO rods containing a total of 7505 gm of BeO. The isother-
mal temperature coefficient for the system was found to have an average value
between 60 and 100° F of +0.82¢/° F. The positive effect is believed to be due to
the water reflector. All in~core void measurements produced negative effects
while reducing the density of the water reflector resulted in a positive reactivity
effect. The power and grid-plate coefficients were measured to be -0.4¢/kw and
-0.4¢/°F, respectively, resulting in a 24.4¢ initial power deficit in addition to
xenon, samarium and fuel-burnup effects. The most accurate determination of
reactor power was the method of electrical heat substitution which yielded a
reactor power of 50 £ 2 kw. The total worth of the control and safety rod system

was measured to be -$8.39 £ 0.40. A mean effective prompt-neutron lifetime of

48 psec was determined for the reactor system.

Some of the measurements performed differed from the before-the-fact
physics analysis presented in the hazards surnmary;l however, the differences
do not appreciably alter the conclusions reached in the report. The STE reactor

has been shown to be satisfactory for the purpose for which it was designed.
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. EXPERIMENTAL TESTS

A. CONTROL AND SAFETY ROD SCRAM TESTS

The reactor transient studies described in the STE reactor hazards summary
assume 70 msec are required from the time a scram signal is initiated until the
control and safety rod magnets begin to release. An additional 330 msec are re-
quired for the control and safety rods to strike the snubbers and begin the snub-

bing action for a total scram time of 400 msec.

The experimental tests performed indicated that all 4 rods were within the
total scram time of 400 msec; however, the total scram time varied from 316 to
382msec, depending upon the particular rod. Twenty-five drop tests were per-
formed on each rod prior to initial criticality. The measurement technique con-
sisted of determining the instantaneous position of the rod with a precision poten-
tiometer which was read out on an oscilloscope. A strong flexible wire was
attached from the control or safety rod, being measured to a pulley on the poten-
tiometer shaft and then to a coil spring. As the control or safety rod traveled

the full 10-in. stroke, the voltage across the potentiometer varied from 10 to 0 v.

The scram button on the reactor console was connected to trigger the scope sweep.

For each drop test, a time photograph was made of the scope trace. In order to
check the clutch-release time, exposures were made at tenfold expanded normal

oscilloscope sweep. The results obtained are listed in Table I.

TABLE I
STE CONTROL/SAFETY ROD DROP TIME
(msec)

Description Rod Release Rod Drop Total Scram
Control Rod No. 1 20 £ 1 296 £ 5 316 £ 5
Control Rod No. 2 49 £ 2 333 £7 382 £ 7
Safety Rod No. 1 20 £1 323 £10 343 £ 10
Safety Rod No. 2 30 £1 288 £ 6 318 £ 6

As described in the STE operation rna.nua.l,2 these tests will be repeated semi-
annually, and, with the measurement of the diameter of the control and safety

rods, will be used as monitors for swelling of the B,C control and safety rods.

4
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B. FUEL LOADING

1. Initial Fuel Loading

The initial fuel loading consisted of 60 fuel rods having an average NH of
5.69 and a total UZ'35 content of 2591 gm. In addition, the core loading consisted
of 4 control/safety rod thimbles (water filled when control rods are withdrawn),
21 water-filled dummies, and 1 PuBe source element. With Safety Rod (SR) 1,
SR 2, and Control Rod (CR) 2 withdrawn, a critical position of 6.18 was obtained
on CR 1. This corresponded to an excess reactivity of about 26¢ at a pool-water

temperature of 60°F. The initial core arrangement is shown in Figure 1.

The initial criticality calcula’cions1 (45 fuel elements) were based upon an
NH of 6.0. However, since this NH was not attainable with the fuel rods that were
used (rods rejected from the SER) allowance had to be made in the design of the
reactor lattice for as many as 82 fuel and dummy elements to insure maximum

flexibility in fuel arrangement.

2. Second Fuel Loading

The initial fuel loading arrangement was not effective for driving the STE
fission plate, the purpose for which the reactor was constructed. Therefore, a
second reactor loading was made, incorporating BeO reflector elements to re-
duce the size of the fuel loading. The second STE reactor fuel loading (the cur-
rent loading) consists of 56 fuel rods with an average NH of 5.90 and a total UZ?’5
content of 2471 gm. In addition, the core is reflected with 16 BeO rods contain-
ing 7505 gm of BeO, 9 water-filled dummies, and 1 PuBe source element. This
core configuration (Figure 2) initially yielded a cold (60° F) clean excess reactivity
of 67¢ with the thermal column in place. The reactivity worth of the thermal
column graphite was measured to be +21.5¢. After several full power (50 kw)
reactor runs were performed, the neutron source was removed from the system,
since adequate fission products had been generated within the fuel to provide suf-
ficient source neutrons from the (y, n) reactions on the BeO reflector elements
to satisfy the source interlock on the reactor startup instrumentation. The reac-
tivity worth of the source in the position shown in Figure 2 was measured to be
+0.6¢ with reference to a water-filled dummy which now occupies the source

location, thereby bringing to 10 the number of water-filled dummies in the core.

NAA-SR-7368
3



o
H

A-19 4
3-8 5-10

A
4-9
‘ ‘ e

[T rueL rops

- CONTROL /SAFETY ROD THIMBLES

INITIAL CORE LOADING

Figure 1. Initial Core Loading

NAA-SR-7368
4



==

(4}
— 17
OU

e
~~

A-41
4-9

%

.71 FueL robs

CONTROL/SAFETY ROD THIMBLES

Mﬂ]]m]] BeO RODS

Figure 2. Second Core Loading

NAA-SR-7368
5



C. ISOTHERMAL TEMPERATURE COEFFICIENT

1. Reactor Pool

The water-filled pool that serves as a radiation shield and coolant reser-
voir for the STE reactor contains 3000 gal of water, and is insulated from the
concrete pit in which the tank is supported by a 6-in.-thick air and gravel annulus.
This water tank was used as a low-grade calorimeter for two thermal measure-
ments: (a) power calibration of the reactor (see Section III-G), and (b) the iso-

thermal temperature coefficient of the STE reactor which is herein described.

Two 440-v immersion heaters having a total measured power rating of
38 £ 1 kw were inserted into the pool tank, and the water was continuously circu-
lated through the reactor core from the pool at the rate of 30 gpm, or one com-
plete pool-water change every 100 min. While maintaining the reactor critical,
using the automatic reactor controller, the temperature of the water and the fuel
elements was monitored as a function of total excess reactivity in the reactor
system. The water temperature was varied from 40 to 164°F during the course
of the experiment. The control rods had been calibrated, using both period- and
pulsed-neutron techniques (see Section III-D), prior to the temperature coefficient
measurements. These measurements were performed at a reactor coolant inlet
temperature of 60°F. As the water temperature of the pool tank is changed, the
actual position of the poison section of the control and safety rods differs from
the synchro control/safety rod position indicators, due to the thermal expansion
of the rods. The discrepancy is appreciable since the control/safety rods are
18 ft in length and are composed of Al. The actual data, the expansion correction
and the final isothermal temperature coefficient, are presented in Figure 3. The
isothermal temperature coefficient of reactivity varies from +1.6¢/°F at 40° F to
+0.14¢/° F at 160° F. The average value over the normal operating range (60 to
100° F) was determined as +0.82¢/°F. The positive coefficient could not be attri-
buted to in-core effects since the power, grid-plate, and void coefficient measure-
ments within the fueled reactor lattice yielded negative effects with respect to
temperature increases. However, void measurements performed in the positions
occupied by water-filled dummies led to positive effects (see Section III-F). Based
on these results, an experiment was designed to determine if the positive effect
was due to reducing the density of the water reflector as a function of temperature

increase. The details of the experiment are described in the following text.

NAA-SR-7368
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2. Reflector Tank

An experiment was designed to evaluate the reactivity effect of heating
the water reflector adjacent to the reactor core without transferring an appre-
ciable amount of heat to the reactor proper. To achieve this result, a 4-1/2 by
16 by 17-1/2-in. ID box was constructed of 1/8-~in. stainless steel. The box was
covered with 1/4-in. Lucite glued with an epoxy resin, to act as thermal insula-
tion. Six 500-w strip heaters were mounted inside the box. Steam generated by
local boiling near the heaters escaped from the box through a small hole in the
peak of the sloping roof of the box (see Figure 4). During the experiment the
water temperature within the box, the fuel element temperature, and the reactor
core inlet and outlet temperatures were monitored. The reactor was maintained
critical at a power level of 10 w by the automatic controller. The reactivity was
measured from a reflector temperature of 43 to 165°F. The data are presented
in Figure 4. The data obtained in the experiment yield an average value of
+0.015 £ 0.004¢/° F for the reactivity effect of heating the water in the reflector
tank. The geometry of the experiment does not allow a direct quantitative com-
parison to the above-measured isothermal temperature coefficient; however, it
is noteworthy that the reactivity effect, although small, is definitely positive. If
it were physically possible to perform the experiment in closer proximity to the
actual fuel elements, the reactivity should be even more pronounced. The closest
approach on the inside of the reflector tank to an active fuel element is 2-3/4 in.

Large void measurements within the core box are discussed in Section III-F.

D. REACTIVITY MEASUREMENTS

1. Technique Employed

A series of reactivity measurements were performed using positive-
period and pulse-neutron techniques. The circuitry used in performing the
positive-period measurements is similar to that used at other reactor installa-

tions, and is shown in block-diagram form in Figure 5.

The range of periods measured using this technique varied from 20 to 200
sec, which corresponds to excess reactivities from 25 to 5¢, respectively. The
current from a boron-lined uncompensated ion chamber was convertedtoa voltage
by a vibrating-reed electrometer. This voltage was then convertedtoafrequency
by a voltage-to-frequency converter. The frequency was then measured by the

electronic counter, counting for either 1- or 10-sec repetitive intervals, and
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Figure 5. Positive-Period Measuring Circuit

recorded on printed tape by the digital recorder. The rising exponential obtained
was then fitted by least-square techniques and a period determined. The excess
reactivities corresponding to these reactor periods were then obtained from the
in-hour equation, using the measured mean effective neutron lifetime of 47.9 usec,
with an assumed effective delayed-neutron fraction (Beff) of 0.0079,l which was
obtained analytically by boron substitution techniques.3 A plot of the STE in-hour

equation is shown in Figure 6.

A second technique used in obtaining STE reactor reactivity measurements
was the pulse-neutron method, which consists of repetitive pulsing of a sub-
critical assembly with a neutron source. A multichannel time analyzer is used
to record the neutron population as a function of time following each pulse from

the neutron generator.

This series of experiments was performed after the STE reactor had
achieved criticality and the second loading configuration had been established,
but prior to insertion of the thermal-column graphite. The neutron-generator
target tube was placed in the thermal column adjacent to the bismuth window on
the reactor-core centerline. Four ZnS{Ag) thermal neutron detectors were
placed adjacent to the bismuth window and were gamma-ray shielded with leak
bricks from x-rays produced by the neutron generator. A block diagram of the
instrumentation system is shown in Figure 7. The instrumentation system is

essentially that used at KAPL for similar measurements.

The reactivity of a reactor system is related to the mean effective prompt-

neutron generation time by the following relations:

NAA-SR-7368
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P=g-1 , ... (1)
C
where
P = subcritical reactivity ($) ,
a = decay constant at critical (sec-l) s
@ = decay constant for measured reactivity (sec-l) ,
and
a -
C 'Beff /zeff ’ - (2)
where
Beff = effective delayed-neutron fraction (unitless) ,
zeff = mean effective prompt-neutron generation time (seconds).
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Upon pulsing a subcritical assembly, the short burst of neutrons creates
a high neutron flux which dies out exponentially, with the fundamental mode be-
coming predominant. The time analyzer is so constructed that events occurring
at various times after an initial event are sorted and stored in the memory of the
unit. The slope of the curve of counts vs time is @, as defined in Equation 1.
The true value of @ is complicated by the effects of the residual delayed neutrons
which are also decaying exponentially. In order to evaluate a, a least squares
computer program was written which separates the slopes of the two exponentials.
A typical pulse-neutron decay plot is shown in Figure 8. The details of actual

experiments are described below.
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Figure 8. Typical Pulse-Neutron Decay Plot

2. Control and Safety Rod Calibrations

The large reactivity worth of the STE control and safety rod system

($8.39, total) does not allow complete calibration of any one rod using positive-
period techniques, due to the 75¢ excess reactivity limitation placed upon the
system for safety considera.tions.1 However, as shown in Figure 9, the lower

7 in. of CR 1 was calibrated by this method. Subcritical measurements were
then performed with CR 1 completely inserted to evaluate the total rod worth.
The CR 1 uses stainless steel as the poison element and is used in conjunction
with the automatic controller for fine adjustment of the reactor power level. The
rod is identical in physical size with the other three control/safety rods, but is

NAA-SR-7368
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slightly heavier in weight, due to the difference in composition of the poison

section.

Control Rod No. 2 is located in a region of lowest neutron flux of the
4 control/safety rods, and therefore has a lower corresponding reactivity worth
than the other 2 safety rods which are of identical design and composition. The
lower 4 in. of this rod was calibrated with positive-period techniques in con-
junction with the calibration of CR 1, i.e., incremental sections of each of the
rods were calibrated by shimming with one rod while evaluating an incremental
section of the other. In no case did the measured periods exceed the fast-period
scram limitation of 10 sec. Several data points were obtained by pulse-neutron
techniques in the central region of the rod, and one measurement with the rod
fully inserted. Similar individual measurements with SR 1 and SR 2 fully in-
serted were performed as well as a test with all rods inserted to evaluate the
effect of rod '""shadowing." The calibration curve for CR 2 is shown in Figure 10,

while the total control/safety rod reactivity values are listed in Table II.

TABLE II

MEASURED CONTROL/SAFETY ROD REACTIVITY WORTH

Rod Rod Worth ($)
CR-1 -0.79 £ 0.05
CR-2 -2.30 £0.10
SR-1 -2.62 £0.10
SR-2 -2.68 £0.10
All Rods -8.39 £ 0.40

The fact that the sum of the individual control/safety rods yields the
same reactivity value as the all-rod measurement is strictly coincidental; al-
though the errors in the measurement are relatively small, ~5%, they indeed

exist.

3. Fuel and Reflector Element Reactivity Measurements

The reactivity worth of STE reactor fuel elements was evaluated as a
function of position from the vertical centerline of the fueled reactor core. The
measurements were performed by removing the fuel or dummy element in ques-

tionand measuring the reactivity of the system. Reactivity values < + 75¢ were

NAA-SR-7368
15



REACTIVITY (¢)

-230

-220 ——

-210

200

-190

A SUBCRITICAL PULSE NEUTRON DATA
-180 O POSITIVE PERIOD DATA

-170

-160

-180

-140

-130

-120

-t10

-100

-90

-80

-70

-60 QO

-50

-40

-30

(o 1.0 2.0 30 4.0 5.0 6.0 7.0 8.0 9.0 10.0
CONTROL ROD POSITION (in.)

Figure 10. STE Control Rod No. 2 Calibration Curve

NAA-SR-7368
16



obtained by positive-period techniques in conjunction with the previously calibra-
ted control rods, while reactivities >+75¢ were obtained by pulsed-neutron tech-
niques. All measurements were performed relative to water filling the same
core position. The data obtained from these measurements are listed in Table III
and plotted in Figure 11 as a function of reactor-core radius. For comparison,

a plot of the square of the measured relative thermal neutron flux is also pre-

sented in Figure 11.

TABLE III

FUEL/DUMMY REACTIVITY WORTH AS A FUNCTION OF CORE POSITION

Core Position Element Removed Element Worth (¢)
1-4 A-44 +168.0
2-8 A-13 +122.2
3-9 A-31 +85.8
3-12 A-50 +84.1
4-15 A-18 +56.0
5-15 D-8 (BeO) +14.7
5-17 D-13 (BeO) +11.9
6-6 D-22 (HZO) <#l.1
7-2 D-20 (HZO) <*]1.1

The fuel rod reactivity agrees fairly well with the square of the thermal-
neutron flux as would be expected. The reactivity effects of water-filled dummies
vs a water-filled column were not measurable; i.e., the actual reactivity change

resulted in a stable reactor period longer than 1000 sec.

4. Measurement of the Neutron Lifetime

The prompt-neutron lifetime of the STE reactor core was measured with

pulse-neutron techniques. By referring to Equations 1 and 2,

o%le

a =P

c eff//zeff , ... (2)
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Figure 11. Fuel/Dummy Rod Worth vs Core Position
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it can ble 2seen that at critical P = O, ac = Q= ’Beff/zeff' Assuming a Beff of
0.0079, " a measurement of zeff can be made by measuring a while maintaining

the reactor at critical.

In order to maintain the reactor at critical while pulsing the reactor with
the pulsed-neutron generator, cyclic operation was necessary. The reactor was
pulsed until a measurable reactor period was initiated, at which time the neutron
generator was turned off and control rods inserted until the initial critical posi-
tion was again established and the neutron pulsing was again started. This proc-
ess was continued until sufficient data were accumulated for the necessary statis-
tics. A value of 1/ a. of 6069 pLsec was obtained in these measurements corres-

ponding to

l/aC = zeff/'Beff = 6069 pusec

8= (6069) - (0.0079) = 47.9 psec

This compares with the theoretical value of 30 /_l.sec.l’2

5. Reactivity Worth of the Thermal Column

Upon completion of the pulsed-neutron reactivity measurements, the
pulsed-neutron generator, detectors and amplifiers were removed from the ther-
mal column. The thermal column was then loaded with reactor-grade graphite
and the reactivity effects upon the reactor evaluated by establishing criticality
and measuring the resultant reactivity effects with the calibrated control rods.

The addition of the graphite increased the reactivity of the reactor system by

+21.5¢.

E. IN-CORE THERMAL NEUTRON FLUX TRAVERSES

Thermal neutron traverses were performed within the reactor core, using
5-mil-thick circular gold foils with a diameter of 1/4 in. One fuel element and
one dummy element were modified in such a manner as to allow the thermal-
neutron flux to be measured at the surface of the fuel on the centerline, and
axially along the centerline of the summy element. The gold foils were con-
tained in 20-mil-thick cadmium and aluminum boxes. The foils and foil counters
were inter-calibrated with the Oak Ridge National Laboratory (ORNL) high-
pressure ion chamber and the ORNL Standard Graphite Pile.5 The gold-foil
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measurements were corrected for flux depression and self shielding, using the
experimental data obtained at ORNL6"7 for gold foils exposed in water. The foil
activities were then determined, using a NaI(T{) scintillation spectrometer having

a 2-in. diameter crystal.

An east-west thermal-neutron plot across the reactor core is shown in Figure
12. It can be seen that the thermal-neutron flux tends to peak east of the center of
the fuel loading. This can possibly be explained by the combination of two effects:
(1) the depression due to a strong control rod positioned at 4.2 in. west of the cen-~
ter of the fuel loading, and (2) the good reflection characteristics of the BeO on the
east side of the core vs the poor lead and bismuth reflector located on the west
side of the core. A radial flux plot from the center of the fuel loading to the south
edge of the reactor core is shown in Figure 13. No flux traverse was performed
from the center of the fuel loading to the north edge of the reactor core, since it
was felt that due to the symmetry of the loading such a traverse would only dupli-

cate the data presented in Figure 13 within the error of the experiment.

The uncertainty in position of the data points within the reactor core arises
from the construction of the modified fuel element which, like all of the fuel and
dummy elements, is held in the core box by a double-lead Acme thread attached
to the bottom of the fuel element. An uncertainty thus arises in the angular posi-
tion of the rods, since the foils were attached to the outside of the fuel cladding.
Since the foils were located on the centerline of the dummy element, no such posi-

tion uncertainty exists in the reflector points.

The measured radial peak-to-average thermal-neutron flux in the reactor core
was measured to be 1.62 vs a calculated 1. 13,1 and 1.18 vs a calculated 1.091 for
the axial direction. This leads to a volumetric peak-to-average thermal flux of

1.91, a reasonable value for this size and type of reactor.

F. VOID MEASUREMENTS

1. Fuel/SS Dummy Element Annulus Measurements

The effects of an annular void on the reactivity of the STE reactor as a
function of fuel element position was experimentally determined. Fuel Element
A-6, which was used during this experiment, has an NH of 3.2 vs the second
fuel loading average of 5.9. Because of this radical difference in NH’ the effect
of this fuel rod as a function of core position was of interest, and was used as a

normalizing point in the succeeding void measurements. The reactivity effects
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of A-6 relative to the fuel elements it replaced in the reactivity traverse are

listed in Table IV.

By plugging the inlet and outlet coolant annulus of Fuel Element A-6 with
small rubber stoppers, the reactivity effect of an air annulus relative to a water
annulus could be measured. These data are also listed in Table IV and plotted

in Figure 14. The void volume per fuel element consists of ~57 cm3.

The annulus measurements were repeated, using a dummy fuel element
identical to Fuel Element A-6, with the exception that the zirconium hydride was
replaced by stainless steel. The measurements created a large thermal flux
perturbation in the reactor core, but it is noteworthy that the annular air void
yielded a positive reactivity effect in the STE reactor reflector with reference

to water. These data are also presented in Figure 14.

-

TABLE IV

REACTIVITY EFFECT OF A VOID FUEL ELEMENT COOLANT ANNULUS

Element Worth Void A 1
Core Location Element Removed Relative to A-6 ot (;;)nu us
(¢)
1-4 A-44 +16.5 -5.4
2.8 A-13 +14.9 -3.17
3-12 A-50 +8.2 -2.8
4_15 A-18 O —1.5

2. Dummy Element — Water

The effect of large voids in the fuel region and reflector was investigated
by inserting a void dummy element in the reactor at several positions and using
positive-period techniques. The measurement was performed to evaluate the
reactivity effects in core boiling and the influence of such boiling on the nuclear
safety of the system. Measurements were made by plugging holes in a standard
water-type dummy element creating a large air void of ~185 cm3. Measurements
were made with and without water in the dummy element to measure the effect of
the air void on the reactivity of the system. Unfortunately, no measurements
were made in the two central core positions due to the large reactivity swings

involved, ~$1.85 and $1.35, respectively. (With the thermal column filled with
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graphite, no means was easily available to use pulse-neutron reactivity measur-

ing techniques.) The effect of the large void is most appreciable where the thermal- .

neutron flux peaks in the reflector region, as is shown in Figure 15. Voids of

this size create a large perturbation of the neutron flux in the reactor core.

G. POWER CALIBRATION

Three techniques were employed to evaluate the actual power generation of
the STE reactor: (1) thermal flux integration, (2) coolant flow and At measure-

ments, and (3) calorimetric — all of which are described in the following text.

d 4

REACTIVITY (¢)

0 [ 2 3 4 5 6 7 8 9 10 Il 12 13 14
DISTANCE FROM ¢ CORE (in.)

Figure 15. Reactivity Effects of a Large Void
as a Function of Core Position
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1. Thermal Flux Integration

Using the thermal flux traverse data obtained in Section III-E, a volumetric
flux average was obtained for the STE reactor core. Since the thermal flux data
were obtained at the surface of the fuel cladding, data corrections were necessary
before the reactor power level could be determined. Calculations performed by
Rhoades8 indicate a factor of close to 1.41 lower average thermal-neutron flux in
the fuel over that measured at the surface of the fuel as a result of a cell calcula-
tion performed on the STE reactor. After correcting for this effect, the primary
sources of error in the measurement are due to the uncertainty in detector posi-
tion of the foils, and the errors associated with the foil calibration. These errors
have been estimated to contribute about a 20% uncertainty to the power calculated
from the measured thermal-neutron fluxes. Applying the corrections determined
by Rhoades leads to a power level of 54 £ 11 kw, using the thermal flux intrgration

technique.

2. Coolant Temperature Rise Across Reactor

The design of the STE reactor does not allow easy reactor power deter-
mination through measurement of the coolant flow rate and temperature rise across
the core. However, the total flow rate, bulk inlet temperature, and the exit cool-
ant temperatures from the individual coolant channels at the top of each fuel ele-
ment were determined by using a special thermocouple probe. By maintaining the
reactor power constant, temperature traverses were obtained across the reactor
core. By weighting the coolant temperature rise across the core according to
fuel element coolant channel flow area as a function of distance from the center
of the reactor core, an average At for the system was obtained. Using measured
data, an expression was obtained that could relate the measured At of any fuel
element to the average At for the reactor. The errors associated with the mea-
surement of coolant temperature and flow lead to an uncertainty in the power level

determination of about 20%. The reactor power level was calculatedtobe 51 £10 kw.

3. Electrical Heat Substitution

The most accurate method of reactor power level determination was found

to be electrical heat substitution.

The reactor pool tank, containing 3,000 gal of water, is well insulated on
the bottom and sides by a 6-in.-thick gravel and air annulus; this annulus separ-

ates the pool tank from the 18-in.-thick concrete pit which serves as a secondary
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containment vessel and reactor support structure. By insulating the top of the
pool tank and inserting electrical immersion heaters into the water, the rate of
rise of the pool water temperature as a function of time for a known amount of
electrical power was determined, using the procedures outlined in Section III-C
of the STE operations mnanua.l.2 Two such electrical runs were performed. Two
440-v immersion heaters were used in the first run, which extended over a period
of 27 hr, coincident with the isothermal temperature coefficient measurements
described in Section III-C of this report. The second electrical run used one of
the 440-v immersion heaters, thereby reducing the heat input to the pool tank
from 38 to 19 kw. The current and voltage to the heaters were recorded hourly,
and showed no significant change over the course of the measurements. Following
each run, the water in the pool tank was cooled to 60° F prior to starting the next
experiment. After the two electrical runs had been completed, the heaters were
removed and the reactor was raised to a power in the range of the 38-kw elec-
trical run, using the data obtained from the second power level determination
technique, i.e., by measuring flow rate and coolant At across the reactor core.
By extrapolating the data from the two electrical runs, the power of the first
nuclear run was determined to be 39.5 kw. With these data, the procedure was
repeated for an estimated 50 kw by linear extrapolation of the reactor control in-

strumentation readings, based on the measured value at 39.5 kw.

The temperature vs heating time data for the two electrical and the two
nuclear heating tests are shown in Figure 16. The uncertainty in the electrical
substitution technique, including errors in instrument calibration and drift during

the measurement, amount to ~4%. Therefore, the full power of the STEis 50 £2 kw.

A summary of the three techniques is listed as follows:

Technique Result
1. Thermal flux integration 54 % 11 kw
2. Coolant temperature rise 51 £ 10
3. Electrical substitution 50 £ 2

All the measurements appear to be consistent within the expected errors of the

measurements performed.
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H. POWER AND GRID-PLATE COEFFICIENT MEASUREMENTS

1. Coefficient Measurements

The measurements of the STE reactor power and grid-plate coefficients
were performed by varying the reactor power level in steps from 0 to 50 kw, and
by varying the coolant flow rate at each step in power. Reactivity measurements
were obtained at each step in coolant flow rate and power. By cross plotting the
measured reactivity as a function of reactor power and At across the core, grid

plate and power coefficients can be separated analytically (see Figure 17).
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Figure 17. Reactivity as a Function of Reactor Power and Coolant At .
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The best fit of the measured data yielded values of -0.4+0.1¢/kwand-0.4+0.1¢/°F
for the power coefficient and grid plate coefficient, respectively. The reactivity
data were obtained by using the control rod calibration curves, andwere corrected

for the reactivity effects induced by the temperature coefficient of the system.

2. Fuel Temperature Measurements

FuelElement A-1T was placed at four different locations within the reac-
tor lattice. This fuel element was specially constructed with three stainless steel
clad thermocouples located at three different radial positions on the axial center-
line of the fuel element. Temperature measurements within the fuel were then
obtained at a power level of 50 kw. These data are presented in Figure 18. In
order to obtain a mean fuel temperature for the reactor fuel, the temperatures
measured in the fuel were volumetrically weighted, using an axial peak-to-average
ratio proportional tothe thermal-neutron flux, i.e., 1.18. These mean values for
the four core locations were then plotted as a function of reactor core radius, and
are shown in Figure 19. By again volumetrically weighting these values, a mean

fuel temperature of 103°F above coolant inlet temperature was obtained.
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