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TRANSIENT TESTS OF THE SPERT I LOW-ENRICHMENT UO2 CORE: 
DATA SUMMARY REPORT 

I. INTRODUCTION 

This report is presented as a supplement to the report, “Self-Limiting 
Power Excursion Tests of a Water-Moderated, Low-Enrichment, U02 Core 
in Spert I”, which is a description of step-induced transient tests performed 

in the uranium oxide core in the Spert I reactor facility. The purposes of the 
present report are: (a) to present a complete set of graphs and tables of the 
data taken in these tests; @) to describe the methods used in processing the 
data; and (c) to provide more complete information on the special instrumentation 
used for the excursion-test measurements of reactor power, temperature, and 
pres sure. 

The report is organized as follow: In Section 11 and III the principal features 
Of the transient tests and of the reactor core design are reviewed briefly. In 

Sections IV and V the details of the reactor power and temperature measurement 
are discussed. In Section VI a brief description of photographic measurements 
of fuel rod bowing is presented. In Section VII a summary  is given of the data- 
processing methods employed. Finally, in Section VIII an outline is given of 
the detailed data plots and tables which are presented in the appendices. 

1 
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I I .  GENERAL TEST DESCRlPTlON 

The purpose of this test series was to investigate the dynamic behavior of 
a heterogeneous, light-water-moderated reactor, using low-enrichment -U02, 
rod-type fuel elements [ 1-12], Self-limiting power excursion tests, initiated by 
stepwise insertions of reactivity, were conducted over a broad range of initial 
asymptotic reactor periods, from 30 seconds to 3.2 milliseconds, All tests 
were performed under the following system conditions: atmospheric pressure, 
ambient temperature, and no water flow other than that due to natural convection. 
(Although a water stirrer and a circulation pump were included in the system, 
they were used only during power calibrations.) The water level was approxi- 
mately two feet above the top of the core. 

In the long-period region, reactor shutdown was provided both by the 
various heat-transfer-dependent mechanisms effecting loss of moderator from 
the core and by Doppler broadening of the U-238 absorption resonances. In 
the short-period region, where the reactor period was short compared to 
the thermal time constant of the U02 fuel rods, reactor shutdown was provided 
essentially by the Doppler reactivity effect alone, permitting a direct measure- 
ment of the dynamic Doppler coefficient of the core. 

In the oxide core tests, an additionalpositive reactivity effect was observed 
resulting from the systematic bowing of the fuel rods during the transient power 
burst. This effect introduced a significant change inpower-burst shape compared 
to power-burst shapes observed when the fuel rods were restrained from lateral 
motion. The reactivity attributed to the fuel-rod bowing effect was separated 
from the other reactivity effects by performing two series of reactor transient 
experiments. The first of these was performedwiththe fuel rods restrained only 

at the ends, permitting some lateral rod motion at the ends and also allowing 
fuel-rod bowing and slight axial expansion to occur. This test series is referred 
to as the yunconstrained coren tests. The secondtest series was performed with 
a restraining grid placed within the core matrix. This had the effect of sup- 

pressing the fuel-rod bowing. The second test series is referred to as the 
"constrained core" tests. In both test series, photographic techniques were 
used to obtain a direct observation of the rod bowing. 

I 1 3 3 2 5 1  
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The shortest asymptotic reactor period achieved in these tests was 3.2 

msec. In this test a maximum power level of 7500 Mw was reached, the total 
energy released was about 107 Mw-sec, and the maximum steam pressure 
was 8 psi. No damage occurred as a consequence of this test. 
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111. CORE DESCRIPTION 

The core used in the power-excursion test series in the Spert I facility 
consisted of 592 fuel pins in an octagonal configuration. Each fuel pin con- 
sisted of a stainless steel tube about 6 f t  long and 0.5 in. OD with a 0.028-in. 
wall, containing 1600 g of 4%-enriched U02 powder compressed to a density of 
9.45 g/cm3. The core had an approximate diameter of 19 in., with a center- 
to-center rectangular pin spacingof 0.663 in. The core was divided into quadrants 

by a 0.75-in.-thick, aluminum rod-guide cross, which housed four blade-type 
control rods and a central, cruciform transient rod. 

The control rods and transient rod were constructed in such a way 
that the control rods could be driven into the core and transient rod 
driven out of the bottom of the core in a very short time interval. The 
control rods could be dropped into the core in approximately 350 msec, 
while the transient rod could be dropped out in approximately 270 msec 
(the time interval from release until it hit the the shock absorber limits 
of the rod guide). 

Criticality was achieved with 503 fuel pins arranged in a cylindrical 
geometry. This loading had an excess reactivity of 1'74. After criticality 
was reached the core was then loaded to 592 fuel pins, giving the core approxi- 
mately 3.3$ excess reactivity. 

IDO-16751 gives a more complete description of the Spert I oxide core [I]. 

4 
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IV .  POWER CALIBRATION AND MEASUREMENT 

Power data for the excursion tests in the oxide core were obtained by 
measurements of the neutron leakage from the core, utilizing a number Of 

boron-lined ionization chambers located at various positions at the periphery 
of the reactor vessel. Some of the chambers were connected to linear-amplifier 
circuits, others to logarithmic-amplifier circuits. (The power data presented 
in this report were obtained solely from the linear circuits.) The data were 
transmitted from the amplifiers to optical recording galvanometers and then 
printed out on oscillograph charts. The following discussion is a description Of 

the procedures that were followed to obtain the calibration constants for the 
ion chamber circuits. These procedures were similar to those used in earlier 
Spert transient test series [W. 

Each chamber and its associated circuitry were subjected to a three-stage 
calibration procedure. First, the chambers were placed in a high neutron- 
flux field in the thermal column of the Materials Testing Reactor. Measure- 
ments were made of the linearity of the chamber current as a function of 
neutron flux, the value of the current at a given neutron flux, the upper limit 
to the current, and the operating voltage for current saturation: ie, the domain 
where the current was independent of the applied voltage. The neutron flux was 
measured by the gold foil irradiation technique. 

Second, a calibration of the electronics circuitry associated with each 
chamber was performed by using a calibrated current source in place of the 
chamber. This was referred to as an instrumentation calibration. A relationship 
was determined between the input current of the source and the magnitude of the 
resultant deflection of the optical galvanometer record. In order to decrease the 
effect of drFft in the electronic amplifiers and drivers, this calibration was per- 
formed weekly. The weekly calibration provided a continual measure of the 
sensitivity and the linearity of all the electronic circuitry. The sensitivity values 
obtained from the calibrations had a probable error  of less than f 1%. 

Finally, the reactor power corresponding to a given deflection of the 
galvanometer trace was determined. With the reactor operating at some 
arbitrary power level, the rate of increase in the bulk system temperature 
was measured, along with the deflections of the galvanometers connected 
to the outputs of the ion-chamber circuits. From this measured rate of temper- 
ature rise and a calculated value for the system heat capacity, the thermal 

I 1 3 3 2 b O  
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power of the reactor was determined. The power, the deflections of the galvano- 
meters connected to the outputs of the ion chambers circuits, and the results 
of the instrumentation calibration were then used to determine the chamber 
calibration constants, in terms of power per unit current from each ion chamber 

WW/P a) 
The heat capacity of the system was calculated using the approximation 

that the entire volume of the reactor, except the U02, had the same heat 
capacity as water. The volumes of the window port and internal piping were 
included in this calculation, yielding a total reactor volume of 130.5 f$, ex- 
cluding the U02. The total heat capacity of this volume of water was calculated 
to be 15.5 Mw-set/%. The U02 contribution to the heat capacity of the system 
was determined from the specific heat of U02 and the total mass of U02 in 

!MBLEI the system. The specific heat of U02 was 

taken t0 be 0.060 cal/g-Tat 24% (ob- seEcIEIc HEAT uD- vs TpIpERATuRF[141 
2 tained by extrapolation of the data in 

Temperature Specific Heat 
(Mw-sec/'C); Table I. so that with a U02 mass of 947.2 ( "c) ~ c a l / g - m c ~  

kg in the core, the UO, heat capacity 100 0.063 0 -25 - 
200 

500 

looo 

contribution was calculated to be 0.24 
Mw-sec/OC at 24%. The total system 

0.067 
0.074 
0.078 

0.265 

0.31 
0 293 

heat capacity, therefore, was taken to 1500 0.082 0 -325 

be 15.7 Mw-sec/OC. 
A four-junction, copper-constantan thermopile with a calibration constant 

of 0.16 mv/% in the relevant temperature range was used to obtain the system 
heating rate. The water level in the reactor tank during this calibration was 
2 f t  above the top of the core, o r  10.5 f t  from the bottom of the vessel. The 
reactor was operated at a steady power of approximately 80 kw for about 
15 min with both the st irrer and the circulation pump turned on. The con- 
tribution to the overall power arising from the energy put into the system by 
the st irrer and circulation pump was previously determined inaseparate 
heating rate measurement in which the only source of energy was the pump 
and stirrer. The observed heating rates were 0.33 OC/min for the reactor 
at power and 0.013 "C/min for the reactor with only the stirrer and circulation 
pump on. From these values and the calculated system heat capacity a nuclear 
power of 82 kw was obtained. The estimatedprobable error in the nuclear power 
was f 1.5%, due chiefly to lack of precision in the measurements of heating 
rate. 

6 



The output current for each chamber, determined from the magnitude 
of the deflection of the galvanometers during the nuclear heating cycle, was 

then obtained and the chamber calibration constants determined in terms of 
power per unit deflection and power per unit current. The estimated probable 
error in these chamber calibration constants was 2 2.5%. 

Representative ion chamber constants ranged from 3.8 to 92 Mw/pa (the 

variation being due principally to the differences in the position of the chambers). 
The values of the output currents during power calibration ranged from about 
0.5 pa for the least sensitivechambersto 3 pa for the most sensitive chambers. 
The number and arrangement of chambers chosen provided sufficient coverage 
for all values of the power levels obtained or anticipated during the transient 
test series. 

In the transient test program, four ion chambers were used in each test 
to detect the relative neutron leakage from the core (proportional to the total 
power level). Amplification channels with three different sensitivity levels 
were used with each chamber, so that the full  range of the power burst was 
detected with good sensitivity by the four chambers. In addition, the overall 
range setting of the chambers could be varied prior to each test, making possible 
the recording of a total of 10 decades of power level variation. It was required 
that the recorded power traces should include (with adequate sensitivity) both 
the initial exponential part of the burst, from which the asymptotic period 
was determined, and the region near the power peak where the reactivity 
shutdown processes were most effective. 

7 
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V. TEMPERATURE AND PRESSURE MEASUREMENT 

The two principal variables (other than reactor power) which were measured 
during the oxide core tests were the fuel-pin surface-temperature rise and the 
transient pressure, An attempt also was made to measure the fuel temperature 
in the interior of the fuel pins. These measured internal fuel temperatures were 
rather erratic, however, due to the difficulty in mounting the thermocouples 
within the fuel section of the pin [7,91. For this reason, these data are not 
included in this report. 

The pressures measured throughout the complete test series were very small  

(less than 10 psi). These data, therefore, have been omitted from the present 
report. 

The temperature rise measured at the surface of the stainless steel cladding 
up to the time of peak power was only a few degrees, or less, This was due to 
the low heat conductivity of the U02 and the stainless steel. Further, since 
Doppler broadening of the U-238 resonances was the main contributor to the 
self-shutdown of this reactor, the fuel-pin surface-temperature data are of 
less importance in analyzing the excursion behavior of this system than for 
previous plate-type Spert reactors. 

The scheme used to specify the location of the in-core instrumentation 
involved a three-dimensional coordinate system, as shown in Figure 1. The 
coordinate system consisted of dividing the core into four quadrants (north, 
south, east, and west) and using a rectangular grid in each quadrant, Each 
quadrant was treated as the first quadrant of a rectangular coordinate system 
with the center of the core at the origin and with each lattice position located 
at integral values of the X and Y coordinates, The reference for vertical 
placement of the transducers was the transverse midplane of the fuel pins. 
If a transducer were located below the midplane, the placement was denoted as 
negative: if above the midplane, the placement was positive. As an example, 
the thermocouple location specified as (W13:3-16) indicated that the thermocouple 
was mounted on the fuel pin located 13 pins from the origin (or core center) 
on the X-axis and 3 pins from the origin on the Y-axis. In Figure 1, the fuel 
pin which contains the thermocouple is designated by an open circle and the 
thermocouple is located 16 in. below the transverse midplane of the fuel pins. 

The following is a brief description of the temperature and pressure 
measuring techniques used. The temperature-measuring devices were all 

I \ 3 3 2 b 3  
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FIG.  1 SCHEME FOR SPECIFYING TRANSDUCERS LOCATION I N  THE CORE. 
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5-mil chromel-alumel thermocouples. The surface thermocouples were spot- 
welded to the stainless steel cladding of the fuel pin. All of the thermocouples 
used had a frequency response of about 10 kc, and an absolute temperature error 

of + - 1OC. 

The pressure transducers were strain-gage-type, diaphragm transducers 
having an overall resolution (including the effects of radiation sensitivity) 
of approximately 5% of full  scale, and a frequency response of about 10 kc. 

(The resolution and frequency-response determinations w r e  made in special 
tests carried out in the General Atomics TRIGA facility in San Diego, 
California [I5]). One 0- to 25-psig transducer was located within the core 
(Wl3:7-18). In addition, one 0- to 50-psig transducer was located in the re- 
flector at the edge of the core (53 in. below the upper core hold-down grid). 

During the later parts of the test series, when the shorter-period transient tests 
were performed, two additional pressure transducers were placed around the 
periphery of the core. These consisted of one 1000-psig transducer and one 
500-psig transducer, and were intended primarily as  backup in case the 50- 
and 25-psig transducers were saturated by a strongpressure burst occurring 

at the shorter periods. 

10 
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VI. PHOTOGRAPHIC MEASUREMENTS OF FUEL ROD MOVEMENT 

High-speed, in-core motion pictures were taken during some of the 
unconstrained and constrained core tests. These pictures gave the first direct 
evidence of significant rod movement during the tests in the unconstrained 
core. The pictures indicated that a small but systematic bowing of the fuel rods 
occurred during the power burst, and that a more violent and random type of 
movement occurred after the power burst had subsided @resumably due to 
thermal and hydraulic forces following transfer. of heat from the fuel rods 
to the water). 

The motion pictures were obtained by viewing though a heavy glass port 
in the side of the reactor vessel roughly at the level of the midplane of the core. 
To protect the film from possible radiation damage duringthe test, apa i r  
of large plane mirrors were used to transmit the image from the level of the 
glass port to the floor level of the reactor building. The concrete floor of the 
reactor building provided sufficient radiation shielding for the film. -e pictures 
were taken at approximately 400 frames/sec which, on projection at normal speed, 
effectively slowed down the rod motionsufficientlyto allow analysis of the motion 
of the individual rods observed. Figure 2 presents a set of prints made from 
these motion pictures showing fuel pin motion. 

A more detailed discussion of the nature and effect of the rod motion was 
given by spano 1121. 
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VII. DATA-PROCESSING PROCEDURES 

The primary data-collectingmethod used at Spert until the recent introduction 
of magnetic tape techniques involved high-speed optical recording galvanometers : 
ie, oscillographs. In the system used in the oxide core tests, signals from the 
transducers at the reactor area (neutron-detecting ion chambers, pressure 
transducers, thermocouples, etc) were amplified and transmitted to oscillo- 
graph recorders located in the control center one-half mile away. Data from 
52 different channels were recorded on the oscillographs in analog format. 

The analog data recorded on the oscillograph records were processed 
through an analog-to-digital conversion system. The conversion system con- 
sisted of a manually operated analog curve follower with variable coordinates, 
and a digital converter with tabulated and punched card outputs. The digital 

reduced data was made available not only in arbitrary units, but also in the 
desired engineering units. These reduced data were then plotted on a digital 
X-Y plotter to obtain individual curves representing the time variation of each 
of the test variables. 

The errors introduced by the data processing procedures were as follows: 
The analog curve follower introduced an estimated error o f f  1/2 mm (or 
about 0.7% of the full  scale deflection of 76 mm) due to the parallax encountered 
by the operator in attempting to position the movable index precisely on a point 
Of the analog curve being reduced. The estimated error introduced in the analog- 
to-digital conversion was f 1 unit in the least significant digit of the converter’s 
output. This was equivalent to an error of from 0.1 to 1.0% in the processed 
data, depending upon the full-scale digital setting of the converter. The es- 
timated error introduced in setting the scale factors for the digital plotter was 

f 0.02 in. (0.2% of the full-scaledeflectionof 10 ia on the digital plotter). There 
was also an inherent error of 2 0.015 in. (0.15% of full scale) contributed by the 
servo-plotting mechanisms which locate the data points on the graph paper. A 

smsll additional error was contributed by nonlinearities in the commercial graph 
paper used. 

The normal range of deflection of the galvanometer traces was from 10 
to 70 mm. For deflections of 35 mm or greater, the combined error from the 
errors sources discussed above was 3% or less. 
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VIII. TEST DATA 

The transient test data from the Spert I oxide core tests are presented 
in graphical and tabular form in Appendices A, B, C, and D. 

Appendices A and B consist of graphs of data taken during the uncon- 
strained and the constrained core transient tests, respectively. Data from each 
test are presented in two figures, insequence, indexed according to the transient 
run number and the initial asymptotic reactor period. The first (odd-numbered) 
figure consists of curves showing a comparison between the time history of 
the reactor power and that of the hottest fuel-pin surface temperature (ie, 
the hottest-reading fuel pin surface thermocouple for each transient: usually the 
thermocouple in location Ekl-20). The curves give a graphical demonstration of 
the delay between the time of peak power and the time of peak fuel pin surface 
temperature due to the low thermal conductivity of the fuel. Also indicated in the 
odd-numbered figures are error limits which represent the square root of the 
sum of the squares of the estimated data-processing errors. The error limits 
are indicated at the maxima of both the power and temperature curves. ’ 

The second (even-numbered) figure for each test consistsof curves showing 
a comparison of the time histories of the power, the energy, and the compensated 
reactivity. The compensated reactivity was calculated from the experimental 
power data by solving the one-energy group, space-independent, reactor kinetic 
equations. (This method is similar to the method used by Mil le r  [161.) For 
this calculation, a set of delayed neutron parameters was derived [I] from the 
values measured by Keepin andWi~nmett[~~Iforfast  fission of U-235 and U-238, 

and from the relative effectiveness factors 7i for the different delayed groups 

as plotted by Henry [18]. A value of 3.57 msec was used for the reduced prompt 

neutron lifetime, a/@eff, as determined from the step-transient measurement&]. 
The time origins in the figures presented in Appendices A and B are 

arbitrary. The time interval from ejection of the transient rod to the time of 
peak power for each run is listed in the tables presented in Appendix D, as 
discussed below. 

Appendix C contains a set of correlative plots giving the variation with the 
inverse asymptotic period, a, of the values at the time of peak power of (a) 
the power, @) the energy released, and (c) the compensated reactivity. Also 

0 

14 



included are two plots (for the unconstrained and constrained cores, respectively) 
showing the variation in power burst shape as a function of the initial asymptotic 
period. 

Appendix D is a tabulation of test data taken from the plots and operational 
records. Tables 11 and I11 for the unconstrained and constrained cores, 
respectively, are included as a ready source for comparison and reference 
of the experimental data. The tables include the figure number, the run number, 
the initial asymptotic reactor period, the inverse period, the peak power, the 
energy at time of peak power, the maximum pin-surface temperature, the pin- 
surface temperature at time of peak power, the location of the thermocouple 
used to measure the pin-surface temperatures, the time interval between the 
ejection of the transient rod and the time of peak power, the initial reactivity 
inserted, and the compensated reactivity at time of peak power. 
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APPENDIX A 

PLOTS OF SURFACE TEMPERATURE, POWER, ENERGY, AND COMPEN- 

SATED REACTIVITY VS TIME, FOR UNCONSTRAINED SPERT I OXIDE CORE 
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APPENDIX B 

PLOTS OF SURFACE TEMPERATURE, POWER, ENERGY, AND COMPEN- 
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APPENDIX C 

PLOTS OF PEAK POWER, TOTAL ENERGY AT TIME OF PEAK POWER, AND 

COMPENSATED REACTIVITY A T  TIME OF PEAK POWER VS INVERSE 

PERIOD, FOR CONSTRAINED AND UNCONSTRAINED SPERT I OXIDE CORES 
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APPENDIX D 

SUMMARY TABLES OF KEY DATA, FOR THE CONSTRAINED AND 

UNCONSTRAINED SPERT I OXIDE CORES 
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TABLE I1 

SUMMARY TABLF: OF KEY D\TA, FOR UNCONSTRAINED CORE 

NOMENCLATURE 

T Reactor period 

Inverse reac tor  period 

Peak power 

Energy release t o  t i m e  of peak power 

Maximum f u e l  p l a t e  surface temperature 

Fuel p l a t e  surface temperature a t  time of peak power 

Time of peak p m e r  

Time o r  contact of f a l l i n g  t r ans i en t  rod with shock absorber 
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TABLE I11 

SUMMARY TABLF: OF KEY DATA, FOR C O N S W m D  CORE 

NOMENCLATURE 

5 

ct 

tm 

Reactor period 

Inverse reac tor  period 

Peak power 

Energy release t o  time of peak power 

M a x i m u m  f u e l  p l a t e  surface temperature 

Fuel p l a t e  surface temperature a t  t i m e  of peak power 

Time of peak power 

Time of contact of f a l l i n g  t r ans i en t  rod w i t h  shock absorber 
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