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ABSTRACT

The prompt neutron generation time for the Annular Core Research Reactor was
experimentally determined using a prompt-period technique. The resultant value of 25.5
las agreed well with the analytically determined value of 24 ]as. The three different
methods of reactivity insertion determination yielded +5%agreement in the experimental
values of the prompt neutron generation time.

Discrepancies observed in reactivity insertion values determined by the three
methods used (transient rod position, relative delayed critical control rod positions, ands

relative transient rod and control rod positions) were investigated to a limited ex_:_t.
Rod-shadowing and low power fuel/coolant heat-up were addressed as possible causes

of the discrepancies. -'_
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1.0 INTRODUCTION

The Annular Core Research Reactor (ACRR)1_ is a BeO/H20 moderated, water
cooled reactor system capable of being operated in the super-prompt critical mode as

' well as in the delayed critical steady-state power mode. Figure 1.1 shows a schematic
of the ACRR with the Advanced 'Laser Excitation Cavity (ALEC) in place.

The performance characteristics associated with super-prompt critical operation
as well as the system behavior under accident conditions involving reactivity additions
above prompt critical are dependent to varying degrees on the prompt neutron
generation time of the system. The prompt neutron generation time, A, has been
calculated to be 24 ps for the ACRR.3 This value of A is currently being used both for
safety analysis and calibration operations. The value was calculated using KENO II (9
group, P1 approximation) by P. Pickard et al.3 prior to the ACRR startup. Recent
MORSE calculations by Cooper" and Harms," (ALEC in place) tend to support the early
value. KENO V (27 group, P3) calculations by D. Talley- yield somewhat higher values
(-28.3 ps) using a geometric model similar to that used by Cooper.

Furthermore, one-dimensional heat transfer point kinetics calculations (PKIEP)
were compared with observed performance characteristics (yield, peak power, and pulse
width), as a function of reactivity addition with ALEC in place. As expected, agreement
with yield was excellent, but peak powers and pulse widths were respectively higher
and lower than the observed values. This implies that the value of A (24 ps) used in the
calculations was too low.

Although the observed operating performance conforms, at least approximately,
to that expected of a system with a prompt neutron generation time of 24 _s,
experimental confirmation is appropriate to provide confidence in extrapolating the
excursion characteristics to unplanned (accident) conditions. This document, describes
one attempt to confirm, experimentally, the assumed value of the ACRR prompt neutron
generation time.

"Cooper,P., PersonalCommunication.

"Harms, G., Personal Communication.

"Tailey, D., Personal Communcation.
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2.0 DISCUSSION

Although the total fission yield of an ACRR super-prompt critical excursion is not
strongly sensitive to the exact value of the prompt neutron generation time, other pulse

" characteristics and many of the calibration techniques used to ascertain the reactivity of
the system are strongly sensitive.

The relationships between pulse peak power and pulse width and the system
reactivity are quite sensitive to the value of the neutron generation time. Calibrations
and reactivity determinations using information gathered in the super-prompt reactivity
regimes require a precise knowledge of the prompt neutron generation time.
Calibrations or reactivity determinations in the sub-prompt critical range are not
particularly sensitive to the neutron generation time. It will be shown later that
sub-prompt reactivity determinations have unique problems of their own in the ACRR.
Errors in A will contribute to a difference between values of reactivity obtained by
super-prompt and sub-prompt determinations.

Several techniques are available for measurement of the prompt neutron
generation time. These include rod oscillator, pulsed source noise auto-correlation, rod
drop, source jerk and super-prompt period-reactivity correlations. Each of the
techniques has unique advantages and disadvantages. This endeavor uses the prompt
critical Period-reactivity correlation technique. The prindpal advantages of the "prompt
period" tectmique are that it can be performed with simple instrumentation and data
reduction systems which in general are an integral part of the protect or information
channels already in place for pulse reactor systems.

The principal disadvantage of the technique is that it requires a precise
knowledge, at least relatively, of the system reactivity. Although the l_ge and ever
increasing photoneutron background lends a degree of safety to the system, it presents
considerable difficulty in precise delayed critical determinations needed for calibrations.
The large photoneutron background source necessitates power levels for delayed critical
determination suffidently high to overcome source effects. Unfortunately, satisfactory
high levels are also sufficient to cause heating of the fuel and hence complications in
determination of the actual system reactivity. These concerns wit be discussed further
in the experiment data analysis section.

"3-
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3.0 EXPERIMENT- PROMPT PERIOD TECHNIQUE

A series of pulse operations were performed to establish the relationship between
the reactivity added above prompt critical and the stable reactor period developed before

' significant reactivity feedback.

The reactor configuration during the operations included ALEC as shown in
Figure 1.1. Conditions were, otherwise, considered to be "free-field" (i.e., the experiment
cavities were essentially empty and no significant experiment configurations were
adjacent to the core region). An additional neutron detector, used to supplement the
reactor instrumentation, was in the central cavity tube, but well above the active core
region.

3.1 Method

Each pulse operation consisted of the following steps:

A. A delayed critical (DC) configuration was established using the control rod bank
with the transient rod bank fully withdrawn. Reactor power was -1 kW.

B. The transient rod bank was then positioned such that upon removal from a DC
configuration, the desired reactivity addition would be accomplished.

C. A new DC configuration was then established with the control rods.

D. The safety rods were then inserted in the core to achieve a subcritical condition
by approximately $2.

E. The reactor power was allowed to "decay" for approximately 15 rain.
i

F. The safety rods were then withdrawn (system reactivity now 0).

G. The transient rods were withdrawn immediately and rapidly, placing the system
in a super-prompt critical state.

H. The power level as a function of time for the ensuing excursion was monitored
and recorded.

3.2 Instrumentation

The primary instrumentation for this experiment was a compensated ion chamber
(CIC). The CIC used was a Reuter Stokes RSN15A which has 4 x 10"14A/nV sensitivity.
It was biased with 300 Vdc and -35 Vdc compensating voltage. The CIC was chosen

• because of its fast response time and signal linearity over a broad reactor power range.
The ACRR self-powered cadmium detector (CAD) was used as a secondary data source.
The self-powered cadmium detector is less sensitive than the CIC but has a higher range.

-5-



The CIC was located in the ACRR central experiment cavity at a certain height
above the core. The height was chosen such that the CIC current did not saturate during
the power excursions. The CAD detector is located in the outer ring of the core.

The signal from each detector was directed to a Nicolet digital oscilloscope in the
ACRR control room. The Nicolet is capable of recording up to 4096 digital data points
with 12-bit resolution for 500 ns to 200 s per point. This digital data can then be
transferred to a floppy diskette.

3.3 Data Reduction

The power excursion data from each detector, digitized by the oscilloscope, were
transferred to floppy diskettes. Thus, a power versus time trace was available for each
operation.

The application of the prompt period technique required knowledge of the stable
reciprocal period (u), resulting from the reactivity insertion, prior to any feedback effects.
The reciprocal period is given by

1 dP
a -

Pdt '

where P is the reactor power.

The reciprocal pea'iod was obtained by numerically computing the time derivative
of the power using the power excursion data. The stable reciprocal period occurs
quickly following the reactivi .ty insertion, before the power can increase appreciably.
Unfortunately, in this time range, the power signal is quite noisy. For this reason, an
averaging scheme was used to smooth out some of the noise. A central average was
computed by using a number of averaging points on each side of a central point.

The reciprocal period data was then plotted versus time. Visual inspection of the
plot located the stable reciprocal period plateau. The value of a was then obtained from
the plateaus Because excessive averaging can produce an erroneous value for 0_,each
data set was averaged with the least number of averaging points possible while still
producing a usable plot.
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4.0 EXPERIMENT RESULTS

4.1 Pre-Pulse Conditions

' The pre-pulse delayed critical conditions for each of the eleven pulse operations
are given in Table 4.1. Delayed critical was established with the transient rods full-in

. for the first three operations. The temperature given is the bulk water temperature T,
as recorded from temperature transducers located some considerable distance from the
active core region. The actual temperature of the coolant in the active core region must
be assumed since no coolant temperature measuring devices are in that region. An
indication of the fuel temperature, and hence the coolant temperature under zero flow
and no heating conditions, is given by thermocouples in selected fuel elements. The
control rod (CR) bank and the transient rod (TR) bank positions are given in "units" as
read from the console display. Each "unit" corresponds to approximately 0.01 cm.

4.2 Stable Period Data

The system reactivities as estimated using the "set-up," and "static" methods
described in the appendix are shown in Table 4.2. A third method, referred to here as
CR*, was also used. The system reactivities estimated using this method are also shown
in Table 4.2. The rationale for the CR* method will be discussed later. The dynamic
yield method represents an inference of system reactivity based on parameter
assumptions. These values (shown in Table 4.2) are given here for comparison purposes
only.

Also shown in Table 4.2 are the stable reciprocal reactor periods observed for each
of the operations using a compensated ion chamber (CIC) and a reactor instrumentation
cadmium detector (CAD). These values were calculated using the method described in
Sect. 3.3.
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Table 4,1 Pre-Pulse Conditions
rllll i II III

Operation TB CR Bank CR Bank Pre-Pulse Pre-Pulse
(°C) Position Position CR Bank TR Bank

w/TR Out w/TR In Position Position
(units) (units) (units) (units)

4655 17.7 1526 2433 1906 5646
4656 15.4 1534 2436 1914 5646
4666 18.0 1542 2445 1980 5446
4667 19.0 1550 -- 2001 5399
4668 18.0 1542 -- 2044 5248
4669 18.0 1557 -- 2109 5083
4670 19.0 1560 -- 2163 4925
4671 - 1557 - 2060 5248
4672 22.0 1570 - 2228 4770
4673 22.0 1583 -- 2282 4616
4674 19.0 1558 - 2328 4458

Table 4.2 Calculated Reciprocal Reactor Periods Versus Reactivity Insertion.
IIII

Operation Set-up Static CR* Dynamic o_ ct
Reactivity Reactivity Reactivity Yield CIC CAD

(¢) (¢) (¢) Reactivity (s"1) (s"1)
(¢)

REF 0

4655 108 119.7 119.7 - 45.7 45.1
4656 108 120.1 122.4 116 53.0 55.0
4666 128 140.4 145.0 137 106.0 105.0
4667 133 145.3 152.2 143 -- 121.4
4668 150 162.5 167.1 160 171.1 173.0
4669 150 163.6 172.6 162 175.4 170.0
4670 170 180.7 189.7 183 236.1 235.0
4671 190 198.8 208.7 202 289.3 293.0
4672 210 218.9 231.7 222 349.5 342.6
4673 230 234.2 250.8 244 407.6 --
4674 250 257.8 267.1 261 453.7 457.0
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4.3 Prompt Neutron Generation Time

The point-reactor neutron kinetics equation, in the absence of delayed neu'trons,
is given by

dP _ _p ,dt

where

P = power,
p = reactivity,

= the delayed neutron fraction, and
A = prompt neutron generation time.

By defining the reciprocal period a as

1 dP
-

Pdt '

and the reactivity p$ (in units of dollars) as

P$ffi_,

one can show that

a = _(p_-l) .

This relation forms a basis for determining the prompt neutron generation time,
and is used in this study. The neutron generation time is seen to be inversely
proportional to the slope of the redprocal period vs. reactivity curve. To determine A,
one may compute a linear fit to the redprocal period vs. reactivity data, assuming a
value for the delayed neutron fraction [_. Error in the delayed neutron fraction will
result in a direct inverse effect on the accuracy of A. In other words, a +2% deviation
in _ will cause a -2% deviation in A. The value of [3used in this report (0.0073) is the
value given in the ACRR Safety Analysis Report (Ref. 1).

• The relationship between the observed reciprocal period and the estimated system
reactivities is shown in Figure 4.1. The solid lines represent least-square linear fits to the
data. For the analytic fit, data corresponding to u < 100 s"1was ignored since such

-9"



values are influenced somewhat by delayed neutron contributions." Comparison of the
data with previous operating experience showed clearly that the static reactivity
associated with operation 4673 was anomalous. Operation 4673 was ignored for the
purposes of the prompt neutron generation time determination. The values of the
prompt neutron generation time inferred from Figure 4.1 for each of the system
reactivity methods of estimate are shown in Table 4.3. The dynamic yield method
would imply a prompt neutron generation time of 25.85 ps, if the c_ values below 100
s"1are ignored.

Table 4.3 Prompt Neutron Generation Time.

I I II

Reactivity Prompt Neutron
Estimation Generation Time

Method (t_s)
ii ii iiiii i i

Set-up 25.47

Static 24.30

CR* 25.48
II I I

"Coats,R. L., "ACRRReactorPeriodMeasurementConsiderations,"to be published.
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5.0 EXPERIMENT ANALYSIS

Itisclearlyevidentfrom Figure4.1thatthesetupand staticmethods leadto
inconsistenciesas totheprompt neutrongenerationtime,as wellas to thesystem

• reactivitywithrespecttopromptcritical.Eachoftheseinconsistencieswillbediscussed
and recommended _,alueswillbe offered.

5.1 Prompt Neutron Generation Time

Itistobe notedthatregardlessofthereactivityestimateused,theexperiment
resultsareingoodagreementwithpreviouscalculations.However,thepromptneutron
lifetimeand thesystemreactivityfora givenconfigurationisinvariantand shouldnot
depend on themethod used toestimatethesystemreactivity.The differenceinthe
lifetimevaluesdeterminedinthisstudyisdue directlyand uniquelytoassumed or
estimatedsystemreactivitiesoverme rangeofa examined.The differenceinthevalue
ofsystemreactivitygivenby thedifferentmethodscouldbe attributedtoinaccuracies
(orinconsistencies)intherelativecontrolrodortransientcalibrationsovertherangeof
investigation.The causesof such inaccuraciescouldbe rod-shadowingeffectsor
calibrationmisinterpretationsoftheactualphysicalstateofthereactoratthetimeof
rapidtransientrodwithdrawal.

A verification of the control rod and transient rod calibrations over the range of
interest was performed (see Table 4.1). The effort, described in the appendix, indicated
and confirmed the relative worths (change in reactivity) over the range of interest. The
maximum deviation observed was _-±1.5¢. This is much less than the approximate 9%
variation needed to totally resolve the difference in the lifetime values.

Analysisofthecalibrationdataindicateda consistentbiasassociatedwithdata
pointswhichwere relatedtothedelayedcriticaldeterminations.The delayedcritical
determinationsbecomefurthersuspectwhen one examinesthedataofTable4.1.Prior
toeachoperation,adelayedcriticaldeterminationwas made withthetransientrodsand
safety rods fully withdrawn. A critical condition was established by adjusting the
control rod bank position. The only likely contributor to system reactivity change
between operatic_ns was temperature, since geometrically the system configurations
should be the same.

In the vicinity of 20°C, the :hange in water density with respect to water
temperature is-2.2 x 10"2/°C.s" Assuming a void coefficient of 35¢/(%-void), 3the coolant
density component of the isothermal temperature coefficient is calculated to be
-0.77¢/°C. The coolant spectral component _ is assumed to be -0.7¢/°C. If a value of

"Coats, R. L., "Recommended Material Property Relations for AcRR Ki.netic Analysis," SAND90-2117,
to be published.
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-0.6/°C" is assumed for the fuel contribution, the isothermal temperature coefficient for
the ACRR is calculated to be -2.07¢/°C.

Figure 5.1 shows the apparent system reactivity change (as determined by control
rod movement) as a function of the observed bulk water temperature. The data for
operation #4666 were taken as reference values. The solid line represents a least squares
linear fit to the data and would indicate a temperature coefficient (isothermal conditions)
of-2.18¢/°C if the bulk coolant temperature is truly indicative ot _.e isothermal core
temperature.

Although considerable scatter in the data is evident (±5¢), and the amount of data
is limited, the trend is in good agreement with the calcula_.edvalue. Some of the scatter
may be attributed to the normal scatter associated with operation or to inherent scatter
in drive train positioning and position indication. However, other factors inherent to the
ACRR fuel and configuration are believed to inhibit the attainment of a predse IX:
condition.

.as indicated earlier, the very large photoneutron bac,_ ,,,and due to the beryllium
moderator complicates the delayed critical determination. The time constants associated
with precursors giving rise to y-rays with energies above (¥,n) reaction threshold_ are
quite long compared to delayed neutron precursors. This leads to not only a
"sluggishness" in response near critical, but an ever building background neutron
inventory.

Consider a system precisely at delayed critical after a long shutdown period, such
that the photoneutron background source is relatively constant_ The background source
will induce a constantly rising reactor power. If the power is intended to be held
constant, the system must be made subcritical. Conversely, a system at delayed critical
a relatively short time after a pulse operation could appear to be subcritical due to the
decay of some of the shorter lived y precursors (minute to hour half-lives) and would
call for positive corrections. The magnitude of this source effect, of course, depends on
the magnitude of the source strength relative to the sum of the prompt and delayed
neutron production at the time.

Experience has shown that to minimize the source effect on delayed critical
determinations, delayed critical must be established with reactor power in the kW range.
Unfortunately, fuel heating occurs at this power, and to maintain a constant power level,
reactivity must be added to compensate. If a subcritical wait period (15-20 rain.) is
employed prior to a given operation, the system will thermally relic. When the control
elements are returned to positions for which the delayed critical configuration was
established, the system will be super-critical.

These uncertainties prompt a third method for estimating system reactivity, (CR*).
It is assumed that the overall physical characteristics of the reactor system at the •

"Coats, R. L., "ACRR Reactivity Feedback Considerations," SAND90-2141, to be published.
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beginning of each operation are invariant and all delayed critical information is ignored.
Thus, the estimate of the change in system worth from one operation to another is
determined solely by the relative location of the control and transient rod banks, with
at most a correction for apparent temperature change. The assumption would appear
justified since the only observed variable in the operations used for the fit was the bulk
coolant temperature. The bulk temperature ranged from 18°C to 22°C, and if it were

• indicative of the active core region temperature, would represent a reactivity range of
--8¢. However, attempts to correct the CR* data for temperature led to unrealistic scatter
in the data, implying that a good correlation between bulk coolant and core temperature
did not exist. The relationship between reciprocal period and system reactivity as
estimated by the CR* method without temperature correction is shown in Figure 4.1.

The "static" method of system reactivity estimation depends on the difference in
two delayed critical determinations. Due to inherent physical difficulty in establishing
a precise delayed critical configuration in the presence of a large photoneutron
background, and the likelihood of heating during the determination, the "static"
technique is considered to be not sufficiently reliable for this study.

5.2 Rod Worth Considerations

In principle, the relation between reciprocal period and system reactivity so
constructed should be linear and the line so formed should intercept the reactivity axis
at prompt critical. It is evident from Figures 4.1 and 5.2 that the intercept is not
consistent with the prompt critical point as predicted by the reactivity estimates given
here. Some of this inconsistency is attributed to lack of precise knowledge as to relative
worths of the control rods and transient rods at these locations to their respective fully
withdrawn or reference positions. Clearly, rod shadow or other flux Perturbation effects
preclude complete decoupling of ,the control rod and transient rod and thus the
calibration of one rod bank is somewhat affected by the location of the other bank. To
date this coupling has not been quantified.

Figure 5.2 would imply that true system reactivity is approximately 10.0¢ greater
than that corresponding to the range of setup reactivities of Table 4.2 and Figures 4.1
and 5.2. If it is assumed that this displacement is invariant over the whole range from
full out to full in (pedestal location), the transient rod worth over this range would be
10.0¢ more than the $2.965 transient rod calibration data used would imply. Thus, one
would expect the transient rod worth (pedestal position to full out) to be $3.07. The
average worth of the transient rod based on the first 3 operations and the control rod
calibrations was $3.04. The value of $3.04 may be simply fortuitous in light of the
following discussion.

The positive displacement of apparent prompt critical as indicated by "static" or
CR* would suggest an anomaly in the control rod worth data. As shown in the

• appendix, the control rod integral worth over the range of interest (1900 units to 2300
units) was verified to within a fraction of a cent. However, the range from the "transient
rods" out position -1500 to 1900 units was not examined.
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Inany eventand intheabsenceofotherexplanationsFigure5.2would suggest
thatthecontrolrod worthsassociatedwith therangeof interestin thisstudyare
approximately4.5¢toohighwithrespecttothereference"transientrod out"position.
If,however,a slopecorrespondingtoapromptneutrongenerationtimeof25.5tlswere
used witha fittothe"static"data,theinterceptof thereactivityordinatewould be
approximately$1.0.
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6.0 SUMMARY AND CONCLUSIONS

An attempt was made to measure the prompt neutron generation time of the
ACRR, using the prompt period technique. The values obtained depended on the
method usedtoestimatesystemreactivity.

. The value obtained using transient rod calibration data (the "set-up" method) was
25.47 laS. The value obtained using control rod data (the "CR*"method) but dismissing
delayed critical information was 25.48 ps. No direct measurements of the active core
temperature were available, and hence no correction for temperature was made. The
"static" method of estimating system reactivity gave a value of 24.3 tin. This technique
depended on differences in delayed critical determinations which due to the ACRR
characteristics are of questionable precision for a study of this type. Hence, the least
confidence is in this determination.

Due to its strong dependence on delayed critical determination, the 24.3 ps result
is ignored. A value of 25.5 tls is thus recommended. This value is believed to be good
to within +1 tin. It is noted that the agreement with the previously used calculated value
of 24 ps is reasonably good.

Suggestions have been made as to the discrepancy between prompt critical
positions based on calibrations and that predicted by the a curve intercept. A complete

I and satisfactory explanation has yet to be given. The anomaly must be resolved beforedefinitive evaluations can be made as to the total or extrapolated worths of the transient
rods.
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APPENDIX

VERIFICATION OF CONTROL ELEMENT CALIBRATION

A.I System Reactivity

The techniques commonly used to determine the reactivity state of the ACRR
yield different values for a given physical state of the system. An estimate based on the
transient rods calibration is referred to as the "set-up" rea_dvity, whereas an estimate
based on the control rod calibration is referred to as the "static" reactivity. A third
technique involves estimating the system reactivity by comparing the system
performance with previous performance-as-a-function-of-system-reactivity data. An
estimate made in this manner is referred to as the "dynamic reactivity."

A.1.1 "Set-up" and "Static" Reactivities - Control Element Calibration.

The transient rod and the control rod bank worths as a function of bank position
were obtained in the following manner:

1. Core fuel elements were unloaded such that the system was slightly subcritical
with the control rod bank of interest in its fully withdrawn condition. The other
control element bank was also fully withdrawn.

2. One or more fuel elements were then added. The resulting positive period was
measured and the system reactivity was inferred from the "in-hour" equation.

3. The control element bank of interest was then moved to establish a delayed
critical configuration, and thus compensate for the reactivity increase due to fuel
element addition.

4. The process in item 3 was repeated until the control element bank being
calibrated reached fully inserted position.

Each step resulted in a reactivity worth of the control bank for the distance moved.
Integrating the results led to the rod calibration curves currently in use at the ACRR.

In actual operation just prior to a pulse neither the control rods or the transient
rods are in their fufly withdrawn positions. The influence of one control element bank
position on the calibration of the other bank is expected to exist but has not been
quantified. This "rod-shadowing" effect has been postulated to account for some if not
all of the difference in "set-up," "static," and "dynamic" reactivities obtained by different
techniques.
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A.1.2 "Dynamic" Reactivity

Performance data such a fission yield, peak power, and pulse width obtained in
the early operation of the ACRR has been used to construct a set of tables and curves
which relate the measured parameters to the reactivit7 state required to yield that "
performance. The original experiments involved measuring the stable period reached
prior to reactivity feedback as well as the other pulse characteristics. The in-hour
equation was then used to infer system reactivity for assumed values of prompt neutron
generation time and delayed neutron group characteristics.

Unfortunately, the transient rod withdrawal rates are sufficiently low as to
preclude the attainment of a stable period prior to significant reactivity feedback for
reactivity additions in excess of--$2.50. Hence, one would expect differences in the
functional relationship between "dynamic" reactivity and other reactivity estimates for
reactivity additions greater than --$2.50. This subject is covered in more detail in Ref.
8.
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A.2 CONTROL ELEMENT CALIBRATION VERIFICATION

A.2.1 Method

" The control rod and transient rod banks were calibrated over the range of interest
in the prompt generation time investigation to determine if differences in the "set-up"
and "static" reactivities were attributable to rod-shadow effects. The method of positive
periods was used as follows for the transient rod calibration:

A. The transient rod bank was placed in the desired position and a delayed critical
configuration was established at 1 kW with th_ control, rod bank.

B. The transient rods were moved a distance estimated to result in an addition of
I0¢ in reactivity.

C. The safety rods were inserted and the reactor power was allowed to decay for 20
minutes to approximately 0.2 W.

D. The safety rods were then withdrawn and the ensuing power history as a
function of time was recorded. Th_ excursion was terminated at approximately
1 kW to preclude core heating.

E. Steps b through d were repeated until an estimated cumulative addition of 60¢
had been made.

F. A delayed critical configuration was re-established with the transient rods in their
original positions to detect changes in system reactivity due to temperature
changes, etc.

G. Steps a through f were repeated until the desired range of calibration had been
covered.

The control rods were calibrated in the same manner with the roles of control rods and
transient rods reversed.

A.2.2 Instrumentation

See Section 3.2.

A.2.3 Data Reduction

See Section 3.3.
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A.2.4 Data

The measureddataobtainedinthecalibrationendeavoraregiveninTablesA.I
andA.2forthetransientrodand controlrodsrespectively.Thereactivitycorresponding
toameasuredstableperiodwas determinedusingthe"in-hour"equationand assuming
a promptneutrongenerationtimeof24itsand aneffectivedelayedneutronfractionof
0.0073.The individualdelayedneutrongroupcharacteristicsused aregiveninRef8.
Sinceinallcasesthereactivitychangeswere lessthan70¢,therelationbetweenperiod
and reactivityisindependentofthepromptneutrongenerationtime.

A.2.S Analysis and Results

Several different means of fitting the data to form one coherent curve were
attempted. The first period measurement following the delayed critical led invariably
to a higher incremental worth than subsequent approximately equal rod movements.
This implies that the system was actuaBy slightly super-critical at the presumed delayed
critical position. The phenomenon appears to be systematic. The apparent degree of
uncertainty in the delayed critical determinations was such as to warrant their exclusion
in formulating the integral curves of Figures A.I and A.2. Figures A.I and A.2 show
respectively the comparison of these transient rod and control rod calibrations with what
is currently used for the ACRR. The data are normalized to give exact agreement at
4378 units and 1813 units for the transient rods and control rods respectively. The
tabulated values are given in Table A.3. It is noted that the agreement is good, and that
any difference is within the limits of experimental error. A slight difference (< 2%) is
seen over a small range for the transient rods, but is too small to be confidently
characterized as real. Ignoring the correction for apparent temperature changes resulted
in less than I% difference.
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Table A.1 Transient Rod Calibration Data
I Ilil illlili II_ I ii I I

Operation Transient Control Measured implied Corrected
Rod Rod Stable Reactivity Reactivity

Position Position Period (¢) by
• (units) (units) (ms) (In-hour) DC Change

(1%) (¢)
4695-0 4378 2343 0 O'

• -I 4458 2_43 83 11.0 10.74
3

-2 4538 2343 32 20.9 20.39
-3 4616 2343 17 30.9 30.13
-4 4693 2343 9.3 40.6 39.57
-5 4770 2343 5.25 50-55 49.26

4696-1 4847 2343 3.05 60.8 59.26
4378 2338 0 0

4697-0 4693 2225 0 0
-1 4770 2225 103.5 9.4 '9.56
-2 4847 2225 40.0 18.6 "_8.91
-3 4925 2225 20.0 27.9 28.37
-4 ,5003 2225 11.2 37.2 37.83
-5 ,5083 2225 6.45 47.0 47.79
-6 5164 2225 3.78 ,56.8 57.74

4693 2828 0 0
4700 ,5003 2120 0 0

-1 ,5083 2120 87.5 10.75 10.95
-2 5164 2120 36.4 19.7 20.1
-3 5248 2120 18.25 29.3 29.9
-4 5336 2120 10.2 38.8 39.6
-5 5427 2120 5.9 48.6 49.6
-6 5523 2120 3.41 58.6 59.85

,5003 2124 0 0
4700 5336 2016 0 0

-1 5427 2016 78-54 11.64 11.34
-2 5523 2016 30.0 22.2 21.6
-3 5626 2016 14.09 33.4 32.5
-4 5728 2016 7.72 43.8 42.6
-5 ,5834 2016 4.38 54.1 52.6
-6 5946 2016 2.43 64.7 62.9

5336 2010 0 0
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Table A.2. Control Rod Calibration Data
I I I IIIIIIIIII II I

Operation Con_'ol Transient Measured Rea_vity Corrected Bulk Pool"
Rod Rod Stable (¢) Reactivity Temp.

Position Position Period (¢) (oC)
(units) (units) (ms)

4701-0 1813 ....... 6000 0 0 .......163
1 1843 6000 83.1 11.09 1133 16.4
2 1873 6000 33.8 20.65 21.14 16.7 '
3 1903 6000 16.6 30.8 3133 16.8
4 1932 6000 93 40.05 41.02 16.9
5 1962 6000 53 49.90 51.11 17.1
6 1990 6000 3.29 59.30 60.76 17.4

1818 6000 0 17.5
1950 5547 0 17.5

7 1979 5547 78.9 11.61 11.73 17.9
8 2008 5547 33.05 20.78 21.07 18.2

9 2037 5547 16.95 30.45 30.88 183 i
10 2066 5547 9.25 4033 41.10 183
11 2094 5547 53 50.13 50.84 18.6
12 2123 5547 3.11 6033 61.19 18.7

1953 5547 0 -
4702-0 1954 5547 0 -

0 2100 5101 0 20
1 2128 5101 81.87 11.22 11.32 20.
2 2157 5101 31.04 21.70 21.90 20.2
3 2185 5101 15.91 3139 31.69 203
4 2214 5101 8.60 41.80 42.20 20.4
5 2242 5101 5.18 50.95 51.45 20.6
6 2270 5101 3.0 61.0 61.60 20.7

2102 5101 0 0 -
4703-0 2250 4655 0 -

1 2278 4655 69.9 12.63 12.22 21.2
2 2307 4655 27.1 2337 22.74 193
3 2335 4655 14.0 33.50 32.26 18.6
4 2363 4655 7.88 43.40 41.74 183
5 2391 4655 4.62 53.18 51.11 183
6 2419 4655 2.71 62.78 60.29 183

2242 4655 0 0 -
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Table A.3. Resulting Relative integral Worth as a Function
of Rod Position.

__ II __ IIII I I

Transient Relative

Rod Reactivity
" Position Worth

(units) (¢)
. 4378 0

4458 10.74
4538 20.39
4616 30.13
4693 39.57
4770 49.26
4897 59.26
4925 68.72
5003 78.18
5083 88.14
5164 98.09
5248 107.89
5336 117.59
5427 127.59
5523 137.84
5626 148.74
5728 158.84
5834 168.84
5946 179.14

IIIIIII I
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Table A.3. Resulting Relative Integral Worth
as a Function of Rod Position
(continued).
liJ ill li IIlilll II I ill I I

Control Relative

Rod Reactivity
Position Worth
(units) (¢)
1813 ...... 0
1843 11.33
1873 21.14
1903 31.53
1932 41.02
1962 251.11
1979 56.82
1990 6O.76
2_ 66.16
2037 75.95
2066 86.17
2094 95.91
2123 106.26
2128 108.04
2157 118.62
2185 128.41
2214 138.92
29.42 148.17
2270 158.3
2278 161.22
2307 171.74
2335 181.26
2362 190.74
2391 200.11
2419 209.29
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A.3 CONCLUSIONS

These calibration verification measurements indicated, at least for the range
investigated, no significant rod-shadow effects. Therefore, for the range investigated,

" rod-shadow effects are not likely to be responsible for the differences in "static" and
"set-up" reactivity estimates.
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