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EXECUTIVE SUMMARY

A recent concern arose over the treatment of uncentainty associated with the K-
Reactor axial power monitors (APMs). There are nine axial power monitor rods
located at various positions in the K-Reactor core. By comparing the output of
one sensur near the top of the rod to the output of another sensor near the
bottom of the rod, the relative ratio of the neutron flux from the top to the bottom
ot the core can be determined. This ratio is called the roof-top-ratioc 'RTR) and is
the output of a top sensor (Sensor 2) divided by the output of a bottom sensor
(Sensor /).

The RTR is important to the safety analyses because when the RTR is
maintained within centain ranges, the severity of reactivity transients is limited.
At low powaers the Technical Specifications do not require any limits to be
placed on the RTR. At a specified intermediate power level the range is set as
an RTR reading between 0.80 and 1.2. As power is increased to a higher level
the RTR range is tightened to 0.90 and 1.1.

There are uncertainties associated with the equipment's ability to measure the
true roof top ratio. It was determined recently that sufficient uncertainty was not
accounted for either in reactor operation or in the safety arnalyses. The concern
about uncertainty was addressed for three separate issues. Qne issue dealt
with the linear response of the sensors for power ranges planned for K-Reactor
operation. The second issue dealt with overall uncertainty in the RTR channel.
The third issue dealt with apparent large ranges in confidence bands for the
RTR at low reactor powers as represented by original vendor data. Plots of
sparse vendor data indicated unacceptably large uncertainties in RTR would
have to be accounted for at the power ranges planned for K-Reactor operation.
These concerns were brought to management's attention through the existing

procedures (. r notification, irrespective of their potential impact on the restart
schedule.

Analyses have been completed to resolve the APM issues described above, and

work is progressing to take the needed steps to change operational procedures,

Control Computer software, and the startup test program to assure the RTR

uncertainties used in the safety analyses remain valid. The uncertainty in RTR,

which is different for each APM rod, was accounted for by repeating the safety o
analyses at 30% of historical power (720 MW, limiting case) for the affected '
reactivity transients using RTR ranges consistent with the current Technical
Specification limits and calculational uncertainties. A range of 0.66 to 1.46 s
now allowed for in the safety analyses, while the Technical Spetifice... 1s have
been left unchanged. An uncertainty band of +<10% has been determined by
testing recently performed by the vendor on a rod of K-Reactor design and by
tests conducted on the actual rods in the K-Reactor tank. The data that has been
obtained indicates very little non-linearity exists in the power range of interest for
K-Reactor operation. The small non-linear effects that do exist are now
accounted for in the overall channel uncertainty values determined from the tests
performed by both the vendor and at K-Reactor and studies on the rest of the
channel. These tests have eliminated the unacceptably large uncentainty in RTR

-
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from the original vendor data at low powers. The unacceptably large uncertainty
was assessed to be an artifact of: 1) only three data points being fit in the
unacceptably large uncertainty range from the original vendor data, 2) the
method of fitting the data, and 3) an error in the recording of the zero-power
sensor readings on the test rig.

The path forward is to incorporate the appropriate bias factors in the Control
Computer. Work will proceed to modify the Power Ascension Program in order
to assess the validity of the biases. This will require calibrating the APMs with
. , the Traveling Wire Flux Monitor (TWFM) data and modifying the Control
‘ Computer software to accept the biases that are determined. In addition, the
analog to digital converter (ADC) will be rescaled to decrease the uncentainty in
the channel that determines the RTR. This work is being incorporated into the
powar ascension testing already planned.

T Mg s

In conclusion, the appropriate RTR measurement uncertainty has been included
. in the safety analyses, and power ascension can proceed with confidence that
the axial power profile can be maintained within acceptable ranges.
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19 INTRODUCTION

This report describes resolution of concerns over the axial power monitors
(APMs) as they are used to measure the roof-top-ratio (RTR) which is a measure
of relative power between the top and the bottom of the core. The APMs are
shown in Figures 1-1 through Figure 1-5. Figure 1-1 shows the location of the
rods as they appear in the K-Reactor tank. Figure 1-2 shows the individual
sensors along the axial length of the rods. A detailed description of an APM rod
is shown in Figures 1-3 through 1-5. -

The power density throughout the K-Reactor core is not homogeneous but
varies from regions of relatively high to relatively low power. These different
power density regions exist due to varying fuel densities, poison buildup,
neutron reflectors, and rod insertion configurations. The reactor's three
dimensional power distributions are represented with radial and axiai profiles.

Imbalances in power, either radially or axially, can have adverse effects on
safety margins.

In order to specify limits that preserve the safety envelope and to implement a
standard method of control, several ratios have been developed to characterize
the core's radial and axial power shapes within the Technical Specifications for
K-Reactor (Reference 1). One measure is the roo?top-ratio (RTR) which is used
to characterize single peaked flux shapes and is defined as the ratio of the
power density approximately 1/4 of the way from the top of the core (sensor 2) to
approximately 3/4 of the way from the top of the core (sensor 6). Depending on
the core's power shape the RTR will be greater than, less than, or equal to one.

The APMs are self calibrating gamma thermometers (SCGT) that were
manutactured by the Delta-M Corporation. They are used to measure the axial
power profile. There are nine APM rods in the reactor (three per gang) that are
inserted into one-inch positions. These rods contain seven sensors along their
axial length. Using the information from the APMs, reactor operators use partial
length rods to control the RTR within Technical Specification limits.

Technical Specification 3.2.2 sets two ranges for the RTRs depenc.ing on power
level. These ranges are 0.80 - 1.20 from the Instrument Shape Applicability
Limit (ISAL) to the Power Shape Applicability Limit (PSAL) and 0.90 - 1.10 from

b

PSAL to full power. ISAL is defined as a 7 °C AT (= 270 MW) and PSAL is ot

defined as a 13 °C AT (= 580 MW). The RTRs on the individual APMs must be
maintained within these bounds to preserve the safaty analyses.

Physics parameters used in the safety analyses are computed for certain

ranges of RTR values. The safety analyses that use these physics parameters
are valid only for those specific ranges of RTH values. Therefore, an increase or
decrease in the maximum and minimum RTR values defined in the Technical
Specifications could cause physics parameters used in the safety analyses,
such as reactivity addition values, to increase. An increase in the reactivity
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addition values used in the safety analyses could be severe enough to violate
the current safety analyses.

The APM rods were initially designed and procured when operating levels for
the SRS reactors were around 2400 MW. Since that time, the planned reactor
operating power has been reduced to 720 MW. The Savannah River
Technology Center (SRTC) performed testing to determine if the rods
responded linearly at the low power ranges expected during reactor operation.
During the test program in March, it became apparent that the unceriainty in
measuring the RTR may be Iargar than that assumed in the physics analysis.
Subsequent review of the physics data showed that a 2.2% uncertainty in the
Control-Computer reading for RTR was accommodated.

All of the original vendor data was analyzed for the RTR measurement. The
data showed good measurement accuracy at high power levels in the APM rods
(high millivolt [mV]), but as the power in the rods decreased, the measurement
accuracy decreased. This was a cause of concern because it appeared to
result in an unacceptably large RTR uncertainty.

Action was taken to determine the total channel uncenrtainty in the Control
Computer channel. This channel uncertainty includes the sensor and all
associated component uncertainties and needs to be accounted for in
comparing measured RTR values to the Technical Specification limits.

The path forward was to determine what corrective actions neaded to be taken
to assure that the safety envelope is always maintained. This was done through
testing, data gathering, statistical analysis of the data, statistical uncertainty
analysis of the processing channels, and changes to procedures and Lontrol
Computer software.
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Figure 1-1
Reactor APM locations
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Figure 1.2
Sensor Locaticns
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Figure 1-3
APM Rod Axial Cross Section
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Figure 1-5
Thimble Orientation
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2.0 TEST DATA
SRS Data

Two current K-Reactor type SCGT APM rods were evaluated via in-core testing
in 1984. One was evaluated in K-Reactor and one was evaluated in C-Reactor.
Most of the data acquisition for these rods was at 100% reactor power (2400
MW). However, during the first startup after the current K-Reactor type APM rod
was installed in C-Reactor, data was recorded at and below 75 MW. This data
shows that the SCGT APM rod can monitor the reactor axial power shape from

below 75 MW to 2400 MW. No TWFM data was taken below 60% power for

1 % comparisen or to determine uncertaintiss.

i - The 1984 data demonstrated that the current K-Reactor type APM rod had

! adequate sensitivity to monitor the reactor at 300 MW. The next concern was
linearity of the APM response. The vendor supplied test data showed linear

: APM response at power densities from 0.5 to 6 watts/gram from simulated

, gamma heating. However, startup tests planned for K-Reactor required the
APM rods to be operated as low as 0.05 watts per gram. To demonstrate
linearity in this region, tests were performed on the nine SCGT APM rods
installed in K-Reactor using the rod's internal heaters. The internal heaters

{ simulate reactor gamma heating. The power to this heater can be varied to
simulate gamma heating from 0 to 1.9 watts/gram. The data from these tests
were gathered by both the APM data acquisition system (DAS) and tl.e Control
Computer.

Results of the K-Reactor internal heater test showed linear operation of the
SCGT APM rods from 0.0 to 1.9 watts/gram. Aithough each sensor
demonstrated a linear response, the slopes were different for each sensor. This
difference is primarily due to deviations in the segmented internal heater output.
To prove this, it was decided to perform a Joule heating test on a spare SCGT
APM rod. Joule heating of the entire rod more accurately simulates the reactor
garnma heating but this test cannot be performed on the APMs installed in K-
Reactor. The SCGT APM must be removed from the one-inch reactor
instrument thimble position to perform this test.

4 - A test was performed on spare APM rod #003 using a configured test

apparatus. The one-inch reactor instrument thimble was cut away and the
TWFM guide tube removed to allow access to each end of the SCGT assembly
to connect the DC power supply. A section of the instrument thimble was used
as the water jacket to simulate reactor conditions.

Tom kit it

e FIOBMIS.Of these tests again showed linear response of each sensor. They also
 showed significantly less difference in the slope of each detector. This proved
that the internal heater was a major contributor to differences in the slopes of

the SCGT APM sensor responses in K-Reactor. Internal heater tests were
repeatad on the APM rods in K-Reactor and the Joule heating test apparatus to
obtain statistical information.

10
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Delta-M Data

Tests were conducted on an APM rod (#39) at the vendor's facility in Oak Ridge,

Tennessee. In these tests, several parameters were varied to determine the
response of the rods at the powers anticipated during reactor operations.
The parameters included:

1. type of heating - Joule or internal cable
2. surrounding conditions - flow speed and direction
3. spacer heating effects - . ‘

The goal of these tests was to determine the uncentainty és's‘ioc.:‘iéftéa*wnh-»signals
from the rods and the uncertainty associated with the roof-top-ratio (RTR).

The test rod was placed in a jacket (nominal 1-inch ID) through which water
flowed. The water through the jacket was meterad and the direction of flow
could be changed. Electrical connections were made to facilitate Joule heating
and internal cable heating of the rod. The signal (in mV) from each of the
differential thermocouples was measured and the power input to each sensor
was determined from the current input and the resistance of the sensor heater.
In general, a set of data was collected by incrementally varying the rod power
from low power, to high power, then to low power again. At each step, five data
points were collected. In this fashion, measurement uncertainty and hysterisis
effects could be assessed.

. Delta-M Cable Heating Data

The current to the internal cable heater in the rod was varied to yield power
densities of 0.0 watts/gram to 2.6 watts/gram corresponding to sensor signals of
0.0 mV to about 4 mV respectively. The flow conditions for the test were 0.2 ft
per second (fps) flowing from sensor 7 to sensor 1. This is referred to as
torward flow and corresponds to flow from the bottom to the top of the reactor.

Data scatter for individual sensors was very small throughout the power range
studied as evidenced in Figure 2-7, which shows the data for Sensor 2 as well
as the least squares linear and quadratic curve fits drawn through the data.
Clearly, the response is very linear. Any effect of scatter is, of course, magnifiad
when calculating the RTR as the signal from Sensor 2 is divided by that of
Sensor 6. The RTR data is shown in Figure 2-8 as a function of the power
density. For the most part, the RTR Is less than unity, indicating that the signal
from Sensor 6 is greater than that of Sensor 2. Thus, a bias exists.

This bias can be corrected in the following fashion. For a group of data,
determine the average values of the Sensor 2 and Sensor 6 signals. With
these values, the difference between the averages is found and divided by the
value of Sensor 2 to obtain a relative error. This can then be applied to all
Sensor 6 values within the group to obtain modified Sensor 6 values. The RTR
based on the modified Sensor 6 value is also shown in Figure 2-8. Clearly, the

11
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corrected RTR value is very near unity, thereby confirming the ability of the
modification method to correct the signal bias.

The confidence intervals for the predicted (from the individual sensor
quadratics) uncorrected RTR values are displayed in Figure 2-9. These show
that the RTR confidence interval valua has a value for less than 5 percent for
sensor signals in excess of about 0.2 mV.

*  Delta-M Joule Heating

1 Tests similar to those described above were conducted using Joule heating

g

~ rather than.cable heating. The signals from Sensor 2 are shown in Figure 2-10
along with the best fit linear and quadratic curves through the data. Again the
data appears well behaved and nearly linear throughout the test range. The
RTR data generated from the data is displayed in Figure 2-11 for both the
uncorrected and corrected average RTR valugs. As before, the corrected
values of RTR are very near unity. The scatter in the uncorrected data is due to
hysterisis effects. Confidence intervals for the uncorrected, predicted RTR
values are shown in Figure 2-12 and remain below 10 percent for sensor signal
value in excess of about 0.25 mV.

. Deita-M Flow Direction and Spacer Influence

Scoping tests were conducted to assess the impact of an external heat
source/sink exterior to the rod in the neighborhood of the Sensor 6 cold
junction. Furthermore, the influence of the flow direction was also assessed. In
Figure 2-13, the effects of a spacer (with a spacer and without a spacer) and
flow direction (forward flow (FF), reverse flow (RF), and no flow (NF)) on RTR
values are shown. The total variation between all cases is about 13 percent
(RTR values from 0.91 to 1.03). The highest RTR values are found for the case
when there is no flow and no spacer (the cold junction of Sensor 6 is most
insulated). On the other hand, the minimum RTR values are found with forward
flow with a spacer (a heat sink is in the neighborhood of the cold junction).

. Deita-M Spacer Heating

In the reactor, the spacer will be heated by gamma radiation. To modei this, a
resistance temperature detector (RTD) was epoxied into a small-diameter
(about 0.085S inch) hole drilled into a prototypic spacer and located
approximately 1/16 inch from the rod surface. This RTD was heated by electric
current to provide, effectively, a point source of heat embedded within the
spacer. Thus, this test does not model the actual reactor situation in a
completely prototypic fashion as the spacer is not uniformly heated throughout
as it would be in the reactor.

RTR results are shown in Figure 2-14 for various rod power densities and
spacer (RTD) powers. When the spacer powar is high relative to the rod power
density, the impact on the uncorrected RTR (based on raw signals) can be
substantiai. With no spacer heat input, the RTR values are typically about 0.91
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in this case. However, with a RTD heat input of about 9 watts, the RTR values
become about 1.11. Thus, in this case, the RTR has been changed by a factor
of 22 percent. For cases within no flow and spacer heating, the RTR
consistently rises (by as much as about 30 percent for spacer powers between
0 and 9 W) with increased spacer power as shown in Figure 2-15.

The APM rods have been rigorously tested in the range of power expected for
K-Reactor operation. While the uncertainty in the sensor output for a given set
of exterior conditions is low, the flow direction and the presence of a heated
spacer near Sensor 6 does contribute to significant overall uncertainties
including bias in the APM measurament of the RTR. The uncertainty in RTR
exhibited by the Delta-M data and K-Reactor tests is similar. Signal
uncertainties at low rod powers reported previously by the vendor have been
greatly reduced by taking more data in the range of interest and by a more
careful test setup. In particular the very large uncertainties seen in the original
Delta-M data have been discredited. Other uncertainties in the RTR as
determined by the APM rods may be present in the reactor due to the Lnknown
degree of spcacer heating in the reactor.

13
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Figure 2-1

Joule Heating Test
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Figure 2-5

Data from K Area
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Figure 2.7 APM Rod 39 . Cable Data
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Fig. 2-9 RTR Confidence Interval
Rod 39, Cable Heating, Forward Flow, 0.2 fps

Figure 2-10 APM Rod 39 - Joule Data

Semsor 2
4
3.6 4+
3 4
Y ]
N
¢ o8 ' 18 ?
Power Denatyy (Wig)

A




W Wbl w

IR imymY;

WSRC-RP-92-594

(4}

1903

102

10

o0

a8

[ X 3}

008

e

v,

ey \wulwﬁm

Fig. 211 RTR (caw data)
Jouls Healing, Rod W

T
|
.
+ a6 O GRODC o B B 9 o] a © AR fonm
. ut!mmmmy
- . .
- L ]
.
-~ ¢ . ™
.. . .
i ¢ [} :: L » *
[ 0% ' e ] E %)
Poree Deneity (Wig)
e RTRAL &
100
s
i
-]
10
g o nas v i
0% 0 15 13 20 40

o

Fig. 2-12 RTR Confideace Intervel

Rod 39, Joule Heating, Forward Flow, 0.2 fps

19

an



Fig. 213 RTR (raw data, cable hoating u\d
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3.0 CHANNEL STATISTICAL ANALYSIS
Background

The channel statistical analysis (CSA) followed the methodology used in the
commercial nuclear industry to investigate the potential sources of channel
uncentainties. The CSA considered the path from the APM sensor output te the
Control Computer. The millivolt (mV) signals generated by the APM sensors
are applied to the Control Computer through the junction boxes, a crossbar
switch, a noise filter, and an analog to digital converter (ADC). The Controi
Computer uses this input in the software algorithms, to calculate the roof-top-
ratio (RTR), consisting of the Sensor 2 and Sensor 6 inputs. The RTR provides
information on the axial power profile within the reactor.

\
i

et

i Data taken from the K-Reactor APM rods and the methodology applied for

‘ statistical analysis were evaluated and considered to be an adequate
representation ot the sensor uncertainties. The channel signal path uncertainty
is composed of the uncertainty associated with the ADC. The junction boxes,
crossbar switches, and noise filter do not contribute any uncertainties to the
processed signal. Each time a sensor is read by the Control Computer, the
ADC channel uncertainty is applied to the sensor uncentainty to give the total
uncertainty of the sensor input as processed by the Control Computer. The
worst case contribution for the channel uncertainty of the ADC is 10 uV
deviation per vendor specifications, with a one-sided boundary on the error, for
the 10 mV scale. The full scale input range is + 10 mV. For example, a 4 mv
sensor response after the ADC could result in a reading of 4.01 mV or 3.99 mV.

, The sansor and channel uncertainties were accounted for within the same

) statistical mode! as described in the "Statistical Analysis” Section 4.0. The
following assumptions were made for the ADC uncertainties associated with
each sensor output for use in the statistical model: it is random error: errors
among sensors are independent because they are read at different times: the
expected error is zero when the ADC is properly calibrated; the error is normaily
distributed; and the error is additive to the sensor mV value. This result was
incorporated into the RTR statistical analysis described in Section 4.0.

4.0 STATISTICAL ANALYSIS
Backgroung

Th@yml of the Axial Power Monitor (APM) statistical analysis was to
demonstrite with'98% confidence that the extremes of the range of RTR
analysis ars sufficient whan uncertainties are considered tc ensure that

Technical Specification limits on RTR are adequate.

Data available for this statistical analysis has been described in Section 2, Test
Data. Specifically the Axial Power Monitor - Data Acquisition System (APM-
'DAS) data for the nine APM rods installed in K-Reactor were analyzed.
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Although a detailed analysis of the Delta-M data was not undertaken, a review
of their data indicated that they are consistent with the SRS observations.

An anomaly was identified in the data for APM rod #6 which will be addressed
in the discussion of results. To gain insight into this anomaly, the data taken
with the K-Reactor Control Computer were analyzed.

Statistical Method

A statistical methodology was developed which defined the .RTR as a function of
the watts per gram applied to one of the sensors (Sensor 6) used to calculate -~ .
RTR and the power ratio (Sensor 2 divided by Sensor 6). The statistical o
methodology was designed to account for the calibration data for the individual
sensors provided by Deita-M at the time of rod shipment, the uncertainty

(including bias) in the experimental data taken at SRS, and the channel

uncertainty analysis, which was discussed in Section 3 "Channel Statistical
Analysis.” From these data and the application of propagation of error

techniques to the RTR function, the predicted function value and its variance

can be computed. This statistical methodology was implemented by using the

SAS™ System Software developed by the SAS Institute inc.

A team, independent of the development and analysis team, reviewed the
statistical method to ensure its validity for this application. The review team
performed a line-by-line review of the SAS™ software code to ensure its correct
implementation. Ad hoc checks verified the results from the SAS™ system.

Analysis and Results

Section 5.0 "Safety Analysis” describes the importance of assuring that the RTR
is within spacific limits. Thus the key result of the statistical analysis is a
determination at a 95% confidence level of the extremes of the RTR range that
can result from reactor operation.

As described in Section 2.0 "Test Data” the experimental data base has recently
been considerably augmented. Reactor data was taken for rods #1 through #4
in the range of APM rod heating rates from 0.01 to 0.3 watts per gram which
corresponds approximately to the range 20 to 600 MW reactor power,
depending on rod location and the axial power shape. For rods #5 through #8
data was taken up to 2 watts per gram, which is the APM rod design range, with
emphasis on the region from 0.01 to 0.3 watts per gram. The expected detector
response for 270 MW is shown in Table 4-1.

i

The results of the analysis of calibration data, taken on the installed rods with 6
DC pump fiow, show that Sensor 2 and Sensor 6 have different sensitivities in
the installed configuration. This means that the ratio of Sensor 2 to Sensor 6 is
not unity for uniform internal heating input. Figure 4-1 shows the calibration
data for Sensors 2 and 8 for APM rod #3 and Figure 4-2 shows the calibration
data for APM rod #8. This bias is steady and repeatable over the range of data
taken in the reactor and is a ditferent value for each rod.
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The statistical analysis results are shown in Tables 4-2, 4-3, and 4-4 for heating

gram,

'!t is noted that rod #6 shows an anomalous uncertainty valus and bias when all

" the data up to 2 watts per gram are considered. The data for rod #6 are shown

in Figure 4-3. The resuits illustrated in Figure 4-3 for rod #6 have been
confirmed by an alternate method (Control Computer data logging) and have
been demonstrated to be repeatable. The data for all other rods in this group
follow the pattern of rod #8 (Figure 4-2) indicating that some sensors in rod #6

determining RTR. However, it is apparent that rod 6 must be considered
suspect. Seven out of the nine rods are required for reactor operation per
Technical Specifications, so if necessary rod six may be declared inoperable,
and reactor operation can continue within the analyzed safety basis.

The tables show the extremes of RTR that would result from reactor operation if
no correction is made for the bias and also if a separate bias is applied o the
RTR from each rod. These extremes are talculated at the 95% confidence level
and assume for the low valus that the observed RTR is 0.8 and for the high
value that the observed RTR is 1.2.
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Table 4-1

_ TYPICAL APM DETECTOR RESPONSE
Nominal Detector Response at 270 MW (ISAL) and RTR = 1.0

APM POSITION # APM SERIAL # WATTS/GRAM QUTPUT (mV)
6 21 0.16 0.43
9 30 0.25 0.67
5 19 0.25 0.67
7 ‘ 16 0.30 0.78
8 24 0.30 0.79
4 33 0.32 - 0.83
3 32 0.33 0.86
2 15 0.35 0.91
1 20 0.36 0.95

Table 4-2

SUMMARY OF APM ROD ROOF-TOP-RATIO UNCERTAINTIES
HEATING RATE = 0.15 watts/gram (= 0.4 mV)

) u,fﬁﬁ?‘?i
fii
4

Reactor RTR Uncenainties Blas Uncorrected RTR Biased RTR
Position at 1o about the (Note 2) (Min - Max) {Min - Max)
Calibration Mean 95% Confidence | 95% Confidence
(Note 1) : (Note 3) (Note 3)

Rod #1 2.67% 0.843 0.900 - 1.508 | 0.753 - 1.254
Rod #2 1.93% 0.962 0.808-1.290 | 0.770 - 1.240
Rod #3 2.82% 0.900 0.839 - 1.400 | 0.750 - 1.255
Rod #4 2.09% 0.850 0.894 - 1.471 | 0.764 - 1.247
Rod #6 (Note 4) 2.48% 1.002 0.754 - 1.260 | 0.754 - 1.258
Rod #5 3.11% 0.859 0.874-1.470 | 0.748 - 1.264
Rod #6 13.15% 1.044 0.563-1.373 | 0.577-1.433 |
Rod #7 3.28% 0.865 0.868 - 1.368 | 0.745-1.265 |
Rod #8 3.74% 0.815 0915-1.681" 0.737-1.274 |
Rod #9 3.64% 0.883 - | 0.872-1.440 | 0.739+~1.272 | ./ .-

Note 1. The first set of entries in this colur:1 are based on data from 0.01 to 0.4
watts/gram, the second is based on 0.01 to 1.9 watts/gram.
Note 2. In all cases this is the average bias from 0.1 to 0.3 watts/gram.
Note 3. For an observed operating band of 0.8 to 1.20.
Note 4. This entry for Rod #6 uses data only from the range 0.01 to 0.4 watts/gram.
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Table 4-3

SUMMARY OF APM ROD ROOF-TOP-RATIO UNCERTAINTIES
HEATING RATE = 0.20 watts/gram (= 0.53 mV)

Reactor RTR Uncertainties Bias Uncorrected RTR Biased RTR

Position at 1o about the (Note 2) (Min - Max) (Min - Max)
Calibration Mean 95% Confidence | 95% Confidence

(Note 1) (Note 3) (Note 3)

Rod #1 2.01% 0.843 0.912 - 1.495 0.764 - 1,241
Rod #2 1.46% 0.962 0.807 - 1.281 0.775 - 1.230
Rod #3 2.12% 0.900 0.844 - 1,376 0.762 - 1.241
Rod #4 1.58% 0.850 0.896 - 1.460 0.772 - 1.232
Rod #6 (Note 4) 1.86% 1.002 0.761 - 1,241 0.763 - 1.243
Rod #5 2.34% 0.859 0.890 - 1.454 0.760 - 1.249
Rod #6 9.90% 1.044 0.603 - 1.322 0.630 - 1.380
Rod #7 2.47% 0.865 0.880 - 1.352 0.758 - 1.250
Rod #8 2.82% 0.815 0.930 - 1.543 0.762 - 1.256
Rod #9 2.74% 0.883 0.857 - 1.447 0.753 - 1.256

Note 1. The first set of entries in this column are based on data from 0.01 tc 0.4
watts/gram, the second is based on 0.01 to 1.9 watts/gram.

Note 2. In all cases this is the average bias from 0.1 to 0.3 watts/gram.

Note 3. For an observad operating band of 0.8 to 1.20.
Note 4. This entry for Rod #6 uses data only from the range 0.01 to 0.4 watts/gram.
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Table 4-4

SUMMARY OF APM ROD ROOF-TOP-RATIO UNCERTAINTIE’S
HEATING RATE = 0.30 watts/gram (= 0.8 mV)

Reactor

RTR Uncertainties

Bias ™ Uncorrected RTR Biased RTR
Position at 1o about the (Note 2) (Min - Max) (Min - Max)
Calibration Mean 95% Contidence | 95% Confidence
(Note 1) (Note 3) {Note 3)
Rod #1 1.36% . 0.843 0.924 - 1.488 | 0.778+1.281 |-y
Rod #2 0.98% 0.962 | 0.807+1,273 | 0.783-1.222 “
Rod #3 1.42% 0.900 0.856 - 1.372"'| 0.775.- 1.232
Rod #4 1.06% 0.850 0.920 - 1.465 | 0.781-1.224 .
Rod #6 (Note 4) 1.25% 1.002 0.775- 1.227 | 0.777 - 1.229
Rod #5 1.57% 0.859 0.903 - 1.437 | 0.773-1.234
Rod #6 6.66% 1.044 0.653- 1.270 | 0.682-1.326
Rod #7 1.65% 0.865 0.894 - 1.437 | 0.771-1.234
Rod #8 1.89% 0.815 0.944 - 1.525 | 0.767 - 1.239
Rod #9 1.84% 0.883 0.871 - 1.407 | 0.768-1.239

Note 1. The first set of entries in this column are based on data from 0.01t0 0.4
watts/gram, the second is based on 0.01 to 1.9 watts/gram.

Note 2. In all cases this Is the average bias from 0.1 to 0.3 watts/gram.

Note 3. For an observed operating band of 0.8 to 1.20.
Note 4. This entry for Rod #6 uses data only from the range 0.01 to 0.4 watts/gram.
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FIGURE 4-3
CALIBRATION DATA FROM APM ROD 6
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5.0 SAFETY ANALYSIS

Safety analyses have been performed to confirm that the conclusions of the
Safety Analysis Report (SAR) are not affected by the APM rod uncertainty
allowances described previously in Section 4.0. Therefore, the APMs are
adequate to support safe operation of K-Reactor up to 720 MW (30% of
historical power).

The safety analyses employ coupled neutronic and thermal-hydraulic computer
| simulations of the various design basis events (DBEs) described in the SAR.
Voo These simulations provide bounding estimates or predictions of the maximum
i fuel assembly effluent temperature during each transient The predicted
; temperatures are then compared to acceptance criteria, which are based on the
Flow Instability (F1) limit.

Several types of reactor physics parameters (such as power distribution
peaking factors, reactivity addition rates, temperature coefficients of reactivity,
and safety rod reactivity worths) are key inputs to the safety analysis
calculations. Physics parameters used in the simulation of each DBE are
generated for a range of different initial (pre-accident) control rod
configurations, as-built core compositions (including variations in moderator
D20 content), cycle exposures (i.e., time in the cycie), xenon-135
concentrations, and three-dimensional power distributions. The power
distributions are characterized by several descriptive parameters, such as roof-
top-ratio (RTR) and radial shape factor (RSF). Bounding sets of physics
parameters were used in the safety analysis calculations for each DBE.

Physics parameters were generated for an increased range of RTR values
extending from 0.66 to 1.46. Sensitivity analyses were performed to evaluate
the impact of the more severe physics data on the safety analysis calculations
as a resulit of extending the RTR range. These sensitivity analyses, which were
performed in parallel with the physics analyses, were performed for operation at
30% of historical power -- the maximum power level currently allowed based on
the Gamma Heating phase of the Loss of Cooiant Accident (LOCA-GH).

These sensitivity analyses were limited to the types of transients that are
potentially affected by changes in axial power distributions: Control Rod
Withdrawal Accidents (Single and Gang, including Seismic) and Single (Part-
length) Control Rod Insertion Accident. The sensitivity analyses focused on the
- _Anticipated Transient Without Scram (ATWS) analyses of these events which
aré'the_most limiting because of the slower response of the mitigation system.
K-React6¥ ATWS eyents are mitigated by the Supplementary Safety System

»wwrm@ﬁfh’ A e
5 i e I L g Ry e

The safety analysis sensitivity calculations demonstrated that the safety analysis
acceptance critaria ara met even with the mors severe physics parameters
based on the 0.66-to-1.48 range in RTR values. Thus, these analyses
confirmed that the conclusions of the SAR are not aftected by the larger APM
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rod uncertainty allowances provided the observed RTR values remain within the
Technical Specification limits. | |

6.0 OPERATIONAL CONSIDERATIONS

The Control Computers scan APM sensor data and display the RTR for the

operator at the nuclear console. Included in the Control Computer

programming is an APM operability check to verify the sensors are responding

and the RTR is within a range of 0.5 to 3.0. Changes to this programming will

be made to accommodate lower power operation and new APM test data. The '?
first modification will be to set ithe minimum allowable sensov.signal to 0.31 mV
and begin automatically checking this value when reactor power is 250 MW or i
greater. Because ISAL is 270 MW, this reasonableness check will detect a bad ,'
sensor (thus an inoperable APM rod) prior to reactor power being raised v
beyond ISAL and into a power range within which APM operability is required

by Technical Specification 3.2.2. Recent test data as discussed in Section 4.0

provides evidence that sensor readings above 0.31 mV have uncertainties

which are bounded by the safety analysis. The analog to digital converter scale

~ is also being changed to the 10 mV scala from the 20 mV to be consistent with

the expected range of power operation.

In addition, the recent data also indicate a significant bias may exist in the
measured RTR for the APM rods in the reactor. A Control Computer program
change will be made to allow one bias factor per rod to be entered. input of the
bias factors will be changed through the formal Control Computer change
process. Inthis way the RTR as observed by the cperator will be the corrected
value. The bias is expected to be flow and power dependsnt so the factors may
have to be changed during the Power Ascension Program.

Historically, the Travelling Wire Flux Monitor (TWFM) was used to calibrate the
APMs. A referenced steel wire was remotsly inserted into an APM thimble,
irradiated for a defined period of time, and then withdrawn past a scintillation
detector. This detector measures the induced activity in the wire. The
magnitude of the activity was indicative of the neutron flux that was seen by the
wire. Thus the axial profile of the neutron flux can be determined and compared
with the APM. With the old APMs, a set of resistors associated with each sensor
would be adjustad such that the sensor output would match the reading of the
TWFM.

The new APMs do not have the capability to have individual sensor outputs o
adjusted. Prototypea of the new rods tasted in C-Reactor showed excellent S
agreement with the TWFM’s at the power levels of intergst at that time. There is
limited in-reactor experienca with the TWFM's and new APMs at low reactor
powers and therefore comparison runs had already been scheduled as part of
tha Power Ascansion Test Program. Due to the recent experimentally
determined bias in the RTRs basad on cable heating test in K-Reactor, the data
obtained from the TWFM's will be used in conjunction with at-power cable
heatirig tests to determina the appropriate bias factor.
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RTR recorders on the graphic panel receive input directly from the APM sensors
(i.e. independent of the Control Computers). Therefore, the RTRs that are
displayed on the recorder chart will not be corrected by the bias factor in the
Control Computer. The primary purpose of this recorder is to ganerate an alarm
it the RTR drifts outside its required range. In addition, the recorder is observed
by the operators during level operation and rod repositioning as a means of
confirming the axial power shape is not approaching its limits. The operator aiso
has a Control Computer terminal at the nuclear console which displays the
gang average RTRs at all times. Also, a Control Computer program can be

... Anitiated at any time which prints out RTRs for all APM rods.

_-changaes‘but will not be relied upon for absolute values. The Control Computer

racorder will cohtinue to be used by the operator to watch for RTR

;

will be used to obtain the actual RTRs. In addition, modifications to the alarm
actuation circuit will be made so that the uperator is warned when the RTR is

outside of its specified range.

7.0 PROCEDURE CHANGES

Technical Specification 3.2.2 Limiting Condition for Operation (LCO) F requires
7 ot 9 APMs to be operable including APM #1 or #2, when power is greater than
or equal to the instrument Shape Applicability Limit (ISAL). Surveillance
Requirement (SR) 3.2.2.9 requires that testing be performed to demonstrate
operability of the APMs prior to entry into reactor Operation. Performance of
testing in accordance with this SR demonrstrates that the APMs are responding
to simulated signals. This testing is required to be performed prior to entry into
reactor operation and monthly during reactor operation. This is currently
accomplished through completion of DPSOL-1137A. No modification to
DPSOL-1137A is required.

Once the ISAL power ievel is reached, Technical Specification 3.2.2 LCO G
becomes applicable. L.CO G raquires all operable APMs to have axial power
ratios (RTRs) within the limits defined in Table 3.2.2-3. Performancs of testing
per SR 3.2.2.3 ensures that the conditions of LCO G are met. Because of the
uncertainties associated with the APMs, their output must be at a specifiod
minimum voltage (ensuring instrument accuracy) prior to determining the valuss
required for LCO G. To address this issue, the procedurs which implements SR
3.2.2.9, DPSOL-1158, will be modified to check the output voltages of the APMs
prior to obtaining the valuss which determine compliance with Table 3.2.2-3.
This check will prevent the use of inaccurate monitors. If the APMs are not
respunding at their minimum voltages at ISAL, they must be daclared
inoperable and the actions required by LCO conditions F and G taken.

During subsequant APM testing per DPSQL-1158 (which is required per SR
3.2.2.3 at a 12 hour frequency), those APMs which had praviously been
declared inoperabie should have their minimum voltages rechecked. This
recheck is necessary becausa an increase in reactor power should increase the
APM output voltage, with the result being APMs which had previously had
voltages below the minimum required values now having acceptable voltags
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réadings. It this occurs, the formarly inoperable APMs now meet their
acceptance critaria and they should be declared operable.

The Technical Spacification as written will adequately ensure APM operability
during reactor operation. DPSOL-1158, which ensures the requirements of SR
3.2.2.3 are met, will be modified to take into account APM uncertainties at low
power and will provide an additional operability check at ISAL and above.

8.0 STARTUP TEST CHANGES
Existing

The following activities related to APM performance were scheduled as part ot «ff
the Startup/Power Ascension Testing program (Reactor Special Procedure
(RSP) 90-007) prior to this program assessing APM uncertainty.

. Comparisons of observed/calculated axial power shapes

These comparisons will be made at procadurally-specified power levels. For
the startup/power ascension testing, RSP 90-007 directs that no power shaping
be done until ISAL is reached to allow comparisons of observed power shapes
with predictions. The RSP requires no power shaping below ISAL to allow
predictions for differential rod worths.

. Recerding of the axial/radial power shepos

As above, the axial power shapes are provided by the Control Computer from
monitoring of signals from the APM rods. Control rod configuration changes
would occur as a result of: 1) power level changes, 2) rod adjustments to
change power shape, 3) rod adjustmants to respond to fission product buils-
in/decay/burnup, and 4) control rod adjustments associated with the at-power
testing of partial rod worths (RSP 80-007-11 and RSP 90-007-12). The power
shape data are intended for post-test analysis aimed towards improving
capabilities to predict power shapes for specified control rod configurations.

. Comparison of APM data with TWFM dsta

RSP 90-007 requires & comparison of APM data with TWFM data for each

APM rod at 60% powse. The implementing procedure is RSP 90-007-14, which

requires that twa consistant TWFM traces be provided for each APM rod. APM

sansor dat® reas from the control computer are comparad to digitized date e
derived from the second of the two TWFM traces. A formula weighting each . -« o
APM sansor accoring (o its importance to the RTR determination isusedtty

combine and compare the sensor data for each rod to the corresponding TWFM

data. RSP 90-007-14 requires APM-TWFM agreement of 10% or batter. The

TWFM traces are citsined using DPSOLS historically used for TWFWM operation.
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. APM-DAS

As part of the data-gathering instrumentation for the shutdown tests (RSP g0-
007-15, -17, and -18), a data acquisition system (DAS) that monitors all sensor
signals on all APM rods, sampling each signal a minimum of 40 times per
second has been installed in K-Reactor. The APM-DAS continuously scans the
APM sensors and presents their voltage signal on the terminal screen. The
APM-DAS has capability to store about 20 minutes of continuous APM data,
being designed to only be used to monitor APM response during a SCRAM or a
SSS injection. The APM-DAS may be on-line at any time providing real-time
presentation of APM sensor signals, without storing the data. The APM-DAS is
situated next to the Power Ascension Data Acquisition System (PADAS) behind
the control rod trim panels in the CCR.

Euture

The following enhancements are being made (and will ba in place prior to
startup) to RSP 90-007 to expand the amount of APM data and provide options
to manipulate the data in real time to provide additional information to
operations and test personnel.

. APM-TWFM calibrations

RSP 90-007 is being revised tc require performance of RSP 90-007-14 at two
specified power leveis to provide verification ot APM operation prior to attaining
power levels at or above ISAL. No additional calibrations have been spacitied
in RSP 90-007-14, but extensive reviews of the APM and TWFM data by
technical personnel will be performed to assess the operational uncertainty of
the APM sensors. Assessment of expected TWFM rasponse to irradiation time
and reactor power is in progress. TWFM irradiation time has been increased to
maintain the total fluence seen by the TWFM wire similar to the flusnce at
previous operating power levels.

° APM-DAS

An expansian of the programming of the APM-DAS with the following options
has been initiated:

- Provide a corrected sensor reading for each APM sensor of the form
Vew Co + C1°Vr + C2°Vr2
where Vr is the uncormected sensor reading, Vc is the corrected sensor
_ reading, and Co, C1, and C2 are coefficients.

A!m:réﬁhy of the correction coefficients by the user for each sensor
and each rod. Coefficiants may be darived from APM-TWFM
comparisons.

- Provide presentation on termina! of the cormected and uncorrected
sanser readings for each sensor in each AFPM rod.
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”ﬁvide presentation on terminal of RTR for each APM rod and gang-
average RTR using corrected and uncorrected sensor readings.

9.0 CONCLUSION

Through the existing internal DOE-contractor processes of review and e
procedure compliance, a problem with the determination of roef-top-ratio was
identified. Analyses have been completed to resolve the APM issues described
above, and work is progressing to take the needed steps to change cperational
proceduresagontrol computer software, and the startup test program to assure |
the RTR urv@ertainties used in the safety analyses remain valid. The appropriate ]
RTR measudrement uncertainty has been included in the safety analyses, and

power ascension can procead with confidence that the axial power profile can

be maintained within acceptable ranges.
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