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ABSTRACT

A transportable Travelling Flux Detector (TFD)
system designed for the in-situ calibration of fixed
self-powered detectors has been developed and tested
at Chalk River. This paper describes the f£first
successful use of the computerized TFD system in an
operating CANDU power reactor and the results ob-
tained from the in-situ calibration of the 54 vana-
dium flux mapping detectors in the Bruce B, Unit 6
reactor. The measured detector sensitivities agree
with the power law correlation previously determined
in the ZED-2 zero energy experimental reactor at the
Chalk River Nuclear Laboratories.

INTRODUCTION

Self-powered flux detectors are used extensively
in CANDU power reactors. Detectors with vanadium
emitters are used for flux mapping while those with
platinum, Inconel or Pt-Clad Inconel emitters are
used for bulk and spatial flux control and for over-
power protection (1,2). The detectors used in the
Pickering, Bruce A and 600 MWe reactors are coiled on
a Zircaloy carrier tube. 1In this design, some spare
detectors are provided on each detector assembly
carrier tube, as individual detectors cannot be
replaced. In Bruce B and Darlington, the detectors
are inserted straight into individual Zircaloy guide
tubes so that individual detectors can be replaced
with the reactor at power. Since the detectors used
are Straight and Individually Replaceable, the
acronym SIR has been adopted to describe both the
detectors and assembly (3).

In parallel with the development of the SIR detec-
tors, a transportable Travelling Flux Detector (TFD)
system, designed for the in-situ calibration of the
fixed self-powered detectors, has also been developed
at Chalk River. The initial development program was
completed in 1979, and a prototype TFD system was
installed in the NRU research reactor at CRNL for the
in-situ calibration of test detectors and to measure
thelr dynamic respomse (4,5). However, at this stage
of development, although the SIR assemblies in Bruce
B have been designed to accomodate a TFD system, the
prototype TFD system itself was not fully developed
to meet all the requirements for use in power
reactors. In order to facilitate its wuse in
operating CANDU power reactors, the TFD system was
converted to computer control. Computer hardware was
acquired and powerful software developed to control
the TFD drive mechanism. The data acquisition system
was upgraded by replacing the original data logger by
a much more sophisticated computer system.

This paper describes the first successful use of
the computerized TFD system in an operating CANDU
power reactor and the results obtained from the in-
situ calibration of the 54 vanadium flux-mapping
detectors in the Bruce B, Unit 6 reactor.

EXPERIMENTAL

SIR Flux Detector Assembly
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Figure 1 SCHEMATIC REPRESENTATION OF A
FLUX DETECTOR ASSEMBLY

Figure 1 shows a typical SIR flux detector assem—
bly in which a dry helium environment for the detec-
tors is maintained inside the 20.4 mm OD Zircaloy
guide tube. Flux detectors (3.0 mm OD) can be inser-
ted individually into the twelve open-ended Zircaloy
well tubes, (3.4 mm ID x 3.8 mm OD), by pushing the
lead cables of the detectors until the required loca-
tion in the core is reached. Each lead cable termin-
ates in its own connector which is plugged into the
appropriate receptacle in the connector housing at
the top of the assembly. The central well tube 1is
reserved to accommodate a travelling flux detector, a
3.0 mm OD fission chamber, for the in-situ calibra-
tion of the fixed detectors. The central tube is
sealed at the bottom to isolate it from the helium
atmosphere surrounding the fixed detectors.

In the Bruce B, Unit 6 reactor, there are 27

vertical detector assemblies. The layout of the
detector assemblies is shown in Figure 2.
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FIGURE 3 THE VANADIUM FLUX MAPPING DETECTOR

The Vanadium Flux-Mapping Detectors

The in-core flux detectors used in CANDU reactors
are the self-powered type. The self-powered detector
is essentially a co-axial cable consisting of an
inner emitter electrode, and an outer collector
electrode, separated from each other by an annular
insulator. It is "self-powered" because it does not
require an applied bilas voltage to separate and
collect ionization charge to derive a signal.

Figure 3 shows a schematic representation of a
vanadium in-core flux detector. The detector length
is 286 mm, i.e. one lattice pitch. The locations of
the Bruce B flux mapping detectors are shown in
Figures 4A to 4C.

Vanadium detectors are not suitable for use in
safety or control systems because of their slow dyna-

mic response characteristics (6). However, they are
well suited for flux mapping in CANDU reactors. The
vanadium absorption cross section 1is inversely
proportional to the neutron velocity (varies as 1l/v),
and hence the output current from a vanadium detector
provides a good measure of the thermal neutron flux.
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Flux mapping (7,8) is a spatial interpolation and
smoothing technique which processes the signals from
54 vanadium in-core flux detectors to obtain three-
dimensional maps of the flux and power distribution
in the reactor core. In Bruce B, the flux mapping
system supplies an effective peak-flux signal to the
automatic reactor regulating system for setback
purposes. The high-local-flux setback used in the
Bruce design provides automatic reactor—powver
reduction whenever the estimated peak bundle power
increases above pre-set limits. This setback
replaces pre-set bulk-reactpr-power 1limits in the
earlier Pickering design. While the Bruce setback
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FIGURE 5 BLOCK DIAGRAM OF THE TFD SYSTEM

action is based on estimated bundle power, it carries
with it implicit 1limiting of channel powers and
provides a degree of self-protection within the
reactor regulating system from slow spatial loss of
regulation.

In addition to its setback role, the flux mapping
system in Bruce B provides, on operator request,
displays of the mapped three-dimensional flux distri-
bution, mapped channel powers and mapped integrated
flux for the reactor spatial-control =zones. These
maps are useful aids in performing day-to-day fuel
management tasks and in diagnosing and correcting any
problems encountered with reactor spatial control.

Description of TFD System

The TFD system is illustrated schematically in
Figure 5. It consists of a number of interacting
sub-systems that include the following:

(1) a miniature fission chamber;
(i) a drive mechanism for moving the fission
chamber;

(ii1i) a satellite computer system for controlling
the drive mechanism and for receiving raw
data; and

(iv) a data acquisition system for utilizing and
storing the data.

The fission chamber is the Westinghouse WX-33073
type, 36 mm in length and 3.0 mm OD. The chamber is
constructed of stainless steel with high-purity
alumina insulation and will operate at ambilent tem-
peratures up to 400°C. The detector 1is connected to
a lead cable with an Inconel 600 jacket and magnesium
oxide insulation.

The drive mechanism consists of: a drum on which
the mineral-insulated (MI) lead cable of the fission
chamber is wound; a shaft encoder that digitizes the
angular displacement of the drum and therefore the
position of the fission chamber; and a stepping motor
that moves the drum. Because the fission chamber and
its lead cable become active during use, the drive
mechanism is housed in a 1lead flask, weighing
approximately 3 Mg.

The stepping motor is controlled by an LSI 11/23
satellite-computer system that sends signals to the
stepping motor to select the desired speed and direc-
tion of motion of the fission chamber. The satellite
computer also collects position data from the shaft
encoder and the current signal from the fission
chamber via a gain-programmable amplifier and an
analog-to-digital converter (ADC). The output of the
ADC 1s used to adjust the gain of the amplifier to
keep it from over— or under-ranging.
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A host computer acts as the data acquisition
system and as a control console for the system opera-
tor. It is located remotely from the drive mechan-
ism. TInstructions fed into the master computer are
transferred to the satellite computer via a communi-
cation link. The fission chamber data, i.e. position
and current, are also transferred over the communica-
tion link to the host computer for data reduction
and/or storage. Operator-selectable parameters
include the direction of motion, speed of travel, and
data collection rate.

Manual operation of the system is also possible in
the event that the computer controls are either
unavailable or unwanted. Further details on the TFD
system can be found in References 9 and 10.

Scanning Procedure

The TFD drive unit was set beside the reactor deck
and suitable lengths of % inch stainless steel tubing
were used to route the TFD fission chamber to the
appropriate flux detector assemblies (See Fig. 6) The
satellite computer was located on the east side cat-
walk above the reactivity mechanism deck, while the
host computer which has a mass storage device and a
system console, was installed in an alr-conditioned
instrument room away from the high radiation environ-
ment . For signal and control communication, two
shielded twisted pairs of wire were installed between
the reactor deck and the instrument room.

In order to calibrate the vanadium flux wmapping
detectors, the following procedure was used. The
reactor power of the 885 MWe Bruce B, Unit 6 was held
constant for a few hours before measurements were
taken. Each of the vanadium detector signals was
read into the station computer in the control room
before and after each TFD scan. The TFD fission
chamber was driven into the detector assembly in the
reactor core at a speed of 50 mm/s and the output
current was monitored at 20 millisec intervals to
yleld a data point at every millimeter. Data were
taken on both in-scan and out—-scan of the reactor.

Apart from an initial unexpected problem with
electrical noise, the equipment and the computer
system performed very well in the harsh environment
of the power station. During the first trial scan,
the fission chamber read a steady 100 A current.
The signal was traced to a very small negative signal
at the Analog to Digital Converter (ADC) and the
noise signal persisted intermittently with new elec-
trical ground connections. In the end, the entire
system was connected to a single ground at the
reactor deck, and when the true fission-chamber sig-
nal exceeded 1078 A, the computer processed sig-
nal was normal. A total of twenty-seven vertical
detector assemblies were scanned over their full
length. An additional scan on one assembly in the
central region of the core was performed to check
reproducibility.

Data Analysis

The basic equation to determine the sensitivity
(current per unit flux per unit length), S, of a flux
mapping detector is:

b
S=F IS /,f I (x) dx [1]
ref a ref

where - S;.¢ 1s the absolute sensitivity of the
TFD fission chamber,

- Iref(x) is the current from the TFD at
elevation x,
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- 1 1is the current generated by the flux
mapping detector at the time of calibration,
- a, b are the -elevations at the ends of the

flux mapping detector,

- F is a factor introduced to correct for the
flux depression produced by the detector
itself. It is usually a small effect and F
is assumed to be unity.

The integral in Equation (1) was calculated by a
Riemann sum technique:

b ~ L -
; Iret.(x) dx = Tl +1l§ (Iref(i+l) +Iref(1)) (xi+1 xi) +'I‘2 [2]

where - a < xi<xi+l < b

= Iref (1) is the value of the TFD current at x{, and

- Ti and T2 are correction terms, based on
linear interpolation, to allow for the fact that
the elevations of the ends of the detector do not
necessarily correspond to the elevations at which
the TFD readings were taken.

Figure 7 shows a typical curreant profile
Iyef(x) near a detector. A FORTRAN program has
been written to perform the numerical integration of
the TFD current between the detector end points.

b
values for I and { I (x) dx were
a re
1.7x1076 A and 0.63x10~% A.m respectively. Syef for
the TFD fission chamber has been calibrated 1n the
thermal column of the NRU reactor at Chalk River to
be 1.205x10-22 A/(n.m"252). The sensitivities of
the 54 vanadium detectors were then determined using

Eq. (1).

Typical

xlo ) T T T T T T

i

30 (%)7 FUEL CHANNELS ]
= ——( D)

290 ettt N

w -—
3 -
z 2 -
x N
K 27 . |
- - )
- X | . R
Z 26 X
Z: \ Ihrcf‘ ) dx et —
[3 | i
£ L DETECTOR | ks
O 25 i VFD6 - RE| | CaBLE  —f

- b 1

! ?
2al1 L L 1 1 | { Ly i
15950 15 901

i 15850 15800 12750 15700 15 650 15600 5550
DISTANCE, X N METERS

FIGURE 7 A TYPICAL CURRENT PROFILE NEAR A DETECTOR

RESULTS AND DISCUSSION

Table 1 gives a summary of the sensitivities of
the 54 vanadium flux-mapping detectors in the Bruce
B, Unit 6 reactor. The average sensitivity 1is
(3.21 + 0.08) x 1024 A.w~l/(n.m"Zs"1). The spread
of the data is due to the statistical variation in
length and material composition of the detectors.
Also, detectors at different locations in the core
are subjected to burn up at different rates,



TABIZ 1 SUMMARY (F BUCE B, UNIT 6 FLUX-MAPPING DETECTUR SENSITIVITIES

I | Assembly Senaitlvity # | Assembly Sensitivity
wrector No- [ 0By Ay 2 ) Detector Mo | ("2 , by o2 L
L] vl RE2 113 28] VL4 REG 3.30%
2| vl res 118 29| VFDL4 RES 3.21%
) Vil RE9 141 30| VFDLS RE2 3.19
A V2 REY 3.26 31| ViDl6 REL 3.09
5 | vevz w7 133 32| vle res 3.27
6 | vl 3 3.18 33| VD17 REL 311
7 | w3 Re7 3.2 | vm1? RE4 3.17
8 | vime rey 31 35| vrls RE2 3.16
9 VID4  RE2 3.10 36| VFD19 RE2 3.22
o vma 3 1.2 37| vin RE2 315
] ves el 3.13 38| vzl REL 3.14
12| vios Rl 3.25 39| vio2l RE2 1.18
13| vive wen 314 40| vin2n REJ 3.32
Ll vibe RED 3.0 41| Vin22 REL 314
sl vy res 3.5 42| vi22 REd 3.32
6] vim? Re2 3.16 43 i3 ReL 3.13
1| wor re3 3.27 4| v Re3 3.26
18] viny RE2 318 45| Vs REl 312
191 ViD9 RE2 3.2 46| vro2e re2 3.13
20| VFDLO RE2 3.13 47| vi2e RE3 3.25
21| ViDLl REL 322 4B VD25 RE4 3.24
22] VROl REA 3.z 49| VD25 RE7 .28
23| VFDLZ RE) 3.13 50| VID26 RE4 3.20
24 \FDL2 REA 3.32 51| VFD26 RET 3.27
25| vrL3 RE2 3.25 52| VD27 EE2 3.08
26| VIUL4 RE2 3.1 53| v2? RES 3.19
27 VID14 RED 3.24 S4| CP27 wE9 3%

* Average value of May 13 and 14, 1986.

determined by the local flux to which they are
exposed. Since the Bruce B, Unit 6 reactor was at
power for only about a year, one does not expect
large variation of sensitivities due to the effect of
burnup. However, after 5 to 6 years, the spread of
the detector sensitivities will be larger due to
different detector burnups.

It is interesting to note that since each detector
b
is one lattice pitch long, the integralj I p (x) dx
a re

and consequently the detector response, is relatively
ingensitive to the exact location of the detector.
It is estimated that even if there is an error of a
few mm in the locations of detector ends, a or b, the
integral changes by less than 0.2%.

The reproducibility of detector sensitivities was
checked by performing two TFD scans on the central
flux~detector assembly on two consecutive days. The
results are given in Table 2. The change in flux-
mapping detector sensitivity was found to be 1less
than 1%.

The sensitivities of a variety of vanadium self-
powered detectors have been determined by C.J. Allan
(11) in a simulated CANDU core installed in the ZED-2
reactor at Chalk River. It was found that the detec-
tor sensitivities, S, depend primarily on emitter
diameter and that the observed variations can be
fitted by means of a power law,

>

TABLE 2
REPRODUCIBILITY OF DETECTOR SENSITIVITIES
ON 2 CONSECUTIVE DAYS
Detectors Sensitivity % Change
10‘2“.Am“1/(n.m'2s‘1)
May 13 May 14
VFD1l4 RE2 3.15 3.18 0.95%
VFD1l4 RE3 3.23 3.26 0.87%
VFD1l4 RE4 3.29 3.31 0.70%
VFD14 RES 3.19 3.22 0.78%
- . 3
s = 2.05 x 10724123 3]

where D is the emitter diameter in mm.

The sensitivities of the vanadium flux-mapping detec-
tors in the Bruce B, Unit 6 reactor are in good
agreement with this power law correlation, as shown

in Figure 8.

1023
i /s = 2.05%10%p23
L s
- ’/
| »
T N
gt 7
E
€ ///
£ 24 R
S0 /
IE :
< [
|

o PRESENT DATA
* ZED-2 DATA

S,SENSITIVITY
o,
&

Illllll ' i AJIIJL'

| 10
D, EMITTER DIAMETER (mm)

FIGURE 8 VARIATION OF SENSITIVITY WITH EMITTER
DIAMETER FOR VANADIUM DETECTORS

CNS 8th ANNUAL CONFERENCE, 1987 107



CONCLUSIONS

The three conclusions drawn from this work are as
follows:

(1) The transportable TFD system is a convenilent
tool for the in-situ calibration of self-powered
flux detectors in operating CANDU power reactors
that are equipped with SIR detector assemblies.

(2) Detector sensitivities obtained through in-situ
calibration will improve the accuracy of the on-
line flux mapping program in calculating the
peak channel power output and the high-local-
flux set-back signal to the automatic reactor
regulating system.

(3) The measured sensitivities of the vanadium flux
mapping detectors im Bruce B, Unit 6 agree with
the power law correlation previously determined
in the ZED-2 reactor.
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