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ABSTRACT 

The use of digital computers in on-line control of spatial power disuibution, and 
power manoeuvres has been long estabBshed in CANDU reactors. The Power Mapping and 
Finite Difference {PMED) method corn bines the benefits of using Musion theory with actual 
measurements of neumn fluxes obtained kern self-powered flux detectors to calculate 
instantaneous channel power and bundle power distributions on-line, far use by the reactor 
regulating system. The PMFD approach is more accurate than the presently used flux synthesis 
approach and it is also kss sensitive to random and systematic detector e m .  

The C A W  reactor regulating system is an integrated system using neutron flux 
and thermal power measmments, reactivity control devices and a set of digital control computer 
programs, to p d m n  the following main functions: 
- Control total reactor power to a demanded secpain t thm11gh bulk power regulation. 

- Control reactor power distribution m the nominal power shape in order m avoid violating 
bundIelchanne1 power h i t s .  

- Move the reachvity control devices at a conmUed rate to compensate for various 
perturbations in reactivity that are encountered during normal and off--nomad operation. 

- Monitor important plant parameters and reduce reactor power at an appropriate mk if any 
parameter exceeds its predescribed limit i.e., reactor power setback. 

To perform these tasks ~atisfactoriry~ the reactor regdating system is quired to 
have the capability to measure deviations in bulk and spatial powers from the specified setpoinos, 
and respond with corrective action to reduce the deviations. While bulk regulation is required to 
be operational at a l l  power levels, spatial regulation is required to be operational above power 
levels at which xenon induced power oscillations are possible. 
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Spatial conml in the short term in C A W  6 is based upon the approximate 
rneasmments of the powers of fourteen reacton zones derived from self-powered inconel 
detectors in each reactor zone, on a two second intesval. Consequently, as these measurements 
are compared with the corresponding reference value of those fourteen signals, an e m  signd 
will be generated that will drive the fourteen zone conmllers independent of one another* and at 
a rate proportional to the spatial power error. Accurate long tern spatial conml is based on the 
spatid calibration of fast zone power measurements against zone power estimates derived 
through the processing of accurate vanadium detector signals through the Hux ~apping( l )  
routine at a frequency of at Ieaslt two minutes. This p g a m  synthesizes the global reactor 
power distribution using a precalculated set of flux shapes. 

In C W U  6 design, Flux Mapping is also employed in reactor power setback. 
The flux at selected bundles in the core is estimated using the Flux Mapping program. Reactor 
power setback is initiated when about 1% of the fuel bundles in the core exceed 110% of 
operating n e u m  flux level. Another setback criterion involves the maximum linear heat 
generation rate during steady and transient operation such as refuelling. 

To minimize computing time and memory requirements, some simplistic 
assumptions have been built into the Flux Mapping program. Amongst them are: 

a. fuel bmup independent flux to power conversion factor, and 

b. smooth harmonic flux shapes calculated from homogenized model, that do not include 
power ripple due to refuelling. 

These assumptions enable the Flwr Mapping program to produce a fairly accurate 
global power shape within a reasonable time using very modest computing resources. However, 
it also means that Flux Mapping cannot calculate the maximum channel power and the 
maximum bundle power in a realistic core which has ripples due to refuelling. 

The PMFD (Power Mapping Finite Difference) method solves on-line the system 
of 3-dimensional, Zenergy groups neutron diffusion equations using measured detector fluxes as 
internal boundary conditions to produce up to date flux and power distributions at any instance. 
It has the potential of significantly enhancing the performance of the spatial control and the 
neumnic setback systems. 

FLUXrPQWER MAPPING OPTIONS FOR SPATIAL REGULATION AND 
NEUTRONIC =ACTOR POWER SETBACK 

The design options available for spatial control and setback reqhments based 
on W U  experience can be summarized as follows: 

- Flux Mapping, 

- Power Mapping Calibration Routine mCR) 

- Power Mapping Finite Difference ( P m )  

A brief description about the capabilities of each option is given below. 
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In the: CANDU 6. mapping is carried out by the Flux Mapping program. It 
collects the readings fiom the 102 vanadium detectors located thtovghaut the core and performs 
a least squares fit of this data to the flux modes expected on the, basis of the configuration of the 
reactivity devices. These flux modes are precalculated using time averaged lattice parameters, 
and as a result the flux maps obtained from Flux Mapping are essentially smoothed distributions 
which do not recognize localized effects due to bumup variations about the assumed 
homogeneous values. Flux Mapping cannot calculate accurately the rippled power distributions 
because of this inherent limitation. 

Another Flux Mapping based option used in CANDU 6 is the Power Mapping 
and Calibration Routine (PMCR), which is executed off-line. PMCR was deveIoped to improve 
the accuracy in the calculation of channel power using a b m u p  dependent flux to power 
correlation. Due to the extensive lattice calculations needed to obtain this correlation, an 
empirical approach was adopted, The correlation was based essentially on a statistical method 
made use of the fuelling his tory of the reactor from a 600 full power day simulation. The flux 
shapes used in the power and b m u p  calculations are however, based on the smooth time 
averaged shapes. 

The limitations of Flux Mapping and PMCR led to the development of a fast 
on-he power mapping technique, which is based on the calculation of instantaneous power 
distributions. Bower Mapping with Finite Difference (PMFD) method uses a f i t e  difference 
technique to solve the two energy group, 3-D neumn diffusion equations, with the vanadium 
detector readings used as internal boundary conditions. The solution of the diffusion equation is 
performed on-line for every fuel bundle. Bundle irradiations are updated via a fuel b m u p  
routine at the end of every power calculation. For reactor control purposes, especially during 
transients, xenon history can ke cracked explicitly. 

GENERAL DESCRIPTIONS OF PMFD 

In recent pars, here has been significant interest in using Slightly Enriched 
Uranium (SEU) in CANDU reactors. These SEU reactors, which use fueI enrichments up to 
1.5 wt % U-235, give significantly better fuel bumup and power uprating potentials than the 
natural uranium fuelled reactors(2). 

The higher fissile content and the higher fuel burnup of SEU reactors result in 
higher power ripples than those in the natural uranium fuelled reactors. Also, concerns of fuel 
integrity at high bumup require accurate on-line monitoring of Endividud channel and bundle 
powets. The pEsent FIux Mapping program cannot meet the requirements of CANDU SEU 
XBCtMS. 

PMFD combines theory and measmmena to produce up to date channel and 
bundle powers in the reactor coce at any instance. 11 is designed ta replace the Flu Mapping 
program in the control system of GWDU SEU reactors. However, it can be easily implemented 
in existing CANDU stations as an independent on-line power monitoring and fuel management 
program. 
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APPLICATIONS 

The PMFD program can be used in two modes, i.e., simulation mode and 
prediction mode. In the simulation mode, PMFD calculates fluxes and powers in the me based 
on input information such as channels reheIIed, =actor power level, control-&rice positions, 
and flux detector readings. In this male PMFD simulates what has already happened in the 
reactor. The simulated results can be used to compare with available measurements. A good 
a p m e n t  between simulation and measurements assures the =actor operators that the reactor is 
operating as expected. However, the real knefit of implementing PMFD on-line is due to the 
ability of PMFD to predict how the reactor will respond to a certzin action before hat action 
actually takes place. This prediction is not limited by preconceived situations. It is based on the 
most current status of the reactor. Furthermore, it is available on demand, i.e., at the very 
instance when intelligent information is needed For example, a reactor operator can consult she 
PMFD program to determine if it is safe so change the reactor power, ta refuel a certain channel, 
or to raise a certain bank of adjuster rods under the current reactor conditions. Programs such as 
Flux Mapping and PMCR cannot operate in the predictive mode. 

FORMALISM 

PMFD uses a line iteration technique to solve for the 3-D neutron flux 
distribution in the core. The neutron flux at every mesh point dong a channel is solved using a 
finite-difference numerical scheme commonly known as "forward elimination and backward 
substitution", which is well cstab~ishedfl*~). Although this numerical scheme is well known, the 
incorporation of measured flux values as internal bunday conditions is a unique feature. 

EXTERNAL BOUNITARY CONDlTIONS 

Figure 1 shows a single channel with N axial mesh points. The flux distribution 
along the channel is solved as a boundary value problem. The bo~fiday conditions are usually 
specified as the distances from the boundaries where the neutron flux extrapolates to zero. The 
flux gradients at the borindaries, i.e., at n=I and n=N, can be derived from the extrapolation 
distances. The conventional finltedffemnce method uses these external boundary conditions to 
solve for the flux distribution between the boundaries. 

INTERNAL BOUNDARY CONDlTIONS 

Figure 2 shows a channel with N axial mesh points where a measured flux value 
ad is available at mesh d. The flux solution is split into two lines. The first line extends from 
n= l to n=d-1 and the second line from n d +  1 to n=N. The measured flux, ad, determines the 
flux gradients at n d - 1  and at n=d+ I. Therefore ad can be considered as an internal boundary 
condition. Tn general, a channel with rn measured flux values will be split into (m+l) lines for 
flw solution purposes. The resulting flux distribution satisfies the following constraints: 
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i. she zero flux boundary conditions at either end of the channel, 
ii. the dishbution of lattice properties within the channel, and 
iii. the measured flux values. 

Flux detectors am placed interstitially between fuel channels. The physical 
locations of the detectors do not coincide with the coordinates of the mesh points in the PMFD 
model. In order to use the measured detector readings as internal boundary wahes in the PMFD 
cdculations,it is fmt necessary to transform the detector readings into the appropriate PMFD 
"measured fluxes". 

The p g m n  INTREP is routinely used to calculate theoretical detector fluxes at 
Flux Mapping and ROP (Regional Overpower Protection) detector locations by interpolation of 
mesh fluxes calculated by an off-line fuel management program. The inverse of this procedure 
is used to muform measured detector fluxes into PMFD measured mesh fluxes. The 
transformation procdure is given below: 

i. Run the PMFI) code with the most recent fuel bumup distribution and reactivity 
&vice positions. Record h e  Hux Mapping detector readings, but calculate the core 
flux distribution without using the detector readings. 

6. Use INTRiEP to calculate the theoretical fluxes at the Flux Mapping detector 
locations based on the themtical PMFD c o ~  fluxes. 

iii. Calculate Tdj, the flux rauo between the detector flux and the PMFD mesh fluxes for 
- the 8 meshes which are closest to the detector, using the formula 

where O d  = flux at detector d calculated by INTREP using PMFD mesh fluxes 
= P m m e s h  fluxofthej-thrneshclasesttothe&tector,j = 1 tog. 

iv. Multiply the measured detector readings by the flux ratio Tdj to transform the 
measurements into the corresponding measured PMFZ) mesh fluxes. It should be 
noted that each detector reading gives 8 "measured" PMFD mesh fluxes. 

v. Use the "measured" PMFD mesh flues as internal boundary values to cdcdate the 
new flwdpower distributions, 

The above msfma t ion  procedure is not the only possible procedure. Other 
rigomus appro% hes based on transport theory can be implemented. However, the present 
procedure does have the following advantages: 

i. each msformation procedure takes less than two minzltes on an Apollo-DN4500 
microcomputer, 

ii. since a whole set of theoretically csrlcutaced detector xadings is available, it is 
possible to reject erroneous measurements by comparing the acmal measurements 
with the calculations, and 
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iii. the exm computational burden is insignificant because the uansformation procedure: 
needs to be performed idrequently, (a) after a refuelling operation, (b) after a 
significant change in reactivity device configuration, or (c) after a significant time 
bas elapsed since the last transformation, e.g., more than one how* 

PMFD MODEL 

The PhPD m&l is very similar to h e  mode1 used in the conventional off-he 
fuel management pmgrsm such as FMDP (Fuel Minagemem Design Pmgram). The present 
PMFD model for an uprated CAPJDU-6 SEU core includes 388 fuel channels and 152 reflector 
sites in the radial plane. There are twelve axid meshes. Each axial mesh, which is one 
fuel-bundle in length, has a unique set of lattice properties according to the type of he1 bunde 
and the current irradiation. The PMFD pgmm can be initialized at any instance by 
downloading the appmpriae fuel irradiaiion distribution £?om any off-line fuel management 
program. Starting from this point, PMFQ will update the fuel b m u p  distribution in the core 
continuously according to the reactor power history and refuelling schedules. The power 
dismbution in the core at any time can be calculaled on demand, always using the most up m 
date information. 

The simple PMFD model used in this study was developed on an IBM XT with 
only 640 K RAM. Modern micmompuaew can easily accommodate a fine-mesh PbFD model 
with complxity comparable to the off-line FMDP madel used in fuel management studies. 

EXECUTION SPEED 

PhPD has been implemented in many d4ffe~nt computers, from the humble 
IBM PC to the m&rn Q)C Cyber 990. Table 1 gives the execution speeds of PMFD on 
various machines. These machines, with the exception of the CDC machines, are relatively 
inexpensive microcomputers. However, some of these rnhomputers  are more powerful than 
the existing CANDU 6 conml computer. It should be noted that PMFD can be executed in less 
than two minutes on an ApUo DN 4500 microcomputer equipped wirh a Weitek floating point 
accelerator. At this speed, Ph4FD can easily replace the Flux Mapping program for spatial 
control purpose. 

It is also significant that the PMFD p r o w  can be executed in less than ten 
seconds on the CRNL CDC Cyber 990 computer. This suggests hat reasonably fast power 
m i e n t s  resulting from loss of regulation incident can be tracked using P m .  Of course, fast 
response detectors such as inconel or platinum-plated inconel will have t~ be used for this 
purpose. 
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The speed of microcomputers such as the Apollo DN series computers have been 
increasing rapidly in h e  last few years. New microprocessors which are more than ten times 
faster chm she DN450Q are now available. Furthemore, the new micfocornputers are often 
designed to have several microprocessors operating in pardel. The new ApUo DN 10000 
computer, for example, is designed to have up to 4 CPUs (Cenml Processing Units) operating in 
parallel. The speed of each CPU is approximately five times faster than the DN 4500. The 
price/pedmmance ratio of all computers is expected to drop significantly in the next few years. 
Themfore, i t  is entitely feasible to design a PMFD program today to run on a fume computer 
which has ten or more CPUs operating in parallel. Such a computer will be able to execute the 
PMFD program in less than one second. Thus, for alI patical purposes, the speed of PMFD for 
on-line applications is not an issue. 

PERFORMANCE OF PMFD 

If flux detectors are not used as internal boundary conditions, PMFD will give the 
same results as FMDP, provided tbat the same mesh structure and the same httice parameters are 
used in both p r o w s .  The accuracy of PMFD, without using measured flux &rector readings, 
can be as good as any conventional off-line fuel management program simply by inmasing the 
complexiry of the PMFD model. Many fast microcomputers such as the Apollo DN 10000, 
which can execute a &tailed PMFD mode1 in less than 2 minutes, are now available at 
affordable prices. 

The advantage of using measured detector readings depends on how accurate the 
themtical simulation model represents the real reactor. If the theoretical madel is perfect, then 
using measured detector seadings will not improve the accuracy of the simulation. The 
theoretical models, however, will  not be perfect because  the^ are always uncertainties in the 
reactivity device position measurements, the coolant densities, the fuel temperatures, the lattice 
parameters and the fuel burnup dishbution used in the simulations. Because the detector 
readings are measured in the real reactor environment, incorporation of theso measurement 
should improve the representation of the real reactor core in the simulation m&l and therefore 
should improve the simdation accuracy. This is the advantage of PMFD over conventional fuel 
management programs. The disadvantage is that PMFD accuracy will also be influenced by flux 
detector errors. 
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RANDOM DETECTOR ERRORS 

The output from a Flux Mapping detector in an operating reactor consists of both 
true nemnic  signal and random noise. The random noise comes from random neatmnic 
fluctuations in the c o n  and from the electronic hardwm. The effect of the noise component at 
any particular detector at any particular time is a random phenomenon. It can either increase or 
decrease the output of a detector with respect to the true neutronic signal. The random error 
component of the detector signal is  completely unpredictable and cannot be filtered out. 
However, the effect of random detector error on the power mapping accmcy of either Flwx 
Mapping or PMFD can be simulated by multiplying the measured detector readings by a set of 
random error factors. These random emr factors are generated by a computer program using a 
random number generator, Each set of m d o m  m r  factors consists of 102 numbers, 
corresponding to each of the 102 flux detectors used in the CANDU 6 reactors. The distribution 
of the random e m r  factors in each set is a normalized Gaussian distribution with a specified 
standad deviation, typically 0.05 in Flux Mapping analyses, It is necessary to carry out the flux 
or power mapping procedure with several sets of random factors in order to evaluate the sandom 
e m  effect on a statistical basis. 

The effect of random detecm e m s  on PMFD mapping accuracy has been 
evaluated by using 10 sets of random detector m factors, which have a mean of 1.00 and a 
normalid standard deviation of 0.05. The resdts are given in Table 2. The average 
degradation in PMFD accuracy is about 1.0% ms for chamel powers and 1.2% for bunde 
powers. Previous studies performed for Ontario Hy dm reactors indicated that the comsponding 
degradation in Flux Mapping accmcy would be 1.3% ms for channel powers. The 
corresponding degradation for bundle powers are not available because Flux Mapping does not 
give fuPa core bundle power distributions. PMFD is not sensitive to random detector error 
because the reactor flux and power shapes are mostly determined by the fuel b m u p  distribution 
and reactivity device configurations. The sensitivity of PMFD to randurn detector errors will be 
further reduced in a he-mesh PbFD model because the influence of the measured detector 
readings will be reduced in a larger model. 

SYSTEMATIC ERRORS 

There are two major sources of systematic errors: 

i. some detectors are consistently giving higher or lower readings than the sue flux 
levels, and 

ii. systematic loss of detector signals. 
Because PMFD can be c h e d  out independent of the flux detectors, it can be 

used to detect any systematic errors in (i), which are mainly !dm ta incorrect calibration of the 
detectors. A set of theoretical detector madings can be produced by PMED at my instance 
without using detector readings. These theoretical readings can be compared with the 
corresponding measurements. Several such comparisons over a reasonable time period will 
establish a pattern which will expuse the systematic e m .  These sy sternatic emrs can be 
eliminated by calibrating the suspected in-core flux detectors with a 'Travelling Fiux Detecxof', 
which has been specifically developed by kECL for this purpose. 
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The current Flux Mapping program in the natural CANDU 6 reactors depends 
exclusively an the flux detector readings to synthesize the reactor flu distribution from a 
precalculated set of harmonic flux modes. The locations of the flux detectors have been 
carefully chosen to match the spatial distribution of h e  harmonic flux shapes. The faifwe af a 
signifcant n u m k  of detectors, especially if h e y  are concentrated in one location, e,g., in the 
same flux detector mi assembly, may artificially weaken the amplitudes of some mcial .- 

hmonic flux modes in the synthesized flux shape. This kind of systematic e m  could 
signficantly affect the accuracy of the Flux Mapping program. The PMFD program, on the 
other hand, generates most of the information through the diffusion caictllation, which depends 
mainly on the fuel M a t i o n  and reactivity &vice configuration only. Whereas detector signals 
are crucial in Flux Mapping, they are merely enhancements in PMFD. Therefore, PMFD is not 
expected to be sensitive to the systematic loss of detector signals. 

Tho PMFD simulations hare k e n  carried out to assess the sensitivity of PMFD 
to the bss  of all detector signals in: 

i. a cwner flux detector assembly which has 4 &kctors, and 
ii. a c c n d  flux detector assembly which also bas 4 detectors. 

The results of the above analysis are summarized in Table 3. As expected, the 
degradation in PMFD accuracy due to the s ysternatic loss of dewtor signals is minimal, i.e., less 
than 0.1% ms in both cases. 

LATTICE CROSS SECTION ERROR 

The accuracy of my diffusion codes, such as FMDP and PMFD, depends on the 
accllracy of the lattice parameters, e.g., absorption and fission cross sections, used in the 
simulations. Thwe are always uncertainties in these lattice parameters because the 
concentrations of the m i u r n  and plutonium isotopes in each fuel bundle in the core cannot be 
calculated with absolute accuracy, The flux detectors, however, measure the exact state of the 
operating reactor, including a l l  the details which cannot be represented in the theoretical model. 
The additional information provided by the detecm readings should improve zhe accuracy of the 
diffusion calculation. 

PMFD simulations have been carried out to assess: 

i. the sensitivity of PMFD to inaccuracies in inpm lattice cross sections, and 

ii. the improvements in the simulation accuracy by incorporating detector readings. 

I n  these simulations, the reactor was operating in the shim mode with four corner 
adjuster rods raised out of the core. The reference reactor power shape was calculated with 
PMFD using distributed xenon properties corresponding to this power shape. 

Another PMFD simulation was carried out using uniform xenon properties and 
without using flax detector readings. The maximurn difference in the thermal absorption cross 
sec.tion between these two simulations is zk 1%. The cWcrence in the power distributions 
between these two PMFD simulations represents the error of the diffusion calculation due to an 
uncertainty off: 1% in the lattice m s s  sections. 
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A find PMED simulation was carried out using d o r m  xenon properties surd 
using flux &actor readings extracted fIom the refeence case. The results of the simulations m 
summarized in Table 4 and illustrared in Figures 3 and 4. It can be sen that the use of flux 
detector readings ~ i ~ c a n l t l y  reduces the power mapping error which arises from the 
uncertainties in the iamce cross sections used in the diffusion calculation. 

A 

ZONE CONTROLLER LEVEL INDICATION ERROR 

The PMFD program was used eo assess the e m  ia diffusion calculations due to 
the uncertainty in zone conrmllex level indications, The reference power shape was calculated 
by PMFD with the two top tone conmUers in the cenml assemblies operating at 40% fiU and 
the remaining zone conuolllers at 50% fill, It was assumed that because of indication erm, all 
zone controUers wese reported to be opemting at 50% Fd. A PMFD simulation was carried out 
with all zone controllers set at 50% fill and without using flux detector readings. The 
discrepancy between these two PMFD simulations represents the simulation emrs due to m r s  
in zone conroller level indications. Another PMFD simulation was carried out with dl the zone 
con~ollers set at 50% Fill and also using flux detector readings extracted from the reference case. 

The results of these simulations are summarized in Table 5 and illusmted in 
F i ~ s  5 and 6. It is clear that using detector readings in PMFD substantially reduces the 
simulation e r m  due to inaccurate zone controller ievel indications. 

The superior performance of PMFD can he demonstrated using the data obtained 
ftom Flux Mapping measurement carried out in Point Lepmau in December 1984. A very 
accurate set of vanadium Flux Mapping detector readings was obtained at Point LRpreau with 
the reactor operating at 100% full power. The channel powers derived from Rwx Mapping using 
the measured detector readings were compared with she FMDP simuIation of the reactor at the 
time of measurement. Figure 7 shows the percentage error between Flux Mapping derived 
channel powers and F M D P  channel powers. It can be seen that the rnts channel power mapping 
m r  for the Flux Mapping program is 3.69%. It is also evident that Flux Mapping 
underestimates the high power channels in the central region. For example, Flux Mapping 
underestimates the maximum channeI power at K-12 by 6%. 

A corresponding channel power map was generated by PMlD using the same set 
of measured flux detector readings. It can be seen horn Figure 8 that the rms channel power 
mapping emr  for PMFD is only 1.76%. The improvement in mapping accuracy is especially 
~ i ~ c a n t  in the central high power region. For example, the discrepancy between FMDP and 
PMFD at the maximum power channel (K- 12) is only 0.4%. It should be noted that the 
agreement between PMFI) and IFMDP can be M e r  improved by adding more meshes to the 
PMFD model. 
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DESIGN CONCEm OF PMFD MAPPING SYSTEM FOR THE REACTOR POWER 
CONTROL SYSTEM 

The on-line PhFD based Power Mapping program (Figure 9) wiU have a role 
similar to that of the Flux Mapping program in CANDU 6. The technique that will be used for 
the calculation of various maps will be based on P M D ,  rather than using linear modal 
expansion technique presently used in CANDU 6 Flux Mapping. 

The Power Mapping program, similar to Flux Mapping program, should be 
executed at Ieasz at two minute intemals. 

V W m  detector signals will be read, checked for rationality, converted to flux 
and corrected for dezec tor sensitiviv. In the program, pmvision will be made for compensating 
for differences from detector to detector caused by: 

- unavoidable small sensitivity differences built into the detectors during manufacnuing, 

- small sensitivity differences due to localized flux depression effects caused by other 
detectors at the same elevation, and 

- sensitivity Uerences caused by detector burnup as the vanadium nuclei in the detector are 
converted to c h m i r m  as a result of the neutron-capture and beta decay prucess which 
produces the elehcal signal, 

An e m  &kction algorithm will be provided for the- detection of vanadium 
detector that are badly in emr. Failed detectors of SIR type can be replaced on-line. However, 
in practice replacement may be defend, until a convenient time. Thus, to minimize the 
depilation of PhGD mapping accuracy due to failed &rectors or badly erroneous detectors, an 
on-he error &tection feature and opeptm f nitiated detector rejection feature will be provided. 

As part of the program input, the positions of the reactivity &vices will be read 
and checked for rationality. Refuelled channels will be identified by the operator and read by the 
power mapping routine. The calibrated bulk power wiU k provided by the Power Measurement 
and Calibration routine of the Reactor Regulating System program. 

The main outputs of the program, for spatial control purposes will be the fourteen 
Zone Powers. For neumnic setback the output of the program will be the value of High 
Bundle/Chmnel Power. AU these are outpuxs to be sent to the Reactor Regulating System 
Program. 

Because of the dynamic characteristics of the vanadium flux detectors, the 
mapped Bundle/Channel powers will dearly not be suitable if the power is changing rapidly 
relative to the 5.4 minute time constant of the vanadium detectors. To overcome this 
shortcoming the mapped Bundle/Channel powen before k ing  used by the setback muthe will 
be adjusted on the basis of the fast measurement of bulk power. Also, because of the slow 
response of the vanadium detectors compared to the themal power measurements, spatial 
calibration will not be allowed to interfere with bulk power regulation. 
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CONCLUSIONS 

The PMFD approach has been found to be an accurate method of determining the 
zone-average power, which is the primary feedback variable used in CANDU spatial con~ol, 
md in determining individvd bundIe and channel powers, which are equally important 
especially for neumnic setback As for the compuhationd speed, computers are readily 
available m y ,  at moderate prices to solve a detailed PMFD model on-line within two minutes. 
Also, PMFD has been found to have low sensitivity to various e r m .  A comparison with Flu 
Mapping data obtained from Point Lepreau indicates that the PMFD accuracy is superior. 
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TABLE 1 

PMFD EXECUTION SPEED ON VARIOUS MACHINES 

* 540 x 12 mesh points, 2 neutron energy groups. 

+ 0.5 - > 1.0 MFLOP (millions of floating point operations per second). 

M A C m  

XTClm 8 MH~-8088 8 -4087 27.1 1.0 2710 

P;f Clone 12MHz-8Q286 10 MHz-80281 

Tostrib T5 100 1 6 MHz-80386 16 M&-80387 5.7 4.8 570 
QJ -m 

MAIN 
PROCESSOR 

rn 
COPRWESSOR 

TIMEFOR* 1 
FLUX 

ITERATION 
I=> 

RELATAE 
CPU 

SPEED 

PMFD 
EXECUTION 

TIME 
(=I 
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TABLE 2 

EFFECT OF RANDOM DETECTOR ERRORS ON PMFD ACCURACY 

* a for random e m  = 0.05 

R M S  MAPPING ERROR 
% 

P A m R N  * 
BUNDLE 

0.74 1.02 

1,05 1.38 

0.82 1.30 

1.42 1.31 
I 

1.12 1.18 

1.10 0.9 1 

7 

8 

9 

10 

AVERAGE 

1.11 

0.80 

1.14 

1.11 

0.99 

1.65 

1.21 

0.73 

1.04 1.17 
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TABLE 3 

EFFECT OF LOSS OF DETECTOR SIGNALS ON PMFD ACCWRACY 

* WD1 is a cornet assembly with 4 flux detectors 

** VFD14 is a c e n d  assembly with 4 flux detecton 

F W  
DETECTOR 
ASSEMFJLY 

VFDl * 

WD14 ** 

RMS MAPPING ERROR 
% 

CHANNEI, 
POWER 

0.07 

0.05 

BUNDLE 
POWER 

0.09 

0.08 
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TABLE 4 

EFFECT OF LAmICE CROSS SEmION ERROR * 
ON PMFD ACCURACY 

* f 1% emr in thermal absorption moss section 
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EFFECT OF ZONE CONTROLLER LEVEL 
ERROR ON PMFD ACCURACY 

* Zone levels in zone con trollers 5 and 12 were increased from 40% to 50% 
fill to simulate zone level indication mm 

Maximum Channel Power 

ERROR (%) 

m o m  
DETECrOR 

- 0.30 
MaximumBundlePower , - 2.21 - 1.01 

ms emr  Channel Power 1.32 0.38 

0.46 

Zone 4 0.30 0.18 

Zone 5 * e 
Zone 6 

Zone 7 

Zone 8 

Zone 9 0.07 0.34 

Zone 10 0.98 - 0.22 
Zone 11 0.41 0.04 

WrT'H 
DETECTORS 

-0.15 

Zone 12 * 
Zone '13 
Zone 14 

- 2.01 

0.80 

- 0.15 

- 0.28 
-0.19 

0.05 
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%=o 
(extrapolated) 

@~+1=0 
(extrapolated) 

FIGURE: 1 AXIAL m S H E S  IN A CHANNEL WITH EXTERNkL B O m k R Y  
CONDITIONS ONLY 

%=o 
(extrapolated) 

C 

*d= measured flux %+I=o 
(internal boundary) (extrapolated) 

F I m  2 AXIAL MESHES IN A CHANNEL WITH EXTERNAL BOUNDARY 
CONDITIONS AND MEASUW3D FLUX AS fNTERNAh BOUNDARY Vum 
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FIGURE 6 CHANNEL POWER ERROR ( 3 ) DUE TO ZONE LEVEL INDICATION ERROR 

( PMFD USING REFERENCE DETECTOR FLUXES ) 
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FIG'IIRE 9: REACTOR CONTROL BLOCK DUGRAM 
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