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Abstract

A personal computer based system was developed for on-line monitoring, signal processing and
display of important reactor parameters of the Pakistan Research Reactor-1. The system was
designed for assistance to both reactor operator and users. It performs three main functions. The first
is the centralized radiation monitoring in and around the reactor building. The computer acquires
signals from radiation monitoring channels and continuously displays them on distributed monitors.
Trend monitoring and alarm generation is also done. In case of any abnormal condition the radiation
level data is automatically stored in computer memory for detailed off-line analysis. In the second
part the computer does the performance testing of nuclear instrumentation channels by signal
statistical analysis, and generates alarm in case the channel standard deviation error exceeds the
permissible error. Mean values of important nuclear signals are also displayed on distributed
monitors as a part of reactor safety parameters display system. The third function is on-line
computation of reactor physics parameters of the core which are important from operational and
safety points-of-view. The signals from radiation protection system and nuclear instrumentation
channels in the reactor were interfaced with the computer for this purpose. The development work
was done under an IAEA research contract as a part of coordinated research programme.

1. INTRODUCTION

Pakistan Research Reactor-1 (PARR-1) was converted to Low Enriched Uranium (LEU) fuel and
its power upgraded from 5 MW to 10 MW. The power upgradation demanded enhanced capability
for monitoring of radiation levels and core parameters for reactor and personnel safety [1]. To
meet these requirements a personal computer (PC) based system, interfaced with PARR-1, was
developed for on-line, centralized monitoring and evaluation of information related to radiation
levels in and around the reactor building, performance testing of nuclear instrumentation channels
and calculation of reactor physics parameters. The project work was performed under IAEA
research contract No. 6048/RB and its extensions as a part of the coordination research
programme on the application of personal computers to enhance the operation and management of
research reactors.

The PC-based system performs three main functions:

a) On-line acquisition of radiation signals from radiation protection channels and processing of
the digitized data.

b) Acquisition of signals from nuclear channels in real-time and error analysis of these signals
using statistical techniques.

c) On-line calculation and display of reactor physics parameters using data acquired from
nuclear channels.

Research carried out in association with the IAEA under Research Contract No. RAK/6048.
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Real-time graphic display of radiation levels in and around the reactor are provided on video
terminals placed at key locations in the reactor hall. The display is in the form of trend monitoring
and histograms. The computer continuously compares actual radiation levels with the alarm
settings and generates 'alert' and 'action' alarms if any radiation signal exceeds the preset limit.
Under alarm conditions the data is automatically stored on the mass storage device of the
computer and is available for detailed off-line analysis.

For channel performance evaluation, the computer calculates and displays mean values, statistical
errors and error distributions of signals originating from nuclear instrumentation channels. In case
the standard deviation error of a particular signal exceeds the reference error by a fixed margin, an
alarm is generated indicating some malfunction in the channel performance.

The reactor parameters computed by the computer are used in the prediction of control rods
position at criticality during reactor startup, measurement of control rod worth, reactivity
calculations and computation of thermal power.

The computer-based system was installed in the control room of PARR-1. The basic system
architecture is shown in Fig. 1. It will eventually replace most of the functions of the old PDP
11/23 plant computer. The system was designed as user-friendly and provides the operator and
reactor users a quick overview of the status of the reactor and its instrumentation, alongwith the
radiation levels. Some other main advantages are:

i) The data storage capability of the computer provides the means for archiving and off-line data
analysis in abnormal condition. The computer controlled system minimizes the use of chart
recorders, thus saving on unnecessary recording and frequent mechanical maintenance
problems

ii) The channel performance evaluation algorithm, displays the mean values of important nuclear
parameters. This part therefore also serves as the plant safety parameters display system
(SPDS).

iii) Based on signal error analysis a faulty instrumentation channel may automatically be
identified by the computer which facilitates maintenance scheduling."

iv) On-line reactor parametric calculations, result in a better knowledge of the behaviour of
reactor core and also save time and labour.

2. INTERFACING OF REACTOR INSTRUMENTATION SIGNALS WITH PC

The radiation protection system of PARR-1 consists of 9 radiological channels measuring
radiation levels in different active areas in and around the reactor building. Most of these
channels were interfaced with the PC. Other nuclear and process channels which could be
connected with the computer are:

• Startup Countrate A and B
• Startup Period A and B
• Linear Flux A and B
• Logarithmic Power A and B
• Logarithmic Power Period A and B
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FIG. 1. Block diagram of basic system architecture.

• Nitrogen-16 Power Channels A, BandC
• Coolant Temperature A and B
• Coolant Flow Channels A, B and C

Additional electronics will be required to expand the capacity of the interface card if it is desired
to connect all the above mentioned channels.

2.1. Signal isolation

One of the essential requirement of interfacing of reactor signals with the computer is that any
malfunction in the computer must not be transmitted to the reactor instrumentation. This was
achieved by providing proper isolation between the reactor signals and the computer interface.
Conditioning of the signals from the instrumentation channels was carried out prior to their input
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to the computer. Isolation amplifiers [2] with auxiliary protection circuits were used for this
purpose to provide full protection to channel output signal even shorts to ac line voltages from
the computer side, or if the signal connection to the computer is inadvertently grounded.
Protection circuits were also installed on the input to the interface card, which are particularly
important for signals originating from the field transmitters so as to avoid the possibility of any
damage to the interface card and the computer.

2.2. Data acquisition system

Acquisition of analogue signals was performed with the help of an analogue-to-digital converter
(ADC) card, plugged into the personal computer. The selection of ADC card was made on the
basis of high resolution, fast A/D conversion speed, low sampling error and multiple signals
acquisition. The ADC card used in the system had 16-input and 12-bit resolution capability with
high sampling rate [3]. Its other features include a variable conversion gain and low sampling
error. The specifications of data acquisition card are described in the next section on system
hardware.

For a signal amplitude of 0 to 10V, a 12-bit resolution yields a sensitivity of 2.4 mV, which is
good for detecting small changes in the signal amplitude. A maximum sampling rate of 4000
samples per second can be achieved in BASIC language. Higher sampling rates of 20,000 samples
per second can be obtained using special command modes of the ADC card, or with C-language
programming. Proper selection of the sampling rate also depends upon the time constant of
instrumentation channels. At low current ranges the channel response is very slow (in seconds),
but at higher values of input signal, the channel has fast (milliseconds) response time. Based on
the experimental measurements in the laboratory, a typical sampling rate of 10 samples/s/channel
was selected. The programmable gain feature of the ADC card was very helpful in selecting
proper range of the input voltage signals.

2.3. Data acquisition software

Special data acquisition software was developed which performs the following functions:

• Sequentially select input signals for digitization (polling scheme)
• Set the sampling rate and number of samples (block length) for each signal
• Set the ADC gain to be applied to each input signal
• Perform analogue-to-digital conversion of the selected signal and store the digitized data in an

array in computer memory

The data acquisition software has been developed in Quick Basic and C- languages [4]. However,
as will be discussed later, because of low sampling rate involved, the fast speed execution by C-
language is not an essential requirement, and compiled Basic language is effective for most data
acquisition and processing purposes.

3. SYSTEM HARDWARE

3.1. Computer specifications

Model PC/AT Compatible
Processor Type INTEL 80386-16 "
Math Coprocessor 803 87-16
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ROM BIOS Phoenix VER/1.00
Memory 640 kB extended up to 2 MB
Clock 25 MHz.
Serial Ports Two RS-232/C
Disk Drives 60 MB hard disk, two floppy drives
I/O slots Five 8-bit and three 16-bit
Video Adapter VGA and EGA
Monitor Colour

3.2. Multiple display hardware

To provide multiple graphic display of radiation levels at different locations in the reactor hall, a
signal driver circuit was developed. The driver, which can be used with CGA, EGA and Hercules
(monochrome) adapter cards, allows two or more monitors for IBM PC and compatibles to be
driven by a single video signal. The multiple display circuit consisted of several octal, tristate,
non-inverting buffers. The buffers had low power dissipation and were permanently enabled by an
on-board 5V dc power supply. The TTL levels from the computer video signal were applied to the
inputs of the buffers and the outputs were fed to the video monitors.

The multiple display circuit was useful for short transmission distances between the computer and
the monitors. However, over large distances the signals were corrupted with noise and the images
could not be reproduced accurately. A second approach for centralized monitoring and display
was adopted using the close circuit TV (CCTV) system of the plant. In this scheme, the composite
video signal from the CGA display card of the personal computer was fed to one of the camera
inputs of the CCTV control and switching unit, which then distributed the signal over the existing
cables to various monitors. By the use of CCTV system, displays are now available at many
locations as compared to the multidisplay card developed earlier requiring extensive cabling in the
reactor building. Provision of additional display points is also possible in the system as new
connections can simply be added to the CCTV system.

3.3. Isolation amplifiers

Isolation amplifiers with the following specification are mounted on the measuring channels.

Input:
Input impedance:
Output:
Max. load resistance:
Isolation voltage:
Power supply:
Small signal bandwidth:

0... 10V
lOMohm

O...20mA/0...1OV
800 ohm
±1500V
24Vdc
400Hz

3.4. Data acquisition card

Analog input channels 16 single ended or 8 differential
Resolution 12-bits
Accuracy 0.01 % of reading ± 1 bit
Full scale ±10,±5,±2.5,±l,±0.5
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Maximum overvoltage
A/Dtype
Conversion time
Linearity
Power supply

±30V
Successive approximation
15(is. max/ 12u.s. max.
±1 bit
+5V / 1A, +12V / 2mA, -12V / 18mA

4. RADIATION MONITORING

The radiation monitoring channels in PARR-1 use gamma ionization chamber as detector and
provide dc voltage output proportional to the logarithm of detector current. The measuring range
of all channels is 1 Sv/h. The configuration of a typical radiation monitoring channel is shown in
Fig. 2.

Various steps involved in the processing and display of radiation monitoring signals by the
computer are described in the following sections.

4.1. Data processing and display algorithm

Routines for data processing and archiving of radiation signals were developed in Quick Basic
language [5]. The flowchart for a typical signal acquisition and display algorithm for radiation
monitoring is shown in Fig. 3. Following steps are involved in the data processing algorithm.

a) Conversion of A/D levels into engineering units
The data after A/D conversion is in the form of ADC levels, which is transformed into radiation
level units by applying appropriate conversion formulae for the particular instrumentation
channel.
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FIG. 2. Radiation monitor with ionization chamber.
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FIG. 3. Flow chart of signal acquisition and display algorithm.

b) Data smoothing
Nuclear radiation signals have inherent random fluctuations present around their mean value, and
the digital conversion of analogue signals also causes sampling error. The two errors may result in
relatively large standard deviation. To minimize such an error, signal averaging, both simple and
moving, is performed on the digitized data.

c) Alarm generation
Data from each channel is compared with the alarm settings of that channel. In case the alarm
setting is exceeded, the computer generates appropriate video and audio alarms.
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d) Data storage and archiving
It is necessary to store the radiation level data, specially in an alarm condition. A possible
utilization of such data is in post-accident analysis. Since the storage of data on computer hard
disk is a relatively slow process for on-line applications, efficient storage was achieved in the
algorithm by creating virtual disk in the computer RAM, which are simulated disk drives that use
a portion of the computer memory as storage medium. The data is stored in the form of a random
access file, which is compact and can be accessed quickly which results in considerable saving of
computer execution time. Two modes of data storage were implemented in the algorithm; a)
automatic storage by the software in case the radiation level of any channel exceeds a
predetermined limit, and b) storage on operator's command by pressing a pre-assigned key. The
capacity for data storage in both cases is about 10 minutes. Once the virtual disk for data storage
is full, a backup file is made automatically on the hard disk and the original file is overwritten
with new data.

4.2. Graphic display

Two modes of signal display were implemented through software, i.e. window type display mode
and bargraph. Both modes have their own special features and the operator can toggle between the
two modes interactively by pressing a pre-assigned function key. In the window display or trend
monitoring mode, the screen is divided into four windows where each window displays a different
radiation signal in real-time. Such a display is shown in Fig. 4 where the vertical axis indicates the
signal amplitude calibrated in logarithmic scale over a span of seven decades and the time
information is indicated on the horizontal axis. As the trace displaying the current radiation value
reaches the extreme right end of the window, the display is reset for a fresh record. The total time
for display of one record depends upon the sampling frequency selected and can vary from 10
seconds to 3 minutes. Each graphic window is labeled according to the radiological channel
whose signal is currently displayed along with the alarm setting of the respective radiological
channel. In case the signal value of any radiological channel exceeds the preset level, an audio-
alarm is generated and a visual alarm indication appears on the corresponding window. The alarm
can be reset by the operator but the visual indication remains till the alarm condition persists.

The histogram display mode shows the average radiation doserate for the last 5 seconds. The
mean value of 50 data points of each signal is computed and displayed in the form of a dynamic
bargraph. The vertical side of the display indicates the signal mean value and is calibrated in
logarithmic scale (seven decades) and the horizontal side is the sequential channel number. The
bargraph mode is reset for a fresh display after about 5 seconds. A printout of a typical histogram
is given in Fig. 5.

5. PERFORMANCE ANALYSIS OF INSTRUMENTATION CHANNELS

For the performance analysis, the computer sequentially acquires the signal from each
instrumentation channel, and performs statistical analysis on this data. Signal errors and
probability distribution functions are computed and compared with the reference errors.

Standard deviation error of the signal from a nuclear channel gives a handle to determine the
performance of the channel. In practice, nuclear detection phenomena have statistical fluctuations
around their mean value [6]. The measuring instrumentation also introduces additional error due
to the electronic noise. In case of some malfunction in any part of the channel (from the nuclear
detector to the output stage), the standard deviation of the channel signal will exceed the nuclear
error by a wide margin. Also a zero value of signal mean and standard deviation would indicate an
open connection somewhere in the channel circuit.
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Another function of interest for monitoring the nuclear channel performance is the signal
probability distribution function [7]. If the full-width-half-maximum of the probability
distribution curve exceeds ± 3a, or if the curve has large tails, it is then an indication of increased
channel noise. The probability distribution function can also be used to differentiate systematic
errors from random errors. For unbiased channel output (no systematic error), the peak of the
probability curve would occur at the signal mean value. Any persistent deviation of the peak from
the mean value would indicate a positive or negative systematic fault in the channel behavior.

Another main advantage of this method is that the mean values of all nuclear signals are available
for display by the computer. A compact information display of these important parameters
constitutes the safety parameters display system, which is a requirement in power plants.

5.1. Algorithm for Channel Performance Monitoring

The algorithm developed for channel performance analysis, uses essentially the same data
acquisition routines as employed in radiation monitoring algorithm. The number of input signals
monitored for channel testing are however much greater than those utilized in radiation
monitoring. A total of 12 signals originating from various nuclear instrumentation channels are
acquired. These signals are essentially the same as those listed in section 2.

5.7.7. Data acquisition
The flow chart of the channel testing algorithm is shown in Fig. 6. The computer starts a data
acquisition and analysis cycle by acquiring first N data points of the first instrumentation channel
(Startup Countrate Channel A) signal. The digitized data is stored in an array and data analysis
routines are called upon. Once the data analysis of these N points is complete, the data from the
next channel is acquired and analyzed. This process continues till all channel signals are analyzed
in a sequence. Once the cycle is complete, the channel number counter is reset and the computer
starts a new cycle.

5.1.2. Data processing

The digitized data obtained by A/D conversion of each input signal is analyzed by program
software. The main functions of the data processing algorithm are as follows:

i. Convert the raw data into engineering units, such as, reactor power (MW), period (s) and
countrate (cps) using proper channel transfer function relationships.

ii. Calculate signal mean value, standard deviation and reference errors of N data points of each
channel.

iii. Compute the probability distribution function and determine Full-Width-Half-Maximum
(FWHM) of the probability function (optional).

iv. Compare the standard error of channel signal with the reference errors of nuclear detection
phenomena and generate alarms in the following conditions.

a) The standard error, o exceeds nuclear detection error by a fixed margin.
b) FWHM of the probability function exceeds ±3c.
c) Average signal value is zero (open or grounded signal condition).
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The optimum sampling interval for signal digitization was set at 0.2 second, corresponding to a
sampling frequency of 5 Hz. This value of sampling frequency was a trade-off between
maintaining high speed and reasonably low scatter in digitized data. In order to obtain good
statistics, the total number of data points for each signal (N) were set at 50. The total data
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FIG. 6. Flowchart of channel performance testing.
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acquisition time for one channel signal is therefore 10 seconds. The total time for one complete
cycle for acquisition and analysis of twelve signals is about 2 minutes. It has been observed that
the data analysis time was negligible compared to the data acquisition time. In order to avoid
unnecessary computation, the frequency distribution plotting is performed by the computer only
in case of alarm generated by high standard deviation errors, or by the operator's command.
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FIG. 7. Flowchart of approach to criticality algorithm.
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6. ON-LINE COMPUTATION OF REACTOR PHYSICS PARAMETERS

A number of algorithms were developed which performed on-line computation of important
reactor physics parameters using in-situ information available from reactor instrumentation. These
algorithms are described in the ensuing sections.

6.1. Approach-to-criticality

During each reactor startup, it is essential to have prior knowledge of either the value of the fuel
loaded in the core to achieve criticality, the amount of control rods withdrawal from the core, or
the moderator level for which the reactor will become critical. In PARJR-1, the operator relies on
the last criticality position of control rods as the reference position during each reactor startup.
This is however not valid after fresh fuel loading, or any reactivity change due to experiments,
etc., prior to reactor startup. An algorithm was developed in which the computer predicted
estimated critical rod withdrawal positions during each reactor startup, by analyzing the current
neutron count data and the control rod positions.

The approach-to-criticality is determined by the computation of inverse multiplication factor. The
relative neutron multiplication, M, at any level of subcriticality is governed by

M = C/CO (1)

where, C is the neutron countrate measured by a detector monitoring neutron flux in the core and
Co the unmultiplied countrate from extraneous neutron source at shutdown state. As the reactor
approaches criticality, the neutron multiplication, M tends to go to infinity. It is therefore more
convenient to plot i / M , which goes to zero at criticality, against the loading parameter. The
loading parameter may be the control rod withdrawal, moderator level or fuel load.

6.1.1. Approach-to-criticality algorithm

The flow diagram of the algorithm is shown in Fig. 7. The signals acquired in the algorithm are the
neutron countrate from the two startup channels and the position indication signals from all shim
rods. The program is initiated prior to the reactor startup. Initially, the computer acquires 50
values of neutron countrate from the two startup channels at shutdown stage, and computes Co.
The program then monitors the withdrawal position of all rods. As soon as the rod bank is
withdrawn by 10 %, the computer acquires the current value of neutron countrate. The ratio //Mis
then computed and the program determines extrapolated critical rods position by fitting a line
between the current and previous values of 1/M. This process is repeated in 10% rod withdrawal
steps and the estimated control rod position at criticality is regularly displayed on the monitor
screen for information to the operator. As'the estimated withdrawal position approaches 40%, the
execution cycle is repeated after every 2% withdrawal step till criticality is achieved.

6.1.2. Graphic display

The experiment on approach to criticality is graphically displayed on the monitor screen in real-
time. Control rod position is shown on the x-axis while the inverse multiplication factor is
displayed on the y-axis. The position of control rods at criticality is updated after each new
iteration. With the help of this information the operator can determine the next safe increment of
control rod withdrawal. Both video- and audio-alarms are generated when criticality is achieved.
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6.2. Reactivity calculation

Reactivity is one of the most important nuclear parameters in an operating reactor. Continuous
monitoring of reactivity can be accomplished with the help of a reactivity meter. Such a reactivity
meter had been developed earlier on the plant PDP-11/23 computer [8]. Due to the difficulty in
maintaining the old PDP computer the reactivity meter was installed using the PC. Another
related algorithm developed on the PC was for the control rod reactivity worth determination
based on positive period technique. The flow diagram of this algorithm is shown in Fig. 8.
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NO
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FIG. 8. Flowchart of control rod calibration algorithm.
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In actual measurement of control rod worth by the computer, the reactor was initially operated in a
steady state. A positive ramp reactivity input was then applied by withdrawing one control rod by
a predetermined amount. The computer measures stable reactor period in two ways. It acquires
reactor period from the power period channel and takes an average of about 50 successive period
values. The other method is the measurement of time required by the reactor power to approach e-
times the value of initial power. This measured reactor period was then converted into reactivity
by a subroutine which uses in-hour equation for reactivity computation. The reactivity value was
plotted versus the rod position over the entire length of control rod and the reactivity worth of one
control rod was obtained.

6.3. Computation of thermal power

Reactor thermal power is calculated using standard heat balance equation [9]

where,
P = reactor power (kW)
m ~ mass flowrate (kg/s)

Cp = specific heat of the coolant (kJ/kg-°C)
AT = coolant temperature difference across the core (*C)

Thus if the measured values of coolant mass flowrate, and the net increase in the coolant
temperature while passing through the core are available, reactor power can be calculated directly
with the help of Eq. (2).

The flow diagram of the reactor power calculation algorithm is shown in Fig. 9.
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FIG. 9. Flowchart of thermal power computation algorithm.
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7. CONCLUSION

The computer-aided signal monitoring, processing and display system has been installed in the
control room of PARR-1, besides the main operation console. This is a compact, economical
system that constantly updates important reactor data and informs reactor operator and users about
the reactor status. In this way the application of computer has considerably enhanced the plant
monitoring capabilities. Figs. 10-11 show the photographs of the computer and one TV monitor
located in the reactor user area at the beam port floor.

A typical printout of the instrumentation performance analysis algorithm is shown in Fig. 12. The
error computation is not accurate for reactor period signals, which are differential in nature and
have large fluctuations around the mean value. The mean-value of the period signals is however
useful for reactor operator. There have been many instances where the computer has detected a
noisy instrumentation channel or detector, and the problem was corrected by maintenance. It was
observed that by replacing the detector signal cables by double shielded cable in the startup
channels, the scatter in neutron counts signal reduced by a factor of two. The time constant of the
log countrate meter was also adjusted with the help of the system to obtain minimum error.

In one application of the PC-based system, the performance of newly modified automatic reactor
controller was studied. The error bands of linear flux channel signal and rod position signals were
analyzed in automatic control mode, and compared with the errors in the manual mode. Optimum
adjustment of PID settings of the reactor autocontroller was done by noting the minimum error
bands. Signal error computation thus provided a simple and effective means for this job.

FIG. 10. Personal computer and control room of PARR-1.
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It is planned to extend the capabilities of reactor parametric calculations of the computer-based
system to include the following additional reactor parameters.

• Automatic correction in neutron power based on N-16 and thermal power.
» Measurement .of control rod drop time.
« Reactor safety measurements, e.g., time behaviour of neutron flux and coolant temperature

following reactivity transients.
• Integration of in-core flux mapping data for fuel burnup calculations

FIG. 11. TV and radiation monitor located in the reactor hall.
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