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ABSTRACT 

In order to start the CIRUS reactor after a long shut down for more than 1 SO days, 

Calculations of the neutron flux levels at existing control system ion chamber ( RRS) 

locations in East and West thermal column were done using (i) a very approximate shield 

geometry method and (ii) a rigorous multi-group 2D transport theory code TWOTRAN. 

These calculations showed that the existing reactor control system neutron 

instrumentation was not adequate for an orderly detection of multiplied neutrons, as 

heavy water level is raised in the reactor vessel (RV). The calculation showtd^that 

additional neutron detectors were needed to be placed in the radial beam hole of the 

reactor close to the reactor vessel for a safe reactor start up. The report presents various 

physics related aspects of the start up of CIRUS reactor after the long shut down. The 

special nuclear instrumentation scheme adopted to ensure safe start up of the reactor is 

described. Salient observations made and physics measurements carried out during 

approach to criucality is covered. 
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1. INTRODUCTION 

CIRUS reactor is a 40 MW thermal reactor using natural uranium as fuel, de-mineralizcd 
water as coolant, heavy water as moderator and graphite as reflector. The power control is 
achieved by controlling the level of the moderator through a set of control valves. The 
control valve openings are automatically controlled by the signals from the reactor 
regulating system (RRS) in auto operation and by the signals from the manual control unit 
in manual operation. Normally the reactor is started and shut down manually by 
observing the response of the reactor regulating system instruments and operated in 
steady state in auto mode. 

The reactor was shut down on 31.12.96 for major maintenance work on the Emergency 
Core Coolant pipeline. The main job involved was replacement of a failed Valve 1308 
and a few other renovation measures in the system. The shut down got extended to more 
than 200 days and the residua! power of the reactor had gone down to such a low level 
that the RRS instruments were not responding at all. The residual power of the reactor as 
read by Multi Range Recorder (MRR) on control console was very low (< 100 milli
watt). The reactor was started by adopting special procedure by continuous monitoring of 
neutronic power with the help of source range and intermediate range instrumentation. 
This report brings out the preparations and observations made during this special start-up. 

1.1 Reactor Regulating System Instrumentation 

The reactor regulating system (RRS) consists of three log channels and three linear 
channels. The uncompensated neutronic ion-chambers are placed in the East Thermal 
Column at different elevations. They are positioned at different radial distances from the 
Reactor Vessel (RV) to take care of cosine nature of vertical flux profile (See Figure 1). 
The current signals from these ion chambers are fed to their respective amplifier modules 
in the Log Channels and Linear Channels to get the log power and linear power outputs 
respectively. These log power and linear power signals are then fed to differential 
amplifiers to derive the corresponding log rate and linear rate outputs. Average output 
signals are then displayed on the control console in the control room. The power signals 
and rate signals along with the demand power setting are fed to a controller unit called the 
function generator (FG). The FG generates a signal corresponding to the difference 
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between the actual reactor power and the demand power This power difference is fed to 
the pneumatically operated moderator level control valves through electro-pneumatic 
positioners to bring the reactor power equal to the demand power by changing the 
moderator level in the reactor vessel. 

The log amplifiers operate in the range of 5 W to 50 MW and the linear amplifiers 
operate in the range of 0 to 50 MW. One additional Multi Range Recorder is also 
provided to monitor the reactor power. It has seven ranges starting from minimum range 
of 0-50 W to maximum range of 0- 50 MW. 

The log power amplifier is sensitive in tow flux ranges and is capable of producing a log 
rate signal at low flux ranges, whereas the linear power amplifier is sensitive only in high 
flux range. The Log rate signal indicates the rate of reactivity addition, through reactor 
period, in reactor's sub critical and supercritical states during start up and is also a sure 
indicator of reactor's criticality. It also has a reactor trip circuit associated with it, which 
ensures that reactor period does not fall below a certain limit (25 seconds for CIRUS) in 
the start up operation, which is a safety requirement. It is always safe to get the log rate 
picked-up by the instruments as early as possible during start up of the reactor. As per the 
technical specifications of CIRUS, during a start up the log rate meter should respond to 
the reactivity change when the heavy water level changes at least 20 cm below the 
expected critical height. 

During reactor start up, after prolonged duration, two basic requirements shall have to be 
met: 

1. Indication/s of reactor power shall be read comfortably on indicating meters and 
meters shall respond to reactivity changes from the beginning of the reactor start 
up. 

2. Indication of rate of rise of reactor power, as a response to step addition of 
reactivity shall be clearly indicated by the indicating meter & shall be perceptible 
at 20 cm below critical level. 

1.2 Reactor Start ups after extended outages prior to 31.12.1996 

There were occasions prior to 31.12.1996 when the reactor was started after extended 
shut down. The longest previous shut down was of 126 days after which the reactor was 
started on 16th March 1995. The MRR reading was 0.3 W without any heavy water in 
Calandria. During the reactor start up the requirements mentioned above had been met by 
the existing RRS instrumentation by incorporating certain modifications. The 
modifications carried out on the RRS instrumentation are given below: 

A) To increase the sensitivity of MRR, the corresponding ion chamber was pushed in 
towards the reactor vessel to the maximum extent possible inside the west thermal 
column and the gain of the MRR amplifier was increased to the maximum. 

B ) The range calibration of the log amplifiers was modified so as to read 2W - 2 MW 
on scale instead of 50W - 50 MW. 

C) The time constant of the log amplifier was reduced to get a faster response. 

2 



Above steps A & B were adopted in the special start ups prior to Dec. 31, 1 9 % These 
Steps are not sufficient if the shut down extends beyond 1 25 days [ I ] 

2.0 Need for Source Range Instrumentation 

2.1 Residual Neutronic Power 

In the long shut-down of 31.12.1996 the residual neutronic power was very low, 
approximately between 10 milli-watts to 100 milli-watts The MRR on control console 
was showing a power less than 100 mW However, since the ion chambers of MRR and 
reactor Control system were not compensated for gamma flux., it was felt that with such a 
power, the instruments were responding more to the ( o r e gamma flux than neutronic 
flux. The core gamma flux originates from accumulated fission products and from-
different parts of neutron activated reactor structure. Calculations (2, 3] done to compare 
the power due to neutron and gamma flux showed that gamma power could be 
significantly higher than the neutronic power. As such the measurement of actual residual 
neutronic power by the instruments became highly uncertain. Under these circumstances, 
pushing of the control system neutron ion chambers towards the reactor vessel, so as to 
gain in neutron signal strength, would also not help because the relaxation length of 
neutrons in the graphite reflector is more than that of gamma in graphite. Hence moving 
of ion chambers towards the reactor core would only make gamma signal stronger than 
the neutron signal. 

Prior to shut down on 31-12-1996, the reactor was operating at 20 MW and had a normal 
irradiated core. Also the mode of previous operation of reactor had a bearing on neutron 
source strength of the core. At the time of reactor shut down the core loading of reactor 
was 182 fuel rods, 5 Tray rods, 2 Adjuster rods, 1 Pressurized water loop (N-l 1 position) 
and L-09 and H-28 positions plugged. 

Few theoretical studies were done to assess the likely magnitude of residual neutronic 
power. According to one of the studies [2] the predicted power could be around 1.5 mW. 
However as per the report [2J, this could have an inaccuracy factor of about ten. Further, 
more calculations [3] in this direction showed that the residual neutronic power might be 
in the range of 10 mW to 25 mW, 

In addition, a study of the expected neutron signal strength for reactor start-up in various 
radial beam holes and ion chamber locations in CIRUS Thermal column was carried out 
using a 2 D multi-group transport theory code called TWOTRAN with WIMS library for 
neutron cross sections. These results are summarized elsewhere [4]. Appendix-4 gives an 
expanded version o f this summary. 

With such a low neutronic power the monitoring of neutron flux would be very difficult 
and the instruments would not respond with the addition of reactivity. The log rate may 
not pick-up even when reactor is very close to criticality. The TABLE Al-1 in Appendix 
•1 summarizes the calculated build-up of thermal neutron flux at the ion chamber 
locations with the increase in moderator height It is seen that even at 2 cm below the 
expected critical height the flux is very low and hence alt the instrument readings would 
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be below scale. Such a system of measurement can not be accepted from safety 
considerations because any addition of reactivity through moderator pump-up may 
continue without getting any reading on the instrument. This could lead to a prompt 
critical situation without any information in the control room 

One of the CIRUS Technical Specifications requires that log rate must pick-up when the 
reactor is at least 20 cm below calculated critical height. 

2.2 Threshold Currents and Thermal Neutron Flux 

The sensitivity of control system ion chamber in terms of the thermal neutron flux and 
Gamma dose rate is given below. 

Sensitivity for thermal neutron flux = 3 x 10"14 Amp/ nv 
Sensitivity for Gamma dose rate = 2 x 10"'1 Amp / R/hr 

The magnitude of current needed to generate a perceptible log rate is to be calculated. The 
RRS instrumentation was designed such that 40 pico-amp current in ion chambers would 
be considered strong enough to generate perceptible log rate. In calculations 40 pico-amp 
current was taken as a reference current to find threshold value of thermal neutron flux. 

Based on the sensitivity value of ton chamber, generation of 40 pico-amp current would 
require a thermal neutron flux of 

40 x 10' 1 2 / 3 x 10"14 * 1350 n/cm 2/sec 

Hence thermal neutron flux of 1350 n/cm 2/sec should provide satisfactory responses of 
log-P ion chambers and the corresponding Log rates. 

2.3 Estimation of Thermal Neutron Flux at RRS Ion Chamber Location 

Estimations were done for thermal neutron flux at the RRS ion chamber locations. The 
control system ion chambers are placed in the East Thermal Column. The Thermal 
Column is made up of graphite blocks and can be viewed as an extended part of Outer 
Graphite Reflector (OGR). The locations of ion chambers are shown in Figure -1 . To 
estimate the thermal neutron flux one has to find an appropriate neutron source and its 
strength. In the present calculations the surface of outer graphite reflector was chosen as a 
thermal neutron source surface. The thermal neutron flux value at this surface was found 
using the computer code ANISN. The thermal flux attenuation through graphite column 
was calculated using a modified thermal neutron diffusion length of the particular 
medium (diffusion length of the medium of finite dimensions as with graphite column). 
The measured value of this diffusion length was 37.7 cm as per ion chamber 
measurements carried out earlier by the concerned agency [5]. 

2.4 Expected response of RRS ion chamber during special start-up 

The neutron source strength at the OGR surface is directly proportional to reactor core 
neutron flux. A calculation was done taking the core power equal to 100 milli-watts (as 
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displayed by MRR) totally as neutronic power. The fluxes at ion chamber location were 
found at various moderator heights from the dump level to the critical height of reactor 
(see Tab(e-AI-l). From the Table it was seen that the flux at detector location at dump 
level was around 10 n/cm î/sec and when the moderator height was just 2 cm below the 
critical height, the flux would read as: Ch-A = 233, C'h-B - 208 and Ch-C = o48 
n/cmVsec. As it falls short of required 1350 n/cm 2/sec all the neutron instruments would 
not respond. This would be scenario where all the 100 milli-watt power is taken to be 
neutronic power only. With lower power level the fluxes would be much more 
unpredictable. Hence dependence on the existing control system neutron measuring 
instrumentation for this special start -up after a shut down of 205 days, was not at all 
advisable. 

3.0 Instrumentation for the special Start Up. 

3.1 Selection Criteria for special Start up Instrumentation 

The general requirement for any source range start up is illustrated in Figure- (4). The 
flux inside the reactor can vary from a very low value of lnv before start up to 10 1 nv at 
full power. No single neutron detector can cover such wide range of neutron flux 
variation. Hence different types of detectors with appropriate instrumentation are to be 
used, with sufficient overlap between their respective ranges so as to have a continuous 
and reliable monitoring of the reactor power growth for a safe reactor start up. 

In choosing the specific type of detectors, consideration must be given to the expected 
neutron signal strength compared to background noise level, the speed of response of the 
detector, and its ability to discriminate against gamma induced signals. Each of the above 
criteria has its own importance for different power ranges of the reactor and hence 
different types of detector and instrumentation should be selected which are designed to 
cover specific subset of the power range. 

As the gamma flux generated by the fission products in the core may be large compared 
with the neutron flux, the special instrumentation in source range requires a very good 
gamma discrimination and good sensitivity because the expected neutron interaction rate 
is very low. Pulse mode operation of either Fission Chambers (FCs) or BF3 proportional 
counters are used in source range. BF3 proportional counters have a sensitivity of 2cps/nv 
to 60 cps/nv and typical sensitivity of FCs is 0.1cps/nv or leps/nv. As both these 
detectors give neutron pulses of much larger amplitude, their gamma discrimination is 
good. BFj proportional counters have a limitation on their gamma tolerance. The 
performance of BF3 counters deteriorates above lOR/hr (gamma field). B-10 lined 
proportional counters can be used in place of BF3 counters, if the residual gamma filed is 
more than the above value. 

In the intermediate range the neutron interaction rate increases to such an extent that the 
pulse mode operation is no longer possible. There will be a significant gamma activity 
and hence simple current mode operation is also not possible. In this range compensated 
ion-chambers are commonly used. FCs operating in the Campbelling mode also can be 
used for this range. 
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The third range is the region near the full operating power of the reactor and gamma flux 
in this range is no more important due to presence of a large neutron flux. Simple 
uncompensated ion chamber based instrumentation is used in this range. 

3.2 Finalization of Special Start up Instrumentation 

Owing to the long shutdown duration of 205 days, the readings of Multi Range recording 
(MRR) channel and Reactor regulating System (RRS) Log power channel had become 
very low. For a safe start up of the reactor, it should be possible to monitor the thermal 
neutron flux and its increase with the reactivity addition, right from the beginning So a 
special set of detectors and instrumentation is needed which can fulfill this requirement. 
The detectors should be sensitive only to neutron and nearly immune to gamma They 
should be placed in high flux positions, say, in the vicinity of reactor vessel and 
preferably in Beam Holes to facilitate the adjustments in their positions. Figure-5 shows 
the overlaps between different instrument channels. 

3.3 Description of special start up instrumentation 

A brief description of the special start up instrumentation is given below. The detailed 
description is given in Appendix-3. 

3.3.1 The residual neutron flux inside the core had gone down to a very low value, due to 
which the readings of RRS log channels (with modified 7 decade calibration) were not 
'ON SCALE' and were expected to pick up very close to criticality. Hence it was decided 
to provide the following instrumentation set up with the detectors located in the 
experimental beam holes, for providing power/rate indications and protection. 

(a) Triplicated Fission Counter (FC) based pulse channels with absolute trips for high 
count rate and high log rate of count rate. 

(b) Triplicated Compensated Ion Chamber (CIC) based log channels with absolute trips 
for high log power and high log rate. 

These triplicated Pulse & DC channels and other auxiliary units were installed in two 19" 
racks in the reactor hall. 

The experimental beam holes in which the detectors were located, are at an elevation of 
109 ft. Prior to their installation a theoretical study was carried out to select the most 
appropriate locations of theses detectors in beam holes. It was in view of their different 
saturation characteristics, associated trip parameters and maximisation of their use 
(through retraction process etc.), during the start up. It was possible to retract the detector 
assemblies behind the inner gate of the beam hole and close the inner gate after criticality. 
This was to minimise the neutronic activation on the detectors and radioactivity and to 
take care of the shielding against radiation emanating from the core through the beam 
holes to the reactor hall. 
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3.3.2 Pulse Channels 

Each pulse channel consisted of a Fission Counter detector, a pre-amplifior, a pulse 
amplifier & discriminator module, LCRM module, 1 CRM rate module, scalar-timer, 
indicating meters and LV & HV power supplies. The schematic diagram is shown in 
Figure-3. The detector assembly consisted of a cylindrical aluminum housing in which 
the detector was mounted, an aluminum extension rod, cadmium and lead shielding 
section, followed by a wooden plug. The detector assemblies of channel A, B & C were 
installed in beam holes L-17, E-18 & E-i9 respectively. 

The sensitivity of FC detector used, was 1 cps/nv. A scalar timer was provided in the 
reactor hall for each pulse channel. 

The LCRM high trip and LCRM Rate high trip were wired in series and connected to 
spare absolute trip relay (1 -31 , Ch. A, B, C). The LCRM trip setting was set at 80,000 cps 
and the rate trip was set at 6%/sec. 

3.3.3 CIC Log Channels 

Each CIC log channel consisted of compensated ion chamber detector, log amplifier 
module, log rate module, indicating meters and LV & HV power supplies. The detector 
assembly was similar to the pulse channel FC detector assembly. The detector assemblies 
of channel A, B & C were installed in beam holes E-l I, E-12 & E-14 respectively. 

The typical neutron sensitivity of CIC detector was 6 x 10"M A/nv and gamma sensitivity 
was typically 5 x 10* 1 3 A/R/hr., with 95% gamma compensation. 

The log power high and log rate high trips were wired in series and connected to spare 
absolute trip relays T-32. The trip settings of these trips were 5 micro amps, and 6%/sec 
respectively. It should be noted here that the log channel calibration was identical to 
newly modified RRS log channel calibration of 7 decades, i.e. from 5 pA to 50 uA. 

3.3 .4 Indicators and Recorders in Control Room 

A indicating panel was fabricated to mount all the indicating meters of the start up 
instrumentation in control room. The following indications were provided in control 
room. 

- Pulse channel LCRM Output 3 channels 
- Pulse channel LCRM Rate 
- CIC Log Power 
- CIC Log Rate 

The output signals and the trip contacts were brought from the reactor hall to control 
room through a 30 core cable and terminated on the indicating panel. The trip contacts 
were taken to the trip panel through another cable from this terminal strip. 

T w o 2 pen recorders were provided in control room to record the channel A signal of 
LCRM, LCRM Rate, CIC Log Power and CIC Log Rate parameters. 
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3.3.5 A jumper panel, with adequate locking, was provided in the start up racks in the reactor 
hall to enable jumpering of the relevant trips, as required during the execution of the start 
up procedure. 

3.3.6 PC Based On-line Data Acquisition System 

A 15 channel PC based data acquisition system was also provided in control room for 
logging the data from the start up channels In addition to the 12 signals referred in 3.3.4 
above, the normal regulating system log power, log rate and heavy water level in 
calandria were also logged in the PC. One PC was used exclusively to acquire data with a 
scan time of 1 sec. A second PC was also used in order to display the acquired data in 
tabular/graphical form in real time. 

3.3.7 The ion chamber for MRR channel was pushed in to inner most position and gain of its 
amplifier was increased to give an effective change in calibration by a factor of approx. 
10. 

3.4 Testing and Commissioning of the Start up Instrumentation 

3.4.1 All the start-up channels were calibrated in electronics maintenance lab. as per 
requirements. After the site installation and completion of wiring, the calibration and trip 
settings of alt channels were checked by feeding built-in test signals. The indicating 
meters in control room were calibrated with the help of test signals. Before installing into 
the respective beam holes, the response of FC detectors was checked by using a neutron 
source whereas the response of CICs was checked in APSARA reactor thermal column 
beam hole at 30 kW and 300 kW power levels. Subsequently, the set up was kept in ON 
condition continuously for a few days for testing and the readings of all the channels were 
observed. 

3.4.2 This arrangement provided an opportunity to experimentally measure the thermal neutron 
flux profile along the beam holes, right from the reactor vessel up to the end of Thermal 
Shield end and beyond. Such an exercise had not been carried out in the past. The pulse 
channel scalar timer readings and CIC output current readings were noted at different 
detector locations inside the beam holes to determine the flux profile in the beam holes 
(flux vs. radial distance from the reactor vessel face up to cast iron shield face), with the 
reactor in shutdown state. These results would be useful in future special start ups and 
other neutron beam related experiments. Figures-1A gives the results of this experiment 
conducted with the reactor in shutdown state. 

3.5 Clearance from Safety and Regulatory Authorities 

The proposal for using the above start up instrumentation and procedure for reactor start 
up after the extended outage of over six months was discussed, in detail in ROMG-ORC, 
BARC-RSC, SARCOP/SCC1 and SARCOP. All relevant data, like specifications for start 
up instrumentation, detector assembly details, test results, detector characteristics etc. 
were presented to these safety authorities. Members o f S ARCOP/SCCI visited the site to 
see the actual arrangements of start up instrumentation. 
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3.6 Prestart-up Checks 

The source range instruments had four reactor trip circuits associated with them as given 
below 

(i) High Log Count rate trip on Fission Counter Channel at 80000 cps. 
(ii) High Log Power trip on Compensated Ion Chamber at estimated 6 MW. 
(iii) High Log Rate trip on LCRM at 6 % /sec. 
(iv) High Log Rate trip on CIC at 6%/sec . 

The trip on LCRM was mainly introduced in view of its saturation over 100000 cps. 

All these readings were made available in the Control room through a network of meters, 
recorders and on-line computer terminals (Data Acquisition System). All the source 
instruments were tested for their performances and suitably calibrated prior to their 
installation. 

Prior to final special start up the experiment to measure the thermal neutron flux profile 
along the beam hole track was conducted. Appendix-2 gives some results of this 
experiment. During this process the checking of VOT, HWLD etc. was also completed as 
a part of the procedure. Just before the start-up, five copper wire Tray Rods test assembly 
were accommodated inside the core. This was to validate a software package, developed, 
for the proposed OFMS in high power (500 MW-e) reactor. The expected critical height 
was 218.5 cm for core loading as given in the following paragraph 

4.0 Approaches to Criticality: 

The final procedure of reactor start-up had following checks. 

4.1 The core loading of CIRUS reactor was 177 X rods, 5 Tray Rods, 6 Experimental 
assemblies, 2 Adjuster rods, 1 Pressurised Water Loop (N-11 position) with L-09 and H-
28 positions plugged. 

4.2 Multirange DC (MRR) ion chamber was pushed to its innermost position and its 
electronic gain was adjusted to 2.5 times the normal value. The total gain was thus 10 
times w.r.t. its original location. The MRR reading was now 1.4 watts, probably with lot 
o f contribution coming from gamma. 

4.3 Triplicated Fission Counter pulse channels and CIC tog channels were made available. 

4.4 Prestart up checks like rod pressures in monitoring room, cooling air flow (to in-core air-
cooled assemblies), and rod bottom temperature on Tl-500 were done. 

4.5 The response of source range instruments and MRR was checked by lowering and raising 
Safety Bank and through Adjuster rods movements and was found satisfactory. 

4.6 All the Shut-off rods were kept in raised positions and Adjuster rods were kept in fully 
down positions. 
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4.7 The moderator pumps were started in 50 igpm mode. The heavy water level was 
gradually increased in the core in appropriate steps of 10 cm up to 190 cm. The stabilized 
readings of MRR, FCs and CTCs were noted at each D 2 0 level. Please see Table A2-I . 
The readings 1 / FC and 1 > CIC were plotted against moderator heights on the curve. 
This was done to predict the expected critical height and for judging the increment of 
heavy water addition. 

4.8 At 190 cm level of moderator the shut-off rods worth test" was carried out. For this the 
reactor was tripped with the help of six shut -off rods. The sudden change in thermal 
neutron flux reading was noted (see Table-A2-5). The reactivity worth was found to be 
around 25 mk. However this lower reactivity worth (expected 55 mk) can be attributed to 
the fact that the test was conducted at 190 cm of moderator height. At this sub critical 
level neutrons would be leaking out of the core, thus making the reactivity worth of shut-
off rods much less. A measurement done when the reactor is close to or at the criticality 
only will yield realistic worth of shut off rods. 

4.9 The heavy water was added in the core through M/50 pump up rate. The moderator height 
was directly taken to 190 cm. The level was now increased in the steps of 5 cm. The 
corresponding readings of FCs and CICs were noted. 

4.10 Using averaged values of FC and CIC readings, two graphs 1/CIC and 1/FC were plotted 
against the various stabilized moderator heights. A close watch was also kept on the FC 
counters readings lest they should reach their saturation regions or trip setting points. 

4.11 Moderator pump-up was continued up to D 2 0 height of 195 cm. At this stage all the 
instruments were responding very well. The FC reading was now 30000 cps. Since 
beyond this moderator level the neutron flux would increase rapidly and FCs might fall 
soon into their saturation limits, a decision was taken to disconnect them. The FCs trips 
were jumpered and the detector assemblies were retracted behind Inner gate and gate was 
closed. 

4.12 The moderator height was increased further in steps of 5 cm up to 20S cm and then in 
steps of 3 cm up to 215 cm. The stabilized reading of CIC and MRR were noted and 
plotted on (1/CIC, 1/MRR vs. moderator height). The critical heights were predicted 
through extrapolation. They were pointing to same earlier estimated critical height 218.5 
cm. Figures A2-2FC, A2-2CIC and A2-4 represent these observations. 

4.13 After 215 cm level, the moderator height was increased by 1 cm at a time. At 216 cm 
regular Log P, Log-R meter indications, on control console, showed sign of picking up on 
scale. The indicated power, on Log P module, was around 2 watt. 

'4.14 The moderator level was further increased. At 217.5 cm the Log R picked up perceptibly 
well at 0.2 %. At this height both Log P and Log R indications were on the scale. The log P 
power was around 5 watt The MRR was responding well and its power was around 50 watt. 

4.15 The moderator height was further raised in small steps. The reactor became critical at 
218.2 cm. At 219.5 cm the power was rising with a log rate of 0.8 % / sec. 
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4.16 The reactor power was raised to 116 watt, as indicated by MRR, and then stabilized in 
manual' mode. At this stage a decision was taken to remove CIC after jumpering their 

trips. 

4.17 Before the removal of CICs, the radiation dose rates were measured at the Beam hole face 
with the CIC assembly structure fully inserted. The dose rates were low. The CICs were 
gradually retracted behind the Inner gate and gate was closed to prevent the radiation 
streaming coming out of the core. 

4.18 The reactor was now ready for normal operation. However Channel C of Log power was 
found not functioning properly and its trip was In. It was decided to rectify this channel 
later. The reactor was to resume operation with Ch-A and Ch-B only. 

4.19 The reactor power was raised to 4 MW. Radiation survey was carried out by RHC 
personnel. The radiation fields were normal. The temperature difference of coolant across 
some of few fuel rods inside the core was also found out and was as per expectation. The 
reactor power was stabilized on 'Auto' mode. 

Thus the reactor was made critical and operated successfully after 205 days of long shut 
down, 
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APPENDIX-1 

Theoretical Estimation of Thermal Neutron Flux at The Ion Chambers Location 

A theoretical analysis was done to find the thermal neutron flux at the ion chamber locations. 
This was mainly to account for the contribution, if any, of fast neutrons in generation of thermal 
neutrons as they traverse through the graphite structure. 

Method of Analysis 

As the neutron fluxes, both thermal and fast, from the reactor core enter Graphite reflector and 
Thermal column, the thermal flux keeps attenuating in the medium and also keeps increasing due 
to slowing down of fast neutrons. The equation governing the thermal neutron flux distribution, 
in this case, is [1] 

D, V I < P ] - E M 0 J < z ) + I<D I<z),r 1 ' = 0 • (!) 

where 

D, = Diffusion coeffient of thermal neutrons 

I a i = Absorption cross section for slow neutrons 

I = Slowing down cross section 

<&no) - Fast flux at the face of source 

z *= Distance from the source to ion chambers 

All the above constants pertain to graphite 

The solution of equation ( 1 ) is, please see [2] 

l<t>,(0) 

o.U) = v M ^ + j j j ^ ^ - ' - * ) - - ( 2 ) 

In the present calculations the cylindrical surface of CIRUS Outer Graphite Reflector was taken 
as the thermal neutron source. The thermal neutron source strength up to the outer surface was 
found using the computer code ANISN and later by using Eqn. (2). The average flux values, at 
the source surface, for calculation purpose were taken as following 

Reactor Power « 40 MW, Moderator height = 320 cm 

TTiermal ( < 0.4 eV ) - 4.77 x 10 1 1 n/cm2/sec. 
Fast ( > 0.4 eV ) » 1.45 x 1 0 1 0 n/cm2/sec. 

The estimates of fluxes for reactor shut down condition were carried out. The MRR (Multt range 
recorder) reading after 205 days of shut down from 20 MW power was about 0.1 Watt, Here we 
assumed that this power as shown by MRR was neutronic only. 

The flux values at the source surface when the reactor power was 0.1 watt and reactor height was 
120 cm was assessed like as follow; 
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For fast neutron flux 
1.44 x 10'° x 0,1x320 

4 0 x 1 0 6 x l 2 0 

For thermal neut ron flux 

4 .77x10" x 0.1x320 
40x10* x 120 

= 96 n / cm' / sec 

= 3 1 8 0 n / c m 2 / s e c 

With these figures the thermal neutron flux at the ion chamber location was found using eqn. [2]. 
The following values were used in the calculation. 

k = 1 / L, ; where L, = 37.7 cm is the relaxation length of thermal neutrons in the graphite 
thermal column (*). 

1 = 1 / Lf ; Lf = 17.5 cm the relaxation length of fast neutrons in the graphite [3] 

* The relaxation length L , , corresponds to an effective diffusion length of thermal neutrons in 
the medium of finite dimensions as is the case with Thermal column. Its experimental value is 
37.7 cm [4J. 

In these calculations the thermal neutron flux values were first found taking the neutron source as 
plane source and later modifying it for the cylindrical geometry by using the following relation 
(sec Fig. 5). 

O^cy/) = j-~<t> (infinite plane at r0 - r ) 

The positions of all the ion chambers are given in Table A l - 1 . The different vales of z\ as used • 
in equation (1) for various moderator heights and consequently the calculated thermal neutron 
flux at ion chamber locations are also shown ( see Fig. 1 ). The z' specifies the distance of ion 
chambers to the mid point of outer graphite reflector portion which corresponds to volume of 
active core ( see Fig.2 ). In Table-Al-2 the thermal neutron flux at MRR positions, both at its 
original position and when it is displaced by 50 cm towards reactor core, are given. 
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Dctermination o f ' z ' as used in Eqn.(l ) in Appendix-1. The mid point of effective Graphite 
length ( core height eqvt.) is taken to be reference point for each core height. For example 
at dump level the moderator height is 120 cm. t so the reference point is taken as 60 cm. ( 
i.e. 120/2 ) 

Refinance 
Point 

262 - 4 6 = 216 cm. 

2 6 2 - 6 1 . 3 = 200.7 

I P PI 
60 cm. < for Dumn I^vel = 120 cnO 

Bottom Tube .Sheet Elevation 

P2 

CP = 66.7 - 60 = 6.7 cm. 
API - 2 1 2 . 8 - 6 0 = 152.8 cm. 

BP2 = 143.0 - 60 = 83 cm. 

In A ARP1, AR the distance of Ch-A from reflector is equal to 

AR = z = V216.0 2 + ( 2 1 2 . 8 ~ 6 0 ) 2 = 264.7 cm. 
Similarly for Ch-B 

BR *= z - V246.01 + (143 - 6 0 ) 2 » 259.6 cm. 
AndforCh-C 

CR - z = V200.8 2 + ( 6 6 . 7 - 6 0 ) * ' = 200.8 cm. 
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T A B L E - A l l 

Expected Thermal neutron flux values at the Ion Chamber positions in East Thermal Column. 
Estimated critical height is 209.5 cm. This height was prior to inclusion of six experimental 
assemblies for the OFMS experiment. 

S .No. D 2 0 height M IC elevations z Th Neutron Flux at the 
(cm) w.r.t B.T.S (cm) (cm) Ion chambers (n/cmV&ec ) 

1. 120 1.0 66.7 2 0 0 8 15.5 
143.0 259 6 3.3 
213.0 264.7 2.8 

2. 160 2.75 do 201.0 32.0 
254.0 8.2 
253.0 8.5 

3. 180 5.40 do 202.0 56.0 
251.6 154 
248.6 16.2 

4. 200 19.5 do 203.4 1950 
249.6 60.0 
243.7 67.0 

5. 205 42.5 do 203.8 370.0 
249.4 120.0 
242.0 136.0 

6. 208 131.5 do 204.0 648.0 
249.2 208.0 
241.8 233.0 

where: 1C - Ion chambers, BTS - Bottom Tube Sheet, M - Sub critical multiplication factor 

T A B L E - A l - 2 

Expected thermal neutron flux values at the MRR. When it is at the normal position and when it 
is shifted by 50 cm towards core. 

.No. D 2 0 height Thermal neutron flux 
( c m ) (n / c m 2 /sec ) 

MRR0 MRR50 
1. 120 3.5 10.4 
2. 160 10.2 40.0 
3. 180 27.5 92.0 
4. 200 111.5 380.0 
5. 205 265.0 804.0 
6. 208 455.0 1382.0 

Where:MRR50 - Original position of MRR, MRR50 - MRR displaced by 50 cm. 

Conclusion 

It was found that contribution of fast neutron in generation of thermal neutron at the ion chamber' 
locations would be almost negligible for such a long length of graphite column. 
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APPENDlX-2 

1 he measurements of thermal neutron flux in the CIRUS Radial Beam Hole during reactor start 
up on 23.7.97 after 205 days of shut down 

1.0 This special start-up of CIRUS reactor on 23-7-97 gave an opportunity to measure the 
thermal neutron flux along some of its radial Beam Holes. This information would be 
quite useful for the future special start-ups of the reactor. Earlier the experimental data 
were available only for a limited length of the Beam hole [1], up to the outer surface of 
outer graphite reflector ( Thermal shield end ). This time we could track down the flux for 
most of its length including that inside the Thermal Shield region and beyond. 

2.0 This start-up came after an unprecedented long shut-down period of 205 days. The 
residual neutronic power of the reactor core was very low about 10 mW. In this situation 
the existing reactor regulating system instruments were not adequate to meet the start up 
requirements and were more responding to gamma from the core. It would make the core 
flux monitoring, with the reactivity addition, not accurate. So it was decided to bring in 
special set of instrumentation for the purpose; three pulse channels with Fission Counters 
(FCs) and three log channels with gamma Compensated Ion Chambers (CICs). These 
detectors were placed in the 'appropriate' positions inside selected beam holes (no. E-11, 
E-12, E-I4, E-I7, E-18, E-19 ) . This arrangement provided an opportunity to carry out 
this experiment. The experiment was conducted in following three steps. 

2.1 The detectors were placed in positions, as shown in Figure-6. This position is described in 
a 'note' below the Table A2-1. The moderator height was increased in various steps and 
stabilised. The corresponding thermal neutron flux readings were noted through both the 
FCs and CICs. The reactor was then tripped for Shut-off rod worth assessment. 

2.2 The detectors were pushed to their Maximum-In position. It is the closest distance 
possible to the core. This position is described in a note' below the Table A2-2. The 
readings were taken as per Table Al-1 up to 190 cm height. 

2.3 The moderator level was held at this height of 190 cm. The FCs and CICs were retracted 
by certain distances, away from the core. These positions are described in a note' below 
Table A2-3. The heavy water level was gradually lowered down and stabilised at different 
heights. The corresponding readings were taken with both the detectors. 

2.4 After the experiment was over the ion chambers (FCs, CICs) were restored to their 
previous positions (as shown in a note' below Table A2-1). The reactor was now ready 
for special start-up. 

Following Tables contain a summary of FCs and CICs readings. The date of start-up was 
23.7.97 and expected critical height was 218.5 cm. It should be said that the readings by 
FCs and CICs are only symbolic' and good for comparison purpose and did not indicate 
the exact power status of reactor core. 



TABLE A2-1 

Fission Counter (FC) and Compensated Ion Chamber (CIC) Readings. 
The FCs and CICs are 19.5" away from the reactor vessel (*). 

S.No. Time D 2 0(ht) 
(cm) 

FC (LCRM)(x 10 J cps) 
A B C A 

CIC (Watt) 
B C 

1. 17:00 120.8 2.47 1.95 2.82 132 149 165 
2. 17:15 150 7.10 5.25 3.80 351 329 392 
3. 17:25 160 9.03 6.71 10.75 435 455 489 

Reactoi 
directly 

was tripped for VOT, HWLD and other tests. After that reactor was restarte 
taken to 160 cm. 

d. D 2 0 ht 

4. 17:45 160 9.82 6.95 10.45 445 480 494 
5. 17:50 170 12.50 8.13 13.35 613 621 641 
6. 17:55 175 13.80 9.66 17.10 665 733 753 
7. 18:00 180 16.13 11.60 18.40 781 842 882 
8. 18:15 185 19.50 13.90 22.20 961 1020 1130 
9. 18.18 190 23.40 17.60 27.30 1090 1230 1280 

The reactor was tripped for shat-off rods reactivity worth assessment. These values are aiven i 
Table A2-5 
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• Note - This position is also known as Flushed" position. This means flushed' with Outer Gate 
plane. In this position the detector assemblies outer end (Reactor hall side) coincides with the 
plane of outer gate face and its other end ( reactor vessel side ) is approximately 19.5" away 
except FC-C channel which is 17.5" away because of its longer assembly length. 

TABLE A2-2 

Heavy water pumping again started. And this time the FCs and CICs were placed at Maximum-In 
position (Least distance possible from the vessel) *. 

S.No. Time D 2 0(ht) 
(cm) 

FC (LCRM) (x 10 J cps) 
A B C 

ClC(Watt) 
A B C 

1. 19:15 120.8 6.33 4.88 7.15 340 381 457 
2. 19:28 140 11.82 8.50 13.00 615 633 776 
3. 19:35 160 20.34 15.87 21.47 1090 1230 1280 
4. 19:43 170 25.01 18.00 27.87 1420 1440 1420 
5. 19:50 180 33.77 23.45 36.74 1910 2210 2200 
6. 19:55 185 40.00 30.11 46.20 2370 2700 2760 
7. 20:00 190 47.90 35.00 48.00 2860 3120 3140 
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* Note - Maximum -In position means all the assemblies ( FCs and CICs ) were pushed by 11.5" 
towards RV In this condition all the detector assemblies' ends ( RV side ) are 8" away from the 
reactor vessel except FC-C which is 6" away . It was least distance possible from the vessel. 

TABLE A2-3 

The FCs and CIC were pulled back so that they come to regions inside and beyond the thermal 
shield (*). the heavy water is now leveled down to dump level in steps of 10 cm 

S.No. Time D 2 0(ht) 
(cm) 

FC (LCRM) cps 
A B C 

CIC (Watts) 
A B C 

1. 21:00 190 65.0 60.5 80.0 41 58 64 
2. 21:15 180 43.0 37.0 56.0 33 52 63 
3. 21:17 170 33.0 28.0 43.0 27 44 52 
4. 21:20 160 25.6 21.0 31.6 25 37 47 
5. 21:25 150 20.0 18.0 25.0 21 33 45 
6. 21:28 140 16.1 13.0 19.5 19 31 44 
7. 21:30 130 12.0 10.0 15.0 17 28 39 
8. 21:35 120 9.0 8.0 12.0 15 26 37 

* Note - The FCs and CICs were pulled back by 27" and 18" away respectively from the reactor 
core (from flushed position) and FC-C by 29" away. 
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TABU: A2-4 

AU the tests are over. Reactor is ready for the start-up to criticality FCs and CICs were now put 
back to the original positions ( as that in the Table-1.. The FCs are now again at 11.5" away). The 
D 2 0 ht was directly raised to 160 cm. 

S.No Time D 2 0 (ht) 
(cm) 

FC (LCRM) ( x ! 0 3 c p s ) 
A B C 

CIC (Watts) 
A B C 

MRR 
(Watts) 

1. 22:35 121.3 3.28 2.53 3.95 178 190 197 1.3 
2. 22:40 160 8.78 6.20 10.2 464 481 520 1.7 
3. 22:45 170 11.28 8.55 14.4 573 656 660 1.8 
4. 22:50 180 15.22 11.31 18.52 741 878 855 2.2 
5. 22:53 190 22.2 15.86 25.76 1122 1240 1230 2.7 
6. 23:10 195 FCs REMOVED 1390 1650 1640 2.8 
7. 23:15 200 1800 2060 2080 3.5 
8. 23:20 205 2580 3030 2830 4.6 
9. 23:25 209 3300 4150 3880 6.0 
10. 23:30 212 5160 6500 6100 9.0 
11. 23:35 215 9.3K 11.IK 10.8K 14.1 
12. 23:40 216 13.7K 15.2K 15.4K 20.4 
13. 23:43 217.5 Log R Pick-up on 

control console 
32.0K 38.4K 35.0K 48.6 

14. 23:46 218.5 85K 95K 90K. 116.0 
15. 23:47 219.0 The reactor became critical The power was rising wit 

rate of 0.8% on the control console. 
i the log 
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TABLE A2-5 

The reactor was tripped at 18:38 for assessments of shut-off rods worth. Followings were 
readings. 

S.No Time after FC CIC (Watts) 
S/D (sec.) A B C A B C 

1. 0 23.84K. 17.54K 26.55K. 1.14K 1.33K 1.21K 
2. 1 12.61K 9.53K 13.22K 1.12K 1.26K I.28K 
3. 2 8.26K. 6.23K 9.33K 911 964 1.05K 
4. 1200 6.42K 2.01K. 3.77JC 164 176 185 

Reference : 
1. CIRUS Window Form. 
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APPENDIX -3 

This annexure provides the exact details of the start-up instrumentation. 

1.0 Triplicated Source Range Instrumentation, with global two out of three coincidence logic. 

A. This comprised of: 

( 1 ) Detectors : RTC Fission Counters, No. CFUK01 Made in France 
Sensitivity : 1 c.p.s. per nv 

(2) Pulse Channel Instrumentation, made in Electronics Division, BARC 

a. Pre-Amplifiers, Voltage Sensitive Type 
b. Main Amplifier 

The pre-amplifier and main amplifier in cascade has a typical Gain of 60 and rise time of 
450 ns. 

c. Pulse Amplifier (transistorised), with a typical Gain of 230, rise time of 300 ns and a fall 
time of 2.5 us. 
The pre-amplifier, main amplifier and pulse amplifier, all three in cascade has a typical 
Gain of 1.66 x E4, rise time of 750 ns, and a fall time of 3 us. 

d. Log Count Rate Module, with six decade calibration; 0.1 cps corresponds to the zero of 
the amplifier, and lx 10 s cps corresponds to the full scale of the amplifier. 

e. Log Rate Module, with full scale range of ± 6% per second. 
f. Scalar Timer, (displaying the Counts) 
g. Linear Power Supplies: 

(i) 0 to -1000 Volts for Detector HV 
(ii) ± 15 Volts for Analog ICs 
(iii) +5 Volts for TTL ICs (pulse amplitude fixation) 
(iv) +28 Volts unregulated for relay operation 

Input supply to the Pulse Channel Instrumentation was taken from the Class II bus 
(115Volts), ofCirus. 

B. The tests carried out on the pulse channel instrumentation were as follows: 
(a) Test Reports, by RTC, France 
(b) Integral Bias Curves, obtained by Electronics Division, BARC, during Dhruva 
commissioning. 
(c) Integral Bias Curves, carried out in Cirus, in June 1997. 

C. Mounting Details of the Detectors: 

(a) Location Innermost Position in Experimental Beam Holes (at 109' 
elevation), E-17, E-18, E-19 

(b) Housing Detector encased in a HDPE (High Density Polyethylene) tube, 
and then encased in a IS aluminum,tube. 
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(c) Mounting The detector along with the housing was fixed on an aluminium 
extension assembly, which in turn is fixed to a wooden plug. 
Between the extension assembly and the wooden plug, there was a 
2" lead disc and a 1/8" cadmium plate. The wooden plug had a 
helical groove cut on the surface, for running the HV cable and 
signal cable. 

(d) Retraction With eye-bolt fixed to the plug. 

D. The Pulse Channel Electronic modules were mounted on a separate 19" rack, located in 
the reactor hall, close to the beam holes. 

E. Signal and HV cables from pre-amplifier to pulse amplifiers are RG11/U. 

F. The trips from this channel were as follows: 

Log Count Rate High = 80,000 cps 
Log Rate = 6% per sec. 

Both these trips were wired in series and the contacts from the termination strips of the 
start-up rack, were brought to the control room. 

G. The LCRM and Log-rate signals and also the trip contacts were brought to control room 
using a 30 cere cable. 

2.0 Triplicated Intermediate Range Instrumentation with global two out of three Coincidence 
Logic. 

A. This comprised of : 

(1) Detector: Compensated Ion Chamber, ECIL Make 
Sensitivity : Neutronic = 6 x 10' 1 4 Amps/nv (± 20%) 

Gamma = 8.5 x 10"'3 Amps/R/hr (or less) 
Gamma Compensation = 95% to 100% 

(2) DC Channel Instrumentation, made by Electronics Division, BARC : 

a. Log Amplifier Module, of seven decade calibration. 5pA corresponds to the amplifier 
zero, and 50uA corresponds to the amplifier full scale of-10.5 volts, at -1.5 volts/decade. 

b. Log Rate Amplifier Module, with a range of ± 6% per second, corresponding to ± 10 
volts. 

c. Linear Power Supplies: 
(i) 0 to 1000 Volts for Detector HV 

(ii) 0 to -1000 Volts for Detector Gamma Compensation 
(iü) ±15 Volts for Analog ICs 
(iü) +28 Volts unregulated for relay operation 

Input supply to the DC Channel Instrumentation, was taken from the Class II bus 
(115Volts),ofCirus. 
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B. Reports of the tests carried out on the CICs, by EC1L, were obtained from TAPS All the 
Electronic modules were calibrated by a Keithely Low Current Generator, in C irus. 

C. Mounting Details of the Detectors: 

(a) Location Innermost Position in Experimental Beam Holes (at 109' 
elevation), E-11, E-12, E-14 

(b) Housing Detector encased in a HDPE (High Density Polyethylene) tube, 
and then encased in a 1S aluminum tube. 

(c) Mounting The detector along with the housing is fixed on an aluminium 
extension assembly, which in turn is fixed to a wooden plug 
Between the extension assembly and the wooden plug, there is a 
2" lead disc and a 1/8" cadmium plate. The wooden plug has a 
helical groove cut on the surface, for running the HV cable and 
signal cable 

(d) Rétraction With eye-bolt fixed to the plug 

D. The DC Channel Electronic modules were mounted on a separate 19" rack, located in the 
reactor hall, close to the beam holes. 

E. Signal, +HV and -HV cables from the CICs to the log amplifiers were RG11/U. 

F. The trips provided by this channel were as follows: 
Log Power High = 5 u.A 
Log Rate High = 6% per sec. 
Both these trips were wired in series and the contacts from the termination strips of the 
start-up rack, were brought to the control room. 

G. The Log Power, Log Rate signals and also the trip contacts, were brought to the control 
room using a 30 core cable. 

3.0 Experiences With the Instrumentation 

It may be noted here that while the Fission Counters bad been used on two occasions 
(1985 & 1986), in Dhruva, for special start-ups, the pulse channel electronics have been 
used for about ten occasions of special start-ups in Dhruva. 

Similarly, while the Compensated Ion Chambers had been obtained from TAPS, the DC 
channel electronics forming part of the Cirus normal instrumentation had been used on 
seven occasions for special start-ups. 
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APPENDEX-4 

Calculation of the Neutron Flux at Detector Locations In the Thermal Column of Cirus Reactor 
using the 2 D Transport Theory Code TWOTRAN 

ABSTRACT 

In order to start the Cirus reactor after a long shut down for more than 150 days, 
calculations of the neutron flux levels at existing control system ion chamber locations in 
East Thermal Column were done using (i) a very approximate shield geometry method 
and (ii) a rigorous multi-group 2D Transport Theory Code TWO IRAN These 
calculations show that the existing control system neutron instrumentation was NOT 
adequate for an orderly and would overlapped detection of multiplied neutrons, as the 
D 2 0 moderator level was raised in the reactor vessel. The TWOTRAN results showed 
that additional neutron detectors were needed to be placed in the radial beam hole of the 
reactor close to the reactor vessel for a sage reactor start up. 

1.0 INTRODUCTION : 

The Cirus reactor had to be shut down for about five months from 31/12/1996, for 
carrying out some major maintenance works in the primary Cooling Water system, 
installation of new devices and for necessary refurbishing jobs. This shut down period 
was about 180 days so far. 

During this period the MRR (Multi Range Recorder) reading, an instrument that reads 
neutron flux (fission power) of the core on control console, bad come down considerably. 
The neutron flux in shut-down period (the residual power) mainly arises due to two 
sources. 

(i) By spontaneous fission of U-238. The natural uranium fuel inventory in the 
reactor core is about 10 tonnes. The spontaneous fission rate is about 8 
fissions/sec/kg of Nat. uranium and the total neutron source in the core is 2.0E+05 
neutrons / sec. 

(Ü) By interaction of hard gammas from fission products in the fuel rods with nuclei 
of heavy water moderator. A gamma photon (> 2.2 Mev) is capable of ejecting a 
neutron from deutron nucleus through (gamma, n) reaction. The threshold 
gammas come from various classes of fission products bom during the fission 
reactions. 

These neutrons would enter into the fuel region in the reactor core and their number 
would get further multiplied which is proportional to 1 / (1 -keff). The multiplied neutron 
flux is detected by control instruments and MRR. 

The first neutron source - the spontaneous fission of uranium nuclei, constitute a source 
of microwatt power level. But the second source can provide a residual power at watt 
level. We will be concerned here only with the second source known as photoneutron 
source (1). 
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The accumulation and depletion of fission products, in general, depend on the operating 
power, operating time and length of reactor shut-down time. As the fission products are 
formed in fission reactions with different yields and half lives, their concentration at any
time will be a function of the above parameters. If the reactor shut down time is long < >50 
days) the strengih of all the fission products including those of threshold gamma emitters 
will keep coming down and so will be the MRR power. In a typical shut-down period 
lasting for more than 90 days, the MRR power may fall below one Watt, despite good 
reactor operation history. Now the shut down time is more than 150 days, the MRR 
power comes down up to 10 mW. The MRR power may not be fully neutronic power 
because of the significant gamma back ground current. 

During long shut-down periods, the core residual neutron flux may come down to a good 
extent. As out control instruments like Log Power, Log Rate meters. Linear power and 
Linear rate meters are generally calibrated to read higher ranges of power (5W to 50 
MW), they are expected to respond when sufficient flux, corresponding to greater than 5 
watts, is present. It is possible that as we add reactivity into the core, by raising the heavy 
water level or by other means, we may not get any response from the control instruments 
even though we are nearing criticality. It is a very undesirable situation. 

For this situation, calculations of the thermal neuron fluxes from core center to ion 
chambers locations in the East Thermal Columns and at MRR location in the West 
Thermal Column in the CIRUS reactor (with variation of the D 2 0 level from the shut 
down level to the approach criticality with the step of 20.0 cms) were carried out. 

A summary of the approximate analysis based on a shield geometry method is given in 
Appendix. These calculations showed that neutron flux levels will be low at ion chamber 
locations; hence a more accurate analysis was initiated. The two dimensional neutron 
transport theory code TWOTRAN (2) was used for this purpose. The calculations were 
carried out in S4-PO approximation. For neutron cross sections a 69 group cross section 
library WIMS-69 coupled to the transport lattice theory code WIMSD/4 (3) was used. 
The fluxes can be converted into the neutronic current, to know the pick up o f the log rate 
instruments and the corresponding D 2 0 level in the reactor vessel. 

2. METHOD OF ANALYSIS : 

In CIRUS the photoneutron source power level after the reactor shut down as a function 
of operating time and power has been estimated (1). In the estimation all the fission 
products emitting hard gamma rays and finally leading to the production of photoneutrons 
have been divided in 9 groups. Only a fraction of these gammas will be absorbed in heavy 
water. This fraction will depend upon the reactor size and the structural materials. In Zeep 
reactor it was estimated that only 26% of the hard gamma rays were absorbed in D 2 0 . 
Therefore power due to photoneutrons for long sut down (>30 days) is given by 

Pn = .26 * f • P (1-exp (- T/18.45) exp (-tc/18.45)/ (1-K.eff) where 

Pn = photoneutron power including subcritical multiplication factor (watt) 
f = yield of longest delayed photoneutrons (5. OE-07) 
P = operating power (watt) 
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T = operating time in days 
18.45 = longest mean life time of delayed photoneutrons in days 
tc = shut down time in days 
1/(1-Keff) = subcritical multiplication factor 

This formula is expected to be valid more than 30 days of reactor shut down. Results of 
the application of this formula for photoneutron source power in previous Cirus reactor 
start ups after long S/D are shown in Table-8 ; which also includes observed MRR 
readings. 

The core and graphite reflector have been simulated into R-Z geometry as 29 radial and 
27 axial coarse meshes. The 29 radial coarse meshes were divided from the core center to 
the outer graphite and the 27 axial coarse meshes were divided from the core bottom upto 
the 270 cm core height. Each coarse mesh was subdivided into three fine mashes in the 
radial and axial directions. This geometry diagram is given in Figure - 1. 

The two group neutron cross sections of the Cirus fuel lattice has been generated from the 
69 neutron energy group cross sections by using the processing lattice code WIMSD/4. 
The cross sections for graphite reflector has also been produced by using the cell neutron 
flux spectrum. Tabic - 1 shows the cross sections for Cirus lattice cell, heavy water, air 
and carbon. The two group cross sections were used for global core calculations by using 
the transport code TWOTRAN with variation of D 2 0 level. In this analysis the boundary 
conditions left-reflective and right, top and bottom as vacuum were used. 

The fluxes are proportional to the subcritical multiplication factor. The elevation w.r.t. 
heavy water bottom and radius from the core center to ion chamber locations are given in 
Table - 2. Firstly the thermal neutron flux distribution was calculated upto the surface of 
the outer graphite reflector by using R-Z geometry at the elevation of the ion chambers on 
the surface of the outer graphite. By using appropriate relaxation length we then 
calculated the thermal neutron flux values at the ion chamber and the MRR. These are 
shown in Table-3, Table-4 and Table-5 for S/D periods of 90.0, 120.0 and 150 days 
respectively. 

3. R E S U L T S A N D DISCUSSION : 

Table-3, Table-4, Table-5 and Table-7 show that the fluxes on the ion chambers in the 
East Thermal Column are too low; this means that with the reactor even near criticality, 
the log rate may not give any response. This is based on a requirement of 2000 n/cm2/sec 
thermal flux at ion chamber. The safety criteria require that the control system log rate 
must pick up at least 20 cms below critical height. It may be noted that the existing six 
decade log channel has been modified to seven decades. However this would also not 
work satisfactorily for the present purpose. 

Pushing the MRR towards the core by around 50.0 cms and its gain adjusted to a 
maximum has also been implemented. This is estimated to result in a multiplier factor of 
about 6 with respect to the signal strength in the existing location of MRR. As per out 
calculations the log rate will pick around 200.0 to 201.0 cm at 90 days, 206.0 to 207.0 cm 
at 120 days and 208.0 cm at 150 days of reactor shut down at around 200.0 mW. 40.0 
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mW and 10 o mW photoncutron source at the dump l ew i i Hie expected critical height is 
around 20'; o cms) So our analysis shows t h a t m o r e t h a n 7 decade instrument is 
necessary, since even the more sensitive pulse instrument (fission counter) will see 
neutron l l n v e s in tin.- i.iO.'t o ! oniv 1 • MM; cm? sec in lîic existing ion chumbet Incitions 
in the thermal columns. 1 he pulse c o u n t e r also has a b i l i t v to ignore gamma flux up to 
1.01: * 5 R'hr. 

With this arrangement, it is expected thai only an operational overlap would exist, 
between (he pulse instruments located in w e s t thermal d u n m and I he existing seven 
decade IX regulating channelv ihe overlap is expcilcd at J.- ^ cm.. 1*2 cm and not even 
1.0 cm below expected critical heavy water heigh! aller 4 0 days, 120 days and 150,0 days 
reactor shut down. Since this overlap characteristic is nut adequate lor a safe reactor start 
up, we have to use 4 inch diameter radial beam holes near the core where we get 
reasonable flux values for the detectors. This is so because ion chamber and even fission 
counter may not work in the thermal column alter 1 2 0 days reactor shut down. I he flux 
distribution in the 4 inch dia. radial beam hole from core surface to outer graphite surface 
in the lower elevation of 6 6 . 7 cm. are shown in Table - o. These data can be used for 
locating the fission counters and IX channels in the radial beam hole. 

4 CONCLUSIONS 

This analysis shows that for the present S/D conditions of Cirus the neutron fluxes on the 
control system ion chambers in east thermal column are too low. So the log rale will not 
pick up even 1.0 cm below critical heavy water height after 150 days of reactor shut down 
because photo neutron source power is less than 7.0 mW, which is very low. The neutron 
flux seen by the ion chambers will be not more than J .0 n/cm2/sec. The ion chambers wilt 
not be adequate at all for this start up. Following points may also be noted: 

(i) Fission counters are more sensitive than ion chambers, which can be used for start 
up after long S/D because fission chambers are suitable for neutron flux above 1.0 
n/cm2/sec. So we can use these counters in the thermal column up to 90 days of 
reactor state down; but after more than 120 days reactor shut down, fission 
counlers may not work satisfactorily in the thermal column as per our analysis. 

(ii) The ion chambers and the fission counters, any of them can be used in 4 inch dia. 
radial beam holes near the core, even for reactor start ups after more than 90 days 
shut down. 

According to the last start up data, our estimation should be under estimate. 
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TABLE A 4 - 1 

Location of the ion chambers in East Thermal Column 
(Dump level of the D2Q around 120 cm) 

S.No. Ion chamber Elevation w. r. t. Radius from core 
(east thermal heavy water bottom center to ion 

column) (cms) chamber (cm) 

1. C 66.7 4 0 1 5 
2. B 143.00 475.2 
3. A 213.0 445.2 

MRR elevation w. r. t heavy water bottom in the (west thermal column) 

4. MRR 213.0 442.0 

TABLE A 4 - 2 

Start up calculation after 90 days shut down 
The expected critical height around 209 cms 

Estimated photo neutron source power 200 mW 

Sl.No. D 2 0 Moderator 
height (cms) 

K-eff MRR Power 
(watt) 

Thermal fluxes on ton 
chamber (n/cm 2/sec) 

Ch. C Ch. B Ch.A 
1. 120.0 .91170 .2000 24.0 6.30 6.0 

2. 140.0 .94284 .31 30.0 8.0 7.0 

3. 160.0 .96550 .512 47.0 13.0 11.34 

4. Ï80.0 .98230 1.65 146.0 44.0 38.0 

5. 200.0 .99558 4.0 336.0 109.00 99.0 

6. 205.0 .99833 10.60 870.0 280.0 278.0 

7. 207.0 .99933 26.36 2143.0 690.00 685.0 

g. 208.0 .99983 104.0 8414.00 2703.00 2703.00 
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TABU- A 4 - 3 

The reactor S/D lime 120 days 
Estimated photo neutron source 40 mW 

SI.No. D 2 0 âModerator 
height (cms) 

K-eff MRR Power 
(watt) 

Thermal fluxes on ion 
chamber in the thermal 

column (n/cm 2 /sec) 
Ch. C Ch. B Ch. A 

1. 120.0 .91170 .0400 4.8 1.26 1.2 

2. 140.0 .94284 .062 6.0 1.6 1.4 

3 160.0 .96550 .102 9.4 2.6 2.27 

4. 180.0 98230 .33 29.2 8.8 7.6 

5. 200.0 .99550 .80 67.2 2 1 8 19.8 

6. 205.0 .99833 2.12 174.0 56.0 55.6 

7. 207.0 .99933 5.272 429.0 138.00 137.0 

8. 208.0 .99983 21.0 1683.00 542.00 540.00 

TABLE A 4 - 4 

Reactor S/D time from Jan 1997 to May end 1997 (150 days) 
Estimated photo neutron power around 10 mW 

SI.No. D 2 0 Moderator 
height (cms) 

K-eff MRR Power 
(watt) 

Thermal fluxes on ion 
chamber in the thermal 

column (n/cm 2 /sec) 
Ch. C Ch.B Ch. A 

1. 120.0 .91170 01 1.2 .32 .30 

2. 140.0 .94300 .0155 1.50 .4 .35 

3. 160.0 .96550 .0256 2.35 .63 .563 

4. 180.0 .98230 .83 7.30 2.2 1.9 

5. 200.0 .99558 .20 17.0 5.5 5.0 

6. 205,0 .99833 .530 43.5 14.0 13.8 

7. 207.0 .99933 1.32 108.0 34.5 34.0 

8. 208.0 .99983 5.2 423.00 136.00 135.00 
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TABLE A4 - 5 

Photo neutron Source Power around 10 mW 
Shut down time = 200 days 

Flux at elevation (67.0 cm) for channel H C 4 inch dia. radial beam hole by 
TWOTRAN 

Distance from the core surface 
D 2 0 Hts 

(cm) 
Near core 

surface 
10 (cm) 23 (cm) 40 (cm) 60 (cm) 80 (cm) 

120 7 .8E+03 6.24E+03 5.00E+03 3.5E+03 2.IE+03 8.7E+02 

140 1.1E+04 8.80E+03 7.05E+03 4.9E+03 1 9E+03 1.2E+03 

160 1.7E+04 1.36E+04 1.10E+04 7.6E+03 4.6E+03 1.9E+03 

180 4.7E+04 3.76E+04 3.00E+04 2.1E+04 1.3E+04 5.2E+03 

200 1 0E+05 8.00E+04 6.40E+04 4.5E+04 27E+04 1.1E+04 

205 2.6S+05 2.08E+O5 1.67E+05 1.2E+05 7.0E+04 28E+04 

TABLE A 4 - 6 

Thermal Neutron Flux on the MRR 
Photo neutron power around 10.0 mW 

D 2 0 Hts (cms) K-eff Photo neutron 
power (watt) 

Thermal neutron flux 
(n/cm 2/sec) 

120.0 .9117 .010 .375 

140.0 .9428 .0155 .45 

160.00 .9655 .255 .70 

180.0 .9823 .0825 2.35 

200.0 .9956 .20 6.15 

205.0 .9983 .53 17.25 

The MRR power will increase with pushing by 50.0 cm towards the core and its adjusting 
maximum gain around factor 6, 
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TABLE A4~7 

Comparison of estimated values photoneutron power levels 
v»ith those observed in CIRUS for long S/D. 

Operating power 
(MW) 

S/D time (days) Photo neutron power at dump level 
including sub critical multiplication 

Estimated (watt) Observed (watt) 

40 50(1976-77) 5.3 5.0 

20 71 (1980-81) 0.9 1.7 

40 38 (1991-92) 11.0 15.0 

40 54(1991-92) 3.4 5.6 

40 27(1992-93) 13.3 15.0 

20 120 (1996-cont inue) .04 150 

20 150 (1996-cont inue) .007 .100 
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Figure - 1. Position of Ion-Chambers in CIRUS Thermal Column 
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Figure - 3. Shematic «f CIRUS Satrt Up Instrumentation 
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Figure - 4. General Schematic for Selection of Start Up Instrumentation 
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Figure - 5. Schematic of Overlap Between Start Up & Regular Nuclear Channel* In Cirui 
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EXPERIMENTAL BEAM HOLES 

• 
FLUX ATTENUATION BY 10' FROM CORE BOUNDARY TO RRS LOCATION 

Fig.-6: Location of RRS and Special Start-up Instrumentation detectors 


