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1. REACTOR DESCRIPTIOM
PARR-2 is a Miniature Neutron Source Reactor (NNSR)
Tank-in-Pool type research reactor, with a maximum flux of
10 n/cm -s (nv) at the rated power of 27kW. Light water being
used as a coolant, moderator and shielding material. The
demineralized light water in addition to the beryllium is also
used as a reflector material. The reactor has an inherent power
peaking characteristic with a self limiting maximum flux of
3xl0 nv (peak power of 76kW). Reactor assembly comprises of
Highly Enriched Uranium (HEU) core, beryllium reflectors and one
central control^ rod. The core is enclosed in a cylindrical
aluminum alloy vessel, 0.6m diameter and 5.7m height. This vessel
is suspended in a reactor pool of 6.0 x 3.5m and 7.0m depth.
12
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Experimental facilities include irradiation sites located
inside and outside the beryllium reflector annulus. The maximum
thermal neutron flux of lO^nv is available at the "Inner Sites"
and 5xlo"nv at the "Outer Sites", at the rated power. The
reactor is equipped with monitoring and process instrumentation.
Reactor control and flux regulation are accomplished either by
MANUAL or AUTOMATIC controls provided on the reactor console or
through Micro computer based control system. Table 1 illustrates
the main features of the PARR-2.
The core of PARR-2 is an under-moderated array with hydrogen
to U-235 atomic ratio of about 193.7 and provides a strong
negative temperature (- 0.137 mK/°C for temperature between 20 to
40°C) and void coefficient of reactivity. The excess reactivity
of cold and clean core (at 20°C) is limited to 4mk by the
adjustment of reactivity adjuster rods (two such rods are in use
at present). This reactivity is around half of effective delayed
neutron fraction thus eliminating the possibility of prompt
critical accident.
Heat from the core is removed primarily by natural
convection and transferred through the reactor vessel to the pool
water, which serves as the heat sink. Complete control rod
withdrawal inserts a positive reactivity of about 4.0mk due to
which flux increase to about 3xl0 nv (76kW) in about 6 minutes
and after a few seconds it starts decreasing due to the negative
temperature and void coefficient of reactivity. This is one of
the main features of PARR-2, which allows an unattended operation
of the reactor to be one of the possibilities. At the flux around
3xl0 nv the fuel and the clad temperatures rise to 93.2 and
92.5°C respectively, which is 20°C below the saturation
temperature of the coolant.
12
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The operational support systems for the reactor includes
Reactor and Pool Water Purification Systems, Pneumatic Sample
Transposition System, Gas-Purge System, and Instrumentation and
Controls.
1.1

REACTOR POOL

The reactor pool is an underground Reinforced Cement
Concrete (RCC) structure of about 6.0 x 3.5 x 7.0m deep in
dimensions. The pool walls are about 0.5m thick and are lined
internally by 3mm thick Stainless Steel (SS) sheets and the
bottom of the pool is lined with 6mm thick SS sheets. A sump of
250 x 250mm deep, spans the entire width of the pool at the West
end (opposite to the core end). To facilitate the pool cleaning
operations, a slope of about 1% towards the sump is provided. The
pool contains about 126m of demineralized light water. The depth
of water in the poo) is about 6m, which provides an adequate
biological shield against radiations.
3

The reactor vessel is suspended in the pool by a steel
structure which is mounted on the steel supports (two on each
side of the pool along the length) and spans the entire width of
the pool (Fig. 1.1). There are the embedded pipings and ducts of
the following systems which provides support for the reactor
operation:
(a)
(b)
(c)
(d)
(e)
(f)
(g)

Reactor Water Purification System;
Pool Water Purification System;
Pool Water Cooling system;
Pool Water Overflow gutters;
Gas-purge System;
Ducts for pneumatic Tubes and Cables;
Pipe Duct (for later use);

All these penetrations are above or near the water surface
thereby preventing the pool drainage under any anticipated
conditions. Fig. 1.2 illustrates the cross-section of the pool.
1.2

REACTOR ASSEMBLY

The PARR-2 assembly comprises of reactor vessel, cooling
coils, reactor core, beryllium reflector, moderator, coolant,
shield, irradiation sites, control rod, process a:id control
instrumentation probes etc.
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1.2.1

Reactor Core

The core of PARR-2 has a U-235 loading of about 990.7g
distributed uniformly in 344 fuel pins. These fuel pins are
arranged in concentric arrays, held between upper and lower grid
plates. Fig. 1.3 illustrates the grid plate. The core also
contains six dumny fuel pins made of aluminum arranged in the
outer most array. Upper and lower grid plates secures the fuel
pins to form a fuel cage having a diameter of 230mm. The fuel
pins are fixed to the bottom grid plate by a slightly conical
self-locking fittings and are free to expand through the upper
grid plate. The grid plate have 354 holes in total out of which
344 are occupied by the fuel pins, 6 by the dummy pins and 4 by
the tie bolts which holds the upper and lower grid plates. The
core is provided with a guide tube in the centre which
facilitates the movement of the control rod. The inner diameter
for the guide tube is 5.5mm and is 2mm in thickness. The core can
withstand an earthquake of class 5
intensity. The excess
reactivity of the cold clean core (reflected from the sides and
bottom with beryllium) is about 4.0mk (at 20°C).
1.2.2

Fuel Pins

PARR-2 is fueled with HEU fuel pins which are about 90%
enriched in U-235. The fuel meat is uranium-aluminum alloy of
UA1 composition. The fuel pins are 5.5mm in diameter (outer) and
248mm in length with an active length of 230mm. The cladding
material for the fuel pins is 0.6mm thick aluminum alloy (303
Al). The clad can prevent the release of volatile fission
products. Since the aluminum is extruded on the fuel meat, the
contact between the clad and the fuel is perfect so thermal
resistance is reduced. Each fuel pin contains about 2.88g of
U-235. The surface of fuel pins are finished with anodic
treatment of 15jim thickness. This gives corrosion protection and
surface hardness to the fuel pins. Fig. 1.4 illustrates the
geometric shape of the fuel pin, while the physical properties of
the fuel meat are presented in Table 2.
4

1.2.3

Reflector

The fuel cage is surrounded by 100mm thick metallic
beryllium annulus and rests on 50mm thick bottom beryllium
reflector. On the top there is a shim tray for the beryllium shix
plates. These shims are of D-shape with varying thickness. During
reactor operation, U-235 is consumed and firsion products built
up resulting in a gradual reduction in the reactivity with time.
Compensation for this reactivity loss is effected by periodically
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increasing the thickness of top beryllium reflector. The addition
of beryllium plates is at the rate of typically one per year,
with known snail, reactivity worths. For this the small plate on
the top lid plate mounting the control rod drive mechanism has
to be removed. When the beryllium plates cannot bring the reactor
to an operational state, the entire reactor core then needs to be
replaced with a new one. The typical core life is about 10 years.
In addition to beryllium reflector the reactor water also serves
as the reflector.
1.2.4

Moderator

Demineralized light water serves both as a moderator and
coolant. The core is so designed that the hydrogen to U-235 ratio
is about 193.7 which makes the core slightly undermoderated.
Beryllium reflector surrounding the core, also slows down and
thermalize the escaping fast neutrons and return them to the
core.
1.2.5
Reactor Vessel
The reactor vessel prevents the radioactive materials and
gases of the fuel elements from escaping when failure occurs and
prevent radioactive gases from escaping during normal operation.
It is a cylindrical enclosure of aluminum alloy (LT-21) with an
inside diameter of 0.6m, height 5.7m, and thickness of 10mm.
Fig. 1.6 illustrates the cross-section of the reactor vessel. The
container is built in two parts, called the UPPER and the LOWER
part. The lower part is suspended from the supporting steel
structure with the help of four 22mm diameter SS hinged blots.
The upper and lower parts are joined together by sixteen 22mm
diameter SS tie-bolts with a polythene 0-rings in between (Figs.
1.7 & 1.8). The vessel is covered with the lid plate which is
bolted on the top. Polythene O-ring provides the seal. This lid
plate also provides a mounting platform for control rod drive
mechanism, guide tubes for rabbit system and instrumentation, and
radiation monitoring probe. To provide corrosion resistance, the
entire surface of the vessel is finished, both from inside and
outside, with anodic treatment with also adds hardness to the
surface. Reactor core is located in the lower part of the vessel
for which special seating arrangements are provided. Reactor
vessel contains about 1.3m of demineralized water and it itf
penetrated near the top by inlet and outlet pipings for the water
purification system. Guide tubes for pneumatic transposition
systems and control rod drive mechanism penetrates the vessel
through its top lid plate. To purge the environment above water
level, inlet and outlet penetrations for gas-purge system are
located near the top. Cooling coils are wrapped around the vessel
near the top to cool down the reactor water. The vessel is
suspended in the pool with the help of steel supporting structure
3
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(Fig. 1.1) which spans the entire width of the pool and rests on
the four support brackets embedded in the pool walls. Fig. 1.6
illustrates the cross-section of the vessel.
1.2.6

Coolant

The heat generated in the core is removed by natural
convection in water. The beryllium annulus and the lower
reflector are spaced to form a lower orifice, which controls the
in-flow of water through the core, similarly the top plate and
the beryllium annulus are spaced to form th-3 upper orifice. When
the temperature difference between the inlet and the outlet
increases the buoyance and circulating pressure head increase and
the flow of the reactor water also increase, thus preventing the
temperature difference between the inlet and the outlet from
increasing.
As the inlet path of the PARR-2 is near the outlet path, the
coolant which is not sufficiently heated sinks down (Fig. 1.9).
Due to the siphon, the coolant in the inlet path partly takes the
coolant in the outlet path, thus increasing the inlet
temperature. The recirculation of the heated water speeds up the
increase of the coolant temperature. This feature, the
non-sufficient natural circulation, is of benefit to the reac. r
safety.
In the thermo-hydraulic design it is very important to
determine the reasonable height of the inlet path. If the
temperature increased too much, the temperature effect would be
too large. Thus in the limited excess reactivity the ability to
compensate the Xe poison reactivity and burnup would be low, thus
shortening the reactor operation period. According to the
experiments and calculations the height of the inlet path is
selected to be about 6.0mm, and of the outlet path about 7.5mm.
The heat absorbed by the water in the core is transferred from
the vessel to the pool water, which serves as a heat sink.
Cooling coils provided around the vessel may be used to maintain
a constant temperature of 20°C in the pool.
1.2.7

fihiejjj

The reactor pool is located underground, the only shield
required is on the top. A depth of 4.5m of water above the
reactor core therefore provides adequate biological shield. The
dose rate in the working area around the pool is less than
Maximum Permissible Dose rate (MPD). In the design of the pool
all penetrations are so organized that a minimum water depth of
about 3.5m remain available on top of the core.
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1.2.8

Irradiation Sites

Ten irradiation sites are available for experimentation.
Five of these are located inside the beryllium annulus, called
the "Inner Sites" while the rest are around the beryllium annulus
called the "Outer Sitos". The diameter of five inner and three
outer irradiation tubes are 22mm while the two outer tubes are of
34mm in diameter. Fig. 1.10 illustrates the location of inner and
outer sites with respect to the core. The irradiation tubes are
mounted on the lid plate and terminate in the inner/outer side of
the beryllium annulus. A bend in the irradiation tube is provided
to avoid any ducting effect of the radiations. These irradiation
sites can be approached with the help of pneumatic sample
transposition system.
1.2.9

Control Rod and Emergency Shutdown Mechanism

The PARR-2 is designed to have a self-limiting power
excursion characteristic, therefore only one centrally located
cadmium control rod of 3.9mm diameter and 266mm length having a
SS cladding of 0.5mm is made available. Fig. 1.11 illustrates the
design of the control rod. This rod is used to regulate the flux
level and to compensate for the reactivity changes, as well as,
to startup and shutdown the reactor. The total worth of fully
inserted control rod is about 6.7mK which gives a shutdown margin
of about 2.7mK at 23°C.
The control rod drive mechanism comprises of two way motor
driven single turn string and drum type arrangement. The rod is
engaged with the drive mechanism with the help of SS string. A
lead weight is attached to the top of the rod to facilitate its
movement. The rod weight together with the weight bob is about
850g. The rod moves in the core through a hole in the top
reflector shim tray. Control rod has a travel length of 230mm
with a speed of 8.7mm/s. Loss of power to the drive mechanism
de-energizes the magnetic clutch which releases the control rod
to fall into the core under gravity. The total rod drop time is
1.05s from fully out position with a delay time of 50ms.
In case of an emergency, pneumatic sample transposition
system may be used as an auxiliary shutdown device and the
reactor may be brought to shutdown state by sending cadmium
capsules in the inner irradiation sites of the core.
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Table 1
MAIM FEATURES OP PARR-2
Steady state thermal power (kW)
Self limiting peak power (kW)
Enrichment in U-235 (%)
U-235 loading in the core (g)
Excess reactivity of coid clean core (mX)
Thermal neutron flux at 27 kW (nv)
Inner sites
Outer sites
Moderator and Coolant
Reflector (sides/bottom/top)
Fuel
. geometry
composition
meat dimension (mm)
meat length (mm)
Clad
material
thickness (mm)
Total number of fuel pins in core
Control rod
number
material
Detectors
neutron
radiation
temperature
Temperature coefficient of reactivity for
15 to 40°C range (mK/^C)
Maximum clad temperature at 76kW (°C)
Coolant outlet temperature at 76kW (°C)
Irradiation sites in use (No.)
inner (Actual 5)
outer (Actual 5)
Core life (y)

9

27
76
90
990.7
4.0
)

1 2

5 X 10'

«2°
Be and HjO
Pins
UAl,
4.3
230
303 A l
0.6
344
01
Cd

Miniature FC
GM tube
RTD & thermo
couples
-0.07 to -0.1
92
62
04
02
10

PHYSICAL PROPERTIES OP THE TBKL MS*¥
Tensile Strength

s

13.3 kgf/n

2

Yield Stress

K

12.2 kgf/m

2

Percentage Elongation

«

9.2%

Impurity Levels (ppm)
B
Fe
Cr

<
<
<

C
Li
Ni

1
700
240

10

%
<
<

400
8
240

2. REACTOR AUXILIARY SYSTEMS
2.1

HATER PURIFICATION SYSTEMS

This includes the purification systems for the reactor water
enclosed in the reactor vessel and the pool water.
2.1.1

Reactor Vessel

The water in the .reactor vessel being in direct contact with
the fuel pins and structure material requires high degree of
purity as low quality water may lead the contact material to
corrosion and scaling. The deposition and scaling on fuel pins
and over orifice gap for the coolant inlet-outl<t, will reduce
the heat removal capability hence raising the fuel temperature.
The suspended impurities in the water, on the other hand, will be
subjected to irradiation resulting in higher dose rate. It is
therefore necessary to maintain water quality to the
specification most suitable for the contact materials. According
to the chemistry of the contact materials at temperatures,
pressure and radiation levelr prevalent in the reactor, following
specifications must be met: by iedctor water during all
conditions:
Conductivity

<
<
<

cr
Cu**, Pb** content
PH value
Total solid residuals

s

<

2 pS/cm
0.05 ppm
0.01 ppm
6 ± 0.5
1-2 ppm

As the core residence time in water is more than 10 years so
serious attention should be paid in maintaining the reactor water
quality within the specifications.
To maintain the quality, water frcm the reactor vessel is
recirculated periodically (before startup on Sundays) through
filters and mixed bed demineralizer unit until the water
conductivity is < IpS/cm. Penetrations in the upper part of the
reactor vessel is provided for this purpose. Hater from the
vessel is pumped through a mechanical filter to the mixed-bed
demineralizer vessel with a flow rate of about 0.4m /b. After
de-ionization the water is returned to the reactor vessel through
resin capture filter. The resins are of "throw-away" type i.e.
they are replaced with a fresh one when exhausted.
3

The water level in the vessel is maintained between the
upper and lower limit of 370 to 470mm below the reactor vessel
lid. In case water level falls below the lower limit, make-up
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water is supplied to the vessel through a small Bake-up water
tank under gravity. Fig. 2.1 shows the flow diagram of reactor
water purification system.
This system should not be operated along with gas-purge
system in order to avoid any spillage of water into the gas-purge
system.
2.1.2

Enactor pgoj.

Pool water purification system maintains the quality of
water in the pool according to specification as for the reactor
water. Pool water is recirculated periodically through filters
and mixed-bed demineralizer, the frequency of which depends upon
the rate of contamination. Hater is taken from the pool at a
depth of about la from the water surface and pumped through the
regenerative type mixed-bed demineralizer unit with a flow rate
of about 4m /h. After de-ionization, water is returned to the
pool. Fig. 2.2 illustrates the flow diagram of the pool water
purification system.
3

To make-up for pool water losses the system is coupled with
demineralized water supply system (section 2.6). The make-up
water is supplied when pool water lowers to 150mm of pool over
flow level.
2.2

gftg-ppRGE STSTBW

The reactor vessel is a sealed container having an empty
space of about 120 liters on the top. This space provides an
accommodation for the decay of radioactive gases produced by the
irradiation. These gases mostly comprise of Ar-4l from the
dissolved air in water, and other airborne particles activated as
a result of neutron irradiation. Krypton, xenon and iodine can
also be present, if fuel failure occurs.
Gas-Purge system is provided to keep the vessel clear of the
above mentioned, gases. This system is operated periodically (on
every Sundays) after 40 hours of reactor shutdown for one minute
at a flow rate of about 40m /h. The gases are pumped out through
the mechanical filters, which removes the radioactive aerosols,
and are discharged to the atmosphere through exhaust stack. At
the same time fresh air enters the vessel through the air intake
filter. In case of failure of fuel pins, the gases to be
discharged are routed through the iodine filters. Fig. 2.3
illustrates the flow diagram of the system.
s
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This system should not be operated while reactor vessel
purification system is in operation. It should be operated only
when reactor is in the shutdown state.
2.3

POOL WATER COOLING SYSTEM

Fission heat generated in the core is removed by natural
convection of water in the vessel. This heat is then transferred
from the vessel to the reactor pool through its aluminum body
resulting in gradual increase in the pool water temperature.
According to the preliminary calculations it is estimated that
the mean water temperature rise in the pool would be less than
1°C for a total energy release in a single operation. The main
reason however, for the change in the pool water temperature is
the change in the ambient temperature.
In order to maintain the reactor pool water temperature
around 20 to 25°C during startup, SS cooling coils are provided
which surround the reactor vessel near the top (Fig. 2.4). Cold
water can be circulated through these coils to cool the pool
water. These coils at present are not being used.
2.4

PNEUMATIC SAMPLE TRANSPOSITION SYSTEM

Two independent pneumatic systems are provided to deliver
sample capsules into the irradiation sites, which need activation
analysis, and then to send them back to the lead chamber
according to preset time interval to carry out counting or other
processing. The systems are also used to send cadmium pieces into
the reactor to carry on reactivity adjustment during reactor
startup, transient test, and beryllium shim adding, etc. A
constant air flow system allows sample to be inserted or removed
while the reactor is in operation.
A positive compressed air source is used for the transport
of the sample. The purified compressed-air at a pressure of
0.6MPa is produced by an air compressor and is then stored in a
0.5m air receiver. The air is supplied to the system after
passing it through dust and oil filter and refrigerant type air
drier. On the top of the vessel, a pressure gauge and a safety
valve are installed to ensure the safety of personnel and
equipment.
3

From the main supply pipe, the air is fed to each pneumatic
transfer system branch pipes. Near the beginning of each branch
pipe, a small ball valve and pressure reducing valves are
installed. This reduces the pressure from 0.6MPa in the main pipe
to the required working pressure of about 0.3MPa. The pressure of
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COOLING COILS

the rabbit system is adjusted according to the resistance of the
pneumatic loop, the weight of the sample and capsule, the
distance transferred, and the number of bends. The valves in the
control panel are connected to the irradiation tubes on the
reactor top with polythene tubes. With the change of air
directions, the samples can be sent into or taken out of the
irradiation sites. The whole pneumatic loop is properly sealed to
eliminate leakage. The exhaust from these systems is released to
the environment through the exhaust chimney located on the top of
ventilation exhaust room on the second floor.
Two types of polythene capsules, small and large with a
volume of 7 and 25cm respectively, are used for sample
irradiation. The limiting weight of both the capsules is 50g.
These capsules can be safely used for neutron fluence of
lxl0 nvt. The temperature of the inner and outer sites is less
than 50°C. The polythene capsules are stable enough under this
environment.
3
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The systems are briefly described in the following sections.
2.4.1

Transfer system - A

The pneumatic capsule transfer system can handle two
irradiation tubes at a time. The two sample ejectors are
provided, each being a double layered SS thimble with pressed
spring. With the control system, they are transferred into
corresponding irradiation sites by compressed air for
irradiation.
The last equipment of the pneumatic loop is the lead chamber
which is used for receiving and storing samples before their
transportation or other processing can be done.
Auto timer or push buttons are used to control the
irradiating time. According to the sample to be irradiated, the
irradiating time is selected, and preset by using a sequential
switch in advance. Photocells/bulb-detectors are installed at the
upper part of the reactor top irradiation tube, and on the top of
the receiving lead chamber. Inside the photocell, a light source
and a phototube are installed at the corresponding places. In
auto mode the movement of capsule through these detectors starts
and stops the timer which automatically withdraws the capsule
from the reactor after the preset time has elapsed.
It must be emphasized here that the time accounted by the
timer is started when the sample passes by the photocell on the
top of the reactor. From there, the sample still has 5 more
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meters journey to arrive at' the irradiation site, 'heeding about 1
second. Therefore, 1 more second must be added to the preset
irradiating time. Fig. 2.5 shows the flow diagram of the system.
The general specifications of the system are:
a)
b)
b)
c)
d)
e)
2.4.2

Working pressure in the main pipe < 0.6MPa
Working pressure of the transfer system < 0.3MPa
Time preset range of the timer 1 ' 99999 second
Set-time accuracy of the timer 3 x 10"*second
Capsule volume for the small rabbit site 7cm
Capsule volume for the large rabbit site 25cm
3

3

Transfer System - B

The multi-function system can handle upto four irradiation
tubes simultaneously and it is particularly suitable for short
lived isotope production. Fig. 2.6 show the schematic diagram of
the system. Besides sending and receiving samples to the core
this system can perform number of operations such as stripping,
sending samples for different processes such as chemical
separation, counting setups, shielding chambers, waste dump and
re-irradiation etc.
The system comprises of ejectors, stripper, lead flasks,
glove box and control console. The entire operation is executed
automatically by electro-pneumatic valves located in the control
desk.
2.6

DBMIKERALIZED WATER SUPPLY 8YSTEM

To supply the demineralized water to the reactor, wet
storage bay and various laboratories located around it, a
overhead tank located near the cooling tower of PARR-1 serves as
the source. This tank receives the demineralized water from
PARR-1 make-up demineralizer unit and supplies the water to the
PARR-2 building through 76mm diameter PVC pipe under static head
of. about 10m.
To make-up for the evaporation and leakage losses in the
reactor pool and reactor vessel, the demineralized water system
is hooked-up with the recirculation demineralizer units of
reactor. The reactor vessel is supplied with make-up water under
gravity through a SS storage tank of capacity 0.125m located at
a height of 2m from the water surface in the pool. Sampling
provisions are there to test the quality of water before its use.
3
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If the quality of water meets the desired specifications,
arrangement are there to bypass the pool water recirculation
deminerali zers.
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3. INFTRUMBNTATION AMD CONTROL
The design of the Instrumentation provided on the PARR-2 is
much more simple than that of other type of reactors because it
possesses a great self stability and inherent safety feature. It
is mainly for measurement and monitoring of various parameters.
The reactor can be operated from the console or through a micro
computer in either of the two modes i.e. manual or automatic. The
instrumentation available on the console helps in attaining a
predetermined operating state of the reactor. The instrumentation
mainly consists of the following.
a) Reactor control and monitoring system
- Control rod drive mechanism
- Control rod position indicator
- Manual operation
- Manual scram
- Computerized controlled closed-loop operation
- Annunciation
b) Control Console
c) Reactor trip system
d) Area radiation monitoring channels
e) Process instrumentation for
- Temperature
- Pressure
- Level
- Flow
- Conductivity and pH
f) General safety related instrumentation
- fire alarm
3.1

REACTOR CONTROL 3Z0 MONITORING SYSTEM

Safety of the reactor is assured mainly by three design
features i.e. undermoderated core, high negative temperature
coefficient and low excess reactivity. These features make the
reactor inherently safe in case of normal operation and stepped
reactivity insertion of 4.0mk where the self limiting peak power
of 76kW is reached in about 6 minutes. During the peak power
transient,
maximum surface temperature of the fuel element
remains 19.5°C below the water saturation temperature. All of
these make the prompt criticality impossible and the accident
such as the burn out of the fuel clad and the core meltdown due
to the out-of-control reactivity can be excluded. Due to the
inherent safety of the reactor an automatic protection system is
therefore not required and an unattended operation is possible.
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3.1.1

Control Rod Drive Mechanise

There is only one control rod in the center of the reactor
core which is used to startup, maintain a flux level and shutdown
the reactor. Other details on the control rod are described in
section 1.2.10. The drive device consists of a small AC servo
motor, electromagnetic clutch, gear mechanism, autosyn
transmitter, multi coil spiral potentiometer, limit switches,
etc.
The control rod is suspended by a SS wire from a single-turn
drum mounted in the control rod drive mechanism i.e. a single
turn of the drum will make the control rod travel a maximum
distance of 230mm with an error of 5mm. The rod position on the
extreme points is indicated by the signal from microswitches to
TOP and BOTTOM lights on the console. These microswitches are
installed in the drive mechanism. If after these TOP and BOTTOM
signals control rod is further inserted or withdrawn two other
microswitches will indicate the LOWER LIMIT or UPPER LIMIT
respectively on the console. However these microswitches never
disconnect the motor power or do any thing to stop the movement
of the rod. Mechanical stoppers are provided to prevent the
control rod from moving beyond these limits. In addition to the
autosyn which gives a precise rod position indication to the
console, a multi-turn potentiometer is incorporated in the drive
assembly so that rod position is continuously provided to the
computer.
3.1.2

control rod Position Indicator

The position of control rod is transmitted to the computer
in the control room by the potentiometer used as a position
transducer. The rod position is indicated on the console from the
signal from autosyn that is basically position of single turn
drum. The position indication error is around 1.5mm. The autosyn
is an induction type electromechanical device, its transmitter
and receiver are synchronous with each other. The autosyn emitter
transforms the angular deflection into electrical signal and the
receiver, the display meter on the console, converts it back to
angular deflection. The upper and lower travel positions are
actuated by the microswitches and are indicated on the console by
upper and lower limit lights.
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3.1.3

Reactor operation

The reactor can either be operated manually or automatically
from the console or computer. There are two neutron flux
measuring channels using miniature fission chambers which are
located in the reactor vessel adjacent to the fuel cage in
beryllium annulus. The position of the fission chambers is so
adjusted that when reactor is operated at the rated power, the
flux channels on the console and computer should read 10 nv.
Signal from one of the channels is connected to an indicator on
the console which along with other indications is used in manual
and automatic control of the reactor.
12

An IBM PC-AT computer can also be used for the operation of
reactor in an automatic or manual mode. Signal from the second
channel is taken to the computer through an interface for control
from the computer. In auto mode when a deviation from a preset
level of flux is detected, an appropriate signal is given to the
drive mechanism to achieve the desired flux level. Neutron flux
level is therefore kept constant by the computer in a closed loop
control system. The operating parameters are displayed on the
video terminal connected to the computer in the control room. In
case any parameter exceeds the preset limit, the information is
displayed on video terminal. The reactor can also be operated
manually through the computer with the help of cursor and
function keys. The rod movement is achieved with the up and down
keys.
A scram button on the console can be pressed to de-energize
electromagnetic clutch for shutdown of the reactor so that its
operation can be terminated whenever any undesired behavior or
some abnormality is detected. This facility is only available
when reactor is operated from the control console.
3.1.4

Annunciation

To provide the operator with a constant check on all the
variables affecting the reactor operation, information is
provided on video terminal and console which indicate normal or
abnormal conditions. Red lights on the console indicate an
abnormal condition along with an audio alarm for exceeding the
preset limits of power (120% of the rated power) and temperature
difference between outlet and inlet (25°C) resulting in reactor
scram. The buzzer will be silenced by pushing the "AUDIBLE
INTERLOCK" button on the control console, and alarm light will go
OFF when abnormal condition is removed and the light elimination
(reset) push button is pressed. Other annunciations include the
lights for water level (high and low) for both the pool and the
vessel, and the rod upper and lower limit.
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In the computer controlled mode the alarms are indicated on
the screen if any operating parameter exceeds the limit along
with an audio alarm. However, there is no scram associated with
any abnormality when the reactor is operated through the
computer. After the shutdown of the reactor the printer will
provided a data sheet on the operational parameters.
3.2

COMTROL COMSOLE

The main equipment in the PARR-2 control room is a control
console (Fig. 3.1), which contains the reactor control system,
control instrumentation for automatic startup/shutdown and flux
regulation, read-outs for the radiation monitoring system and a
service panel monitoring the auxiliary systems. Detectors for
monitoring the status of reactor operation are located in
different locations. Connection from various detectors and
measuring instruments are brought to the console through
underground ducts and the status of various parameters is shown
continuously on the console. A computer with auxiliary equipment
is also provided in the control room for monitoring and computer
controlled operation of the reactor.
It consists of four panels: middle, left and right vertical
panels (Fig. 3.2) and a tilted panel (Fig. 3.3).
3.2.1

Middle Vertical ODDer Panel
Contains control instruments for;
(a)
(b)
(c)
(d)

3.2.2

Neutron flux digital meter
Potentiometer and push buttons for the magnitude and
exponential setting respectively of the required flux
(Auto mode)
Potentiometer for rod limiting position
Indicating lights for rod (UP, DOWN, TOP, BOTTOM)
Middle Vertical lower panel

In this
available;

part

of

the

panel

following

indications

are

(a) Control rod position (0 to 250mm)
(b) Eight light word plates
- Temperature alarm (Outlet-Inlet temperature
> 25°C)
- Power Alarm (Flux >1.2 x 10 nv)
12
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3.2.3

RWL high (< 370mm from the lid plate)
RWL low (> 470mm from the lid plate)
PWL high (> 610cm from the pool bottom)
PWL low (< 585cm from the pool bottom)
Upper limit (Control rod)
Lower limit (Control rod)
Left Vertical Upper Panel

This part of the console contains display meters for the
cooling coil Inlet and Outlet temperature, covering a ranges from
0 to 50°C. These meters receive signal from the two Resistance
Temperature Detectors (RTD) installed at the cooling coil inlet
and outlet.
3.2.4

Left Vertical Lower Panel

The panel houses recorders with displays for reactor core
Inlet temperature and Outlet-Inlet temperature difference. The
range for the Inlet temperature is from 0 to 60°C and for the
Outlet-Inlet temperature difference is from 0 to 30°C. The signal
for the Inlet temperature is received from RTD placed at the
inlet orifice and for the Outlet-Inlet temperature difference the
signal is generated from the thermocouples placed at the outlet
and inlet orifices.
3.2.5
Right Vertical Panel

This panel contains the radiation monitoring unit.
3.2.6

Tilted Panel
On this panel following control and indications are located;
(a)
(b)
(c)
(d)
(e)
(f)
(g)

Five rabbit control push buttons with status indication
lights
Control rod IN/OUT push buttons and TOP, BOTTOM signal
lights
"Reactor is Operating" light selector and indication
light
Light Elimination push button (Reset)
Main power supply ON/OFF key switch and indication
light
Protection IN push button and indication light
Control rod drive motor power supply ON/OFF selector
and indication light
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• • • . ~Ki

(h)
(i)
(j)
(k)
(1)
3.3

-••*•,'. V * - .

Control mode selection (AUTO/HAN) push buttons and
indication lights
Automatic startup and shut-down push buttons
Audible interlock push button and indication light
Manual Scram push button
Lamp Test switch

REACTOR TRIP SYSTEM

Reactor can be tripped manually by pressing the scram button
on console when operating the reactor through the console only. A
trip condition can also occur when there is a main power supply
failure. Reactor trip is accomplished by de-energizing the
magnetic clutch that links the control rod drive drum with the
rest of the drive mechanism. The control rod then falls under
gravity and gets seated in the core terminating the operation of
the reactor.
3.4

AREA RADIATION MONITORING CHANNELS

G.M. tubes are used to monitor gross gamma activity at
different locations. The radiation monitor probes are located at
following locations:
a) Reactor pool, vessel top
b) Reactor hall adjacent to the control room
c) Ion exchange column
Alarm level on all the monitors is set at the MPD except the
monitor mounted at the vessel top where higher dose rate are
encountered. Readout of all the monitors are provided in the
control room, right vertical panel of the console. An alarm is
triggered in the control room if a preset level is exceeded on
any of the monitors. A status light, green and red respectively for normal and abnormal radiation level, provides the necessary
information at the personnel entry gate.
3.5

PROCESS INSTRUMENTATION

Process instrumentation comprises of temperature, pressure,
level, flow, conductivity and pH measurements, monitoring devices
and instruments are installed in various parts of the reactor and
its auxiliary systems. Important process measurements are
described in the following sections.
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3.5.1

Temperature Measurement

Core inlet and outlet-inlet water temperature difference are
measured and displayed on the console in the control room. Where
as on the computer inlet temperature and outlet temperature is
displayed. An increase in the core temperature difference beyond
25°C actuates only an alarm for operation through the computer
whereas the reactor is scrammed if operating through the console.
A platinum resistance thermometer is used, which is located
under core, to measure the core inlet temperature. The
temperature is continuously displayed and recorded on a chart
recorder in control room. The same information is also fed to
computer in computer controlled operation.
Temperature difference across the core is measured by two
NiCr-NiAl sheathed thermocouples. One thermocouple is fixed at
the outlet near the beryllium annulus and other is near the inlet
orifice (Fig. 3.4). Under normal operation the temperature
difference is around 18°C.
Two platinum resistance temperature detectors (RTD) are used
for the cooling coils inlet and outlet temperatures. The
temperatures are indicated on the moving coil meters with a range
from 0°C to 50°C, on the console in the control room.
3.5.2

Pressure Measurement

Pressure in the reactor gas-purge system is measured by
U-tube differential manometer with range of 0-100mm (water).
Inlet pressures of both the pneumatic capsule transfer
systems are measured and indicated locally in the isotope
separation and counting laboratory. Air pressure can be
controlled locally by pressure regulator. Air compressor is
common to both the pneumatic capsule transfer systems, and the
status of compressor is shown in the rabbit room.
3.5.3

Level Measurement

Information on reactor vessel water level is obtained by
float switches which use float with magnet and reed switches.
Limits with respect to vessel top are 370mm (upper) and 470mm
(lower). When these limits are exceeded, warning lights both on
the service panel and main control panel are turned ON. The pool
water level is also monitored in a similar manner and the
indications for the reactor pool measurement are brought out in
the control room, displayed on the console. A low level warning
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TEMPERATURE DETECTORS

light is actuated if the water levels falls below 15cm, from the
normal level (6m). In case the normal drain is blocked, another
alarm is actuated if the water level rises more than 10cm.
3.5.4

Flow measurement

All demineralizer pumps are turned ON/OFF from the manual
on-site switch for each demineralizer. Status of the reactor
water purification system is displayed in the control room on the
service panel.
Reactor vessel water demineralizer is fitted with on-site
flow rate sensor which provides an indication on the control
console with range of 0-100% corresponding to a flow of 0-63 01/h.
Reactor vessel heat is dissipated to the pool water and the
pool water is cooled by the cooling coils. Water flow through the
cooling coils can be measured on-site by a rotameter with range
from 0-25001/h.
3.5.5

Conductivity and pH

Reactor vessel water conductivity is checked by conductivity
sensor, which has three measuring ranges: 0-10, 0-100 and
0-1000fiS/cm. Temperature compensation arrangement is also
provided on the read-out meter for the conductivity on the
service panel (Fig. 3.5).
Quality of water in the reactor pool is to be maintained by
making routine checks on the conductivity and pH, and operation
of the Pool Water Purification System and their values are
maintained around
Conductivity : 2jiS/cm
pH : 6 ± 0.5
3.6

GENERAL SAFETY RELATED INSTRUMENTATION

In the absence of s p e c i f i c requirements for the s a f e t y of
the r e a c t o r ,
i t s b u i l d i n g and t h e p e r s o n n e l ,
normal
instrumentation as required in an i n d u s t r i a l environment i s
s u f f i c i e n t . For t h i s purpose adequate equipment for communication
and f i r e f i g h t i n g e t c . i s i n s t a l l e d . Telephone and intercom
s e r v i c e s are provided for rapid communication.
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3.6.1

Fire Alarm System

Fire fighting and alarm system conforms to the standard
requirement for an industrial installation. Smoke detectors and
alarms are provided in centre of the ceiling of each room of the
building and at different locations in the reactor hall. In case
a fire is detected, a fire fighting group will be available on
call. Co, based sprinkles are provided at different locations in
the building.
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4. REACTOR EXPERIMENTS
The typical reactor engineering and physics experiments
which can be performed on this reactor are briefly discussed
below:
4.1
4.1.1

TO OBTAIN THE DESIRED FLUX LEVEL
Theory

At the time of raising reactor flux positive reactivity
(reactivity is defined as fractional change in the effective
multiplication factor- S = (K, -1)/K , ) is added to the reactor
core by withdrawing the control rod. In the beginning there is a
sharp increase in the neutron flux referred as the "Prompt Jump"
because immediately following a change in reactivity due to
control rod withdrawal the neutron flux increases due to the
prompt neutrons. For small reactivities the initial rate of
growth of neutron flux, following the change in reactivity is
almost the same as if all the fission neutrons were prompt.
ff

e

f

The prompt jump is for a short duration or is a transient
period. After a short while the short-lived transient period dies
out and the rate of rise of reactor flux is then governed by the
stable reactor period. In other words, after the initial rise
caused by the prompt neutrons, the flux increases more slowly, as
the delayed neutrons are emitted and the subsequent behavior of
the reactor is determined entirely by delayed neutrons.
All this can be explained as, the number of delayed neutrons
contributing to the fission chain reaction at any instant is
proportional to the thermal neutron flux at some previous time,
but the number of delayed neutrons precursors produced by fission
i.e. the number of neutrons being delayed, is proportional to the
flux at the given instant. For a short time after the change in
the effective multiplication factor the neutron flux will not
change very greatly, provided the react .vity is small. The number
of delayed neutrons contributed to the system will then not be
appreciably less then those being delayed. Hence, for a very
short time during the initial prompt rise, the reactor behaves
as if all fission neutrons were prompt, and flux rises promptly.
However as the neutrons flux grows with time fewer delayed
neutrons enter the chain-reacting system, then are being delayed
and the rate of increase of the flux gradually falls off.
Ultimately, the rate of growth is determined by the stable
period.
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During raising the reactor flux, the control rod is used to
add positive reactivity into the core. Keeping in mind that
larger the reactivity insertion smaller is the reactor period.
However when desired flux level is approached the control rod is
inserted back to reduce the reactivity in core so that desired
flux is maintained with small K in core i.e. reactor period is
large or K
is around 1 (critical).
M

eff

4.1.2

Procedure

Start-up and shut-down check lists are completed. The
purpose being to get familiarized with the different checks that
have to be completed before start-up and after shut-down of
PARR-2 and to know physical location of different main and
auxiliary systems. The completion of these checks is essential
for safe and efficient operation of the reactor.
4.1.2.1
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
4.1.2.2
1.
2.
3.
4.
5.
6.
7.

Automatic Start-Up Using Control Console
Complete the START-UP check list for PARR-2 (Console
Operation).
Select the CONTROL MODE to AUTO.
Press the PROTECTION IN.
Switch the MOTOR POWER ON.
Set the required flux level.
Set the upper limit for the control rod, if desired.
Push the START button.
Wait until desired flux level is reached. Observe
different reactor parameters.
Shutdown the reactor by pressing SHUT button.
Complete the SHUT DOWN check list.
Manual Start-Up Using Control Console
Repeat step 1 of section 4.1.2.1.
Set control mode to MAN.
Repeat steps 3 and 4 of section 4.1.2.1.
Press the ROD UP to with draw the rod.
Obtain the desired flux by manipulating the ROD UP/ROD
DOWN push buttons.
Shut Down the reactor by using ROD DOWN push button.
Complete the SHUT DOWN check list.
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4.1.2.3
1.
2.
3.
4.
5.
6.
7.
4.1.2.4
1.
2.
3.
4.

4.2

4.2.1

Automatic Start-Up Using The Computer

'

Complete the START-UP check list for PARR-2 (Computer
Operation).
Run the Control Program.
Use the function keys F5 and F6 to preset the required
flux.
Use of the function key Fl to start the reactor in AUTO
mode.
Wait until desired flux level is reached. Observe
different reactor parameters.
Use F10 to SHUT DOWN the reactor.
Complete the SHUT DOWN check list.
Manual Start-Op Using The Computer
Repeat steps 1 and 2 of section 4.1.2.3.
Use the arrow keys to move the rod UP or DOWN and
obtain the desired flux level.
Shut down the reactor manually using arrow keys after
observing the different reactor parameters when desired
flux is reached.
Press F10 to exit from the control program and complete
the SHUT DOWN check list.

CONTROL ROD CALIBRATION AND TO DETERMINE SHUT-DOWN MARGIN,
CONTROL ROD WORTH AND EXCESS REACTIVITY
Theory

The calibration of a control rod is measurement of
reactivity worth at any of its position in the reactor core. The
accurate knowledge of the reactivity worth of control rod is
essential for reactor safety as well as for all practical
operating situations of start-up, steady state operation and
shut-down of a reactor. The practical importance of obtaining a
complete rod calibration is primarily to detect reactivity
changes that occur in a reactor with rod movement.
The control rod worth, i.e. sum of shutdown margin and
excess reactivity, would enable an estimate to be made of the
total shutdown capacity cf the core. A fundamental requirement
in reactor operation is that there must always be sufficient
control poison available to bring the reactor subcritical with
some margin to spare. This negative reactivity following the trip
of the reactor is referred to as the shutdown margin. Whereas,
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the excess reactivity is defined as that value of reactivity that
vould exist if all movable control poison was instantaneously
eliminated from the core.
A large number of different methods are available for
calibration of control rod. The method to be adopted for this
purpose largely depends upon the system configuration and
instrumentation available for a particular system. Some of these
methods are:
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)

Positive period method
Rod drop method
Intercalibration method
Rod oscillation method
Source jerk method
Pulsed neutrons source technique
Distributed poison technique

For the control rod calibration of PARR-2 none of the above
mentioned method can be used because of unique system
configuration. So a different method for the calibration of the
control rod is adopted.
4.2.2

Procedure
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

Complete the start-up check list for the computer
control operation.
Set the desired flux to l x lo'nv.
Select the AUTO mode and wait for the system to be
critical i.e. excess reactivity around zero.
Switch to the MANUAL mode and start data storage.
Insert the rod manually by a step of 10mm until it is
fully inserted. Wait at each position for few seconds.
When rod is fully inserted stop the data storage and
switch back to AUTO mode, wait for the desired flux
level to be achieved with reactivity around zero.
switch to MANUAL mode and start data storage.
Withdraw the control rod manually through a step of
10mm until control rod is fully out.
Shut-down the reactor and complete the shut-town check
list.
Use DSP software to print the stored data.
Draw the graph for reactivity Vs rod position from the
data print out.
Determine the excess reactivity, shut-down margin and
control rod worth from the plotted graph.
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4.3

TEMPERATURE , ^EFFICIENT OF REACTIVITY

4.3.1

Theory

An important cause of transient changes in the effective
multiplication factor in an operating reactor is variation in the
temperature of the system, since a change in reactor power would
lead to change in the temperature. Whether such temperature
transients cause the multiplication factor of the reactor to
increase or decrease and how fast these changes manifest
themselves are of great practical significance.
If the effective multiplication factor or reactivity of a
reactor were to increase with temperature, then a transient
increase in temperature would result in an increase in reactivity
and hence in temperature. The reactor, thus, has a positive
temperature coefficient of reactivity. Such a reactor would be
potentially unstable.
On the other hand, if the temperature coefficient is
negative, a transient increase in temperature will be accompanied
by a decrease in reactivity. In such a reactor, a temperature
transient, either an increase or a decrease, would be selflimiting. A negative temperature coefficient of reactivity is
thus a desirable feature since it is an important factor in
reactor stability and operational safety.
A distinction must be made between several effects
contributing to the overall temperature effect, such as the fuel
and the moderator. The fuel and moderator coefficients are
generally different in magnitude and often in sign because they
depend upon entirely different characteristics of the fuelmoderator system. The fuel temperature coefficient is often
described as the prompt coefficient where as the modern Lor
coefficient is the delayed coefficient, since the time required
for a temperature change to produce an appreciable change in the
reactivity is short for the fuel but is much longer for the
moderator.
Terms generally considered
temperature coefficient are:
4.3.1.1

significant

in the* overall

Nuclear Temperature Coefficient

As the core temperature increases, the average neutron
energy increases. With increasing neutron energy, the microscopic
absorption cross-section (excluding resonances) and the
scattering cross section decreases. For most materials the
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absorption cross section varies as 1/v for neutron-nucleous
interaction energies below that of the first resonance. This
coefficient concentrates on :he migration area (M ). The largest
effect is on the thermal diffusion length (L), which increases
with increase in temperature. This shows that the nuclear
coefficient is negative causing a negative reactivity insertion
for any up-power upset in a thermal reactor.
2

4.3.1.2

Density-Temperature Coefficient

This effect is strictly due to change in nuclear density,
which decreases the macroscopic cross-section resulting in an
increase in the mean free paths for absorption and scattering.
The result is that the thermal diffusion length (L) and neutron
age (T) increases, thus reducing the thermal and fast non-leakage
probabilities. This decrease in the non-leakage probabilities
decreases the effective multiplication factor, which means that
the reactivity effect is negative.
4.3.1.3

Volume-Temperature Coefficient

This effect is due to a change in the reactor buckling due
to temperature changes. The buckling is usually in the form of:

where a and x are respectively a constant and characteristic
dimension of a reactor depending on the geometry.
k

k

As the characteristic dimension increases, buckling
decreases, which results in a partial compensation for the effect
of an increased L and r on the non-leakage. Thus, the effect of
volume-temperature coefficient (however small) is positive.
4.3.1.4

Nuclear Doppler Effect

While the previous factors apply to the neutron population
as a whole, there is an additional factor which is extremely
important since it acts on the prompt neutrons as they slow down
through the resonance absorption regions. This factor, termed the
Doppler effect, yields a negative prompt neutron temperature
coefficient in most reactors (reactors fueled with natural
Uranium or slightly enriched Uranium).
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4.3.2

Procedure
1.
2.
3.
4.
5.
6.
7.
8.
9.

4.4
4.4.1

Prepare the start-up check list for computer operation.
Using function keys, preset the rated flux (10 nv).
Start the reactor in auto mode.
When the desired flux level is reached start the data
store.
When rod is fully out stop the data storage.
Shut-down the reactor and complete the shut-down check
list.
Use DSP software to print the stored data.
Draw the graph for Reactivity Vs Average Temperature.
Determine the temperature coefficient of reactivity.
2

TRANSIENT EXPERIMENT ON PARR-2
Theory

The objective of this experiment is to study the inherent
safety feature of PARR-2. Safety of the reactor is assured mainly
by the design features such as, undermoderated core, low excess
reactivity and high negative temperature coefficient of
reactivity.
The core is said to be undermoderated if the distance
between two lattice cells is less than the distance required to
fully thermalize the neutrons, which results in a hard neutron
spectrum. Any increase in the temperature would decrease the
density resulting in further hardening of the neutron spectrum,
thus giving a negative reactivity feedback.
The control of reactors is made simple by the presence of
delayed neutrons. If the reactor is made critical without the
delayed neutrons, then the system is said to be prompt critical.
While the emission of delayed neutrons would make it
super-critical. For a critical system, the reactivity is zero. To
compensate for the burnup and poison production, and to operate
the reactor for a specific duration, it is provided with some
excess reactivity. Prompt
criticality is
only possible if
reactivity in excess of the delayed
neutron fraction was
inserted into the system. In PARR-2 the excess reactivity
provided is about half of the delayed neutron fraction, thus
eliminating the possibility of prompt criticality.
One of the main advantage of PARR-2 design is the cooling by
natural convection. Core cooling under a natural convection head
tends to stabilize temperatures. Recirculation of fraction of
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core e x i t water through the core and a r e s u l t i n g increase of
c o r e average temperature b r i n g s a rapid l o s s i n neutron
moderation of the undermoderated core.
The neutronic design coupled with the thermal hydraulic
design plus the fact that PARR-2 has a large negative temperature
c o e f f i c i e n t of r e a c t i v i t y , within the operating temperature
range, makes the reactor inherently safe t o any power excursions.
4.4.2

Procedure
1.
2.
3.
4.
5.
6.
7.

Prepare the start-up check list for computer operation.
Start the data storage.
Manually with draw the control rod to fully out
position.
When flux starts decreasing stop data storage after few
minutes.
Shut-down the reactor and complete the shut-down check
list.
Use 03r software to print the stored data.
Draw the graphs for Flux Vs Time and Reactivity Vs Time
and discuss the variation of flux and reactivity with
time.

33

REFERENCES
M.K. Qazi, J.H. Meghji, M. Israr, M. Javed, "Pakistan
Research Reactor-2 Final Safety Analysis Report" PINSTECH
(1990).
S. Glasstone, A. Sesonske, "Nuclear Reactor Engineering" Van
Nostrand Reinhold Company, New York (1981).
S. Glasstone and M. C. Edlund, "The Elements of Nuclear
Reactor Theory" Van Nostrand, Princeton, N.J. (1962).
W.J. Sturm, et al. "A Manual of Reactor
Experiments," ANL-6990 (1965).

Laboratory

0. C. Jones, et al. "Nuclear Reactor Safety Heat Transfer",
Hemisphere Publishing Corporation, U.S.A. (1981) .
J.R. Lamarsh, "Introduction to Nuclear Engineering",
Addison-Hesley Publishing Company, Inc. U.S.A. (1975).

34

