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ABSTRACT

Response of LEU cores for PARR-1 to a Loss of Coolant Accident (LOCA) has been
studied. It has been assumed that pool water drains out due to double ended rupture of the
primary coolant pipe or complete shearing off an experimental beam tube. Results show
that for an operating power level of 10 MW, both the first high power and equilibrium
cores would enter into melting conditions if the pool drain time is less than 22 h an j 11 h
respectively. However, an Emergency Core Cooling System (ECCS) capable of spraying
the core at a flow rate of 8.3 m3/h, for the above mentioned duration, would keep the peak
core temperature much below the critical value. Maximum operating power levels below
which melting would not occur have been assessed to be 3.4 MW and 4.8 MW,
respectively, for the first high power and equilibrium cores.
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1. INTRODUCTION

Pakistan Research Reactor-1 (PARR-1) is a swimming pool type research reactor using
plate type fuel. The reactor core has been converted from Highly Enriched Uranium
(HEU) to Low Enriched Uranium (LEU) fuel with upgradation of power level from 5
MW to 9 MW. It is now planned to increase reactor power to 10 MW. The most serious
accident in this type of reactor is the Loss of Coolant Accident (LOCA) due to rupture
either of a primary coolant pipe or of any experimental beam tube. The drainage through
ruptured coolant pipe will result in complete dry out of the reactor pool leaving the core
fully exposed to air. The lowest level of beam tubes is 27 cm above the grid plate. So
complete drainage of the pool water, through a ruptured beam tube, is not possible and
the core will remain partially submerged in water. The minimum time required t J uncover
the core, following such a rupture, depends on the size and form of the hole as well as on
the location of the latter.

The exposure of core to air, reduces considerably its cooling capability and therefore a
substantial temperature increase is expected due to fuel residual heat, the extent of which
depends on operating history of the core and power of the reactor. If the core temperature
exceeds the clad melting point, the radioactivity will be released to the reactor
containment building and eventually to the atmosphere causing radiation doses to the
surrounding population. It is therefore necessary either to demonstrate that the ambient air
would be capable of keeping the core temperature below the melting point or to propose
engineered safety systems to prevent or at least mitigate LOCA scenarios.

Response of*LEU cores for PARR-1 to LOCA has been studied. Maximum operating
power below which core melting would not occur has been assessed. Calculations have
also been carried out to determine minimum drain time after which the core can be
exposed to air without the hazard of meltdown. Some engineered safety systems are
proposed to prevent LOCA and/or avoid core meltdown.

2. DESCRIPTION OF PARR-1

Pakistan Research Reactor-1 (PARR-1) is a swimming pool type research reactor using
plate type fuel Demineralized light water is used as coolant and moderator. Heat
generated by nuclear reactions is removed by natural convection at low power levels (up
to 100 kW) and through a forced circulation at higher power levels.

The reactor core is immersed in either one of the two sections of the concrete pool which
is filled with water. One section of the pool contains beam tubes and other experimental
facilities and is called stall pool and the other is an open area for bulk irradiation and is
called open pool. The reactor can be operated at full power, at fixed position, in either



section. The two sections of the pool are separated by a concrete wall having a tapered
opening that can be opened or closed by a removable water tight aluminium gate.

2.1 Primary Cooling System

The primary cooling water during forced convection mode, flows under gravity from
either the stall or open end of the pool (depending upon the core position) downward
through the reactor core, grid plate and plenum into the hold-up tank. Subsequently the
water is drawn from the hold-up tank by the main circulating pumps and pumped through
the shell side of the heat exchangers back into the pool. The inlet and outlet flow rates can
be regulated independently by means of butterfly valves. These valves are installed in a
shielded valve pit and are operated manually from an accessible room. In the valve pit,
after the control valves, the stall and open end lines are combined into one. All these lines
are of stainless steel. The piping before the control valves is embedded in reactor hall floor
while the piping after the control valves is mounted on supports in a pipe tunnel in the
pump room.

2.2 Design Parameters of LEU Cores

Design parameters of LEU cores are given in Table-1. Briefly, the LEU core for PARR-1
utilizes 19.99% enriched fuel in the form of U3Si2-Al. Each standard fuel element contains
290g U235 in 23 flat plates. On the other hand, each control fuel element contains about
164g U235 distributed in 13 plates and have a rectangular passage for the movement of
oval shaped control rod. These fuel elements can be arranged in any configuration on a
6 x 9 grid plate.

Two core configurations have been selected for this analysis. One of them is the most
compact core which is called first high power core while the other is the equilibrium core.

2.2.1 First High Power Core

The first high power core is shown in Fig. 1. It is a 6x4 core with fresh fuel and comprises
of 17 standard and 5 control fuel elements, with two irradiation positions at grid locations
C-6 and E-6. The core is reflected by light water on three sides and by a graphite thermal
column on fourth side. Total loading of U235 is 5.75 Kg.

2.2.2 Equilibrium Core

The equilibrium core to be operated in the long run is illustrated in Fig. 2. It is a 6x5 core
and comprises of 23 standard and 5 control fuel elements. Two irradiation sites are
available at grid locations A-5 and C-7. The locations B-4 and F-4 are meant for
instrumentation. The core is reflected by graphite on two sides and by light water on the
remaining sides.



3. DRAINAGE OF THE REACTOR POOL

3.1 Possible Modes of Pool Drainage

A number of situations causing drainage of the pool water can be visualized. If in any of
these situations the loss of water is not checked in time or cannot be controlled, drainage
of reactor pool may occur leaving the core partially or fully exposed to air. Some serious
situations which could lead to LOCA are described in the following sections.

3.1.1 Flow Control Valve

The pool water can drain into hold-up tank due to failure of outlet valve in fully open
position, through faulty valves or through a valve closed improperly. The leak rate would
depend on mode of leakage but over a period of time would fill up the empty space (about
40 m3) in the hold-up tank and start overflowing through the covered man holes.

3.1.2 Damaged Primary Coolant Pipe

The water from the reactor pool would drain out rapidly if the primary coolant pipe is
ruptured. Such a situation might be created by a strong earthquake or by the fall of a
heavy object. The rate of leakage would depend upon the static head of water and size and
location of the hole created.

The rupture of the embedded portion of primary pipe is very unlikely as it is of stainless
steel and is well protected in a trench under the floor. However, a rupture in the valve pit
just before the flow control valve (a small portion of pipe which is not embedded), would
lead to loss of pool water. The rupture after the flow control valves is not hazardous as
leakage of water can be controlled by manipulating different valves.

The drainage through the ruptured pipe may result in complete loss of pool water leaving
the reactor core fully exposed to air.

3.1.3 Damaged Beam Tube

PARR-1 has six radial beam tubes. When not in use these beam tubes contain shielding
plugs and are closed with cover plates. However, when an experiment is to be set up
cover plates and plugs are removed and beam tube collimators are installed.

Rupture of a beam tube, which is not being used for an experiment, is not hazardous as it
contains shielding plugs and is closed with cover plate capable of withstanding full
pressure of pool water. However, rupture of a tube containing beam collimators is



dangerous as these collimators may float out and free the entire cross-section of the tube,
as a passage, for pool water to drain out.

Since the lowest level of beam tube is 27 cm above the grid plate, complete drainage of
pool water is not possible and the core will remain partially submerged in water.

3.1.4 Ruptured Pool Wall

The magnitude of energy input required to pierce the pool walls makes the occurrence of
this event quite unlikely. Only a major catastrophe such as violent earthquake, bombing or
a well planned sabotage could create such a hazard. Under such situation pool water will
drain out rapidly.

3.2 Detection of Pool Drainage

It is essential that the loss of pool water be detected as soon as it starts. At PARR-1, the
pool level is monitored continuously whether the reactor is operating or shutdown and
low level pool alarm is sounded both in the control room and at the security post, when
the pool level drops by 20 cm. The later alarm has been provided specially for off working
hours, holidays and week ends. It is important to note that, in this case, reactor has been
shutdown for hours and the decay heat level has reduced significantly. The drop in level
can also be detected due to high radiation alarm initiated by the radiation monitor installed
on reactor bridge. However, the water level at which this alarm is sounded would depend
on operating history of the core and the power of the reactor before shutdown.

During reactor operation, an automatic scram would occur, if the pool level falls by 100
cm.

3.3 Immediate Actions to Avoid Core Uncovery

Drainage of the pool water might result in complete loss of primary heat sink leaving the
core exposed to air. The immediate actions under such a situation should be the following:

i) Scram the reactor if it is operating;

ii) Start the primary pump to compensate the losses due to leakage;

iii) Move the reactor to healthy section of the pool;

iv) Isolate the healthy pool from other one using pool dividing gate;

v) Maintain proper water level in the pool which has the reactor.



3.4 Pool Drain Time

The time which elasped between occurrence of damage and empting the pool depends on
static head of water, mode of drainage, and size and form of the hole vas well as its
location. The time taken by the pool water to drain from level hi to h2 can be calculated in
the following manner:

Let
h = Height of water column above the rupture (m);
v = Velocity through the rupture (m/s);
w = Flow rate through the rupture (m3/s);
Ao = Cross-sectional area of the rupture (m2);
A,= Surface area of the pool (m2);
g = Gravitational constant (m/s2),
hi — Initial level of water (m);
I12 = Final level of water (m);
t = Drain time (s).

If the friction in the drain path is neglected, Bernoulli's equation reduces to

Flow rate through the rupture hole is given by

w= Aov

Flow rate through the rupture equals the rate of drop in the pool surface times the surface
area.

dh
t(--)



dl =

Time taken by pool water to drop from level hi to h2 can now be obtained by integratin
above equation.

\dt = -)-

If the friction is to be taken into account, coefficient of discharge ' C from the drain pal
will appear in the denominator of equation (1).

n

The value of C for the coolant outlet pipe of PARR-1 is 0.38 and predicts drain tim<
which agree within 10 seconds with the measured values [1].

It is important to note that if the pool drain time could be prolonged, the decay heat lev
may drop down to a value that core could be exposed to air without the hazard <
meltdown.

4. ANALYSIS OF THE LOSS OF COOLANT ACCIDENT

A design basis loss of coolant accident for LEU cores of PARR-1 has been analyze*
Two core configurations (Figs. 1 and 2) have been selected for this analysis. One of the
is the most compact core which was assembled for the first high power operation and tl
other is the equilibrium core.The design parameters of LEU cores for PARR-1 are given
Table 1.



4.1 Computer Code Used

Single channel analysis code SLOCA [2] has been used. The code calculates heat
generation rate using standard fission product decay heat curve ANS 5.1 [3] for natural
uranium fueled thermal reactors. The heat removal model of the code* is based on
experimental results [4]. If the heat generation rate is higher than its removal rate, the
difference is used to raise the temperature of the channel. The calculations concentrate
mainly on peak temperatures and are terminated if the predicted temperature reaches the
melting point of aluminium cladding. Behaviour of the core in melting conditions is rather
complicated process and has not been covered in present version of the code.

The code has the capability to analyze fully exposed or partially submerged (18 cm from
bottom) channel. However, it is limited in a sense that it does not take into account: (i) the
conduction losses to grid plate and other support structures and (ii) heat exchange
between different channels of the core. The experimental results [5] show that the grid
plate serves as a large heat sink. The heat exchange between channels is important because
large fraction of the decay heat generated in a particular channel will be deposited in the
neighboring channels.

Channel dimensions, average heat flux, power peaking factors, material properties, pool
drain time etc. are required as input to the code. The output includes time histories of peak
temperature, decay power and the power being removed.

4.2 Accident Scenarios

Following are the accident scenarios:

i) Reactor is operating continuously at a steady state power level of 10 MW;

ii) The pool water starts draining out either due to a double ended rupture of the 25 cm
diameter primary coolant pipe just before the flow control valve or complete shearing
off a 20 cm diameter beam tube at the wall surface,

iii) Reactor scrams when the pool level drops 100 cm below the normal level;

iv) Emergency Core Cooling System (ECCS) fails to operate;

v) Reactor operator makes no attempt to save the core by moving it to the healthy
section of the pool and isolating it using pool dividing gate;

vi) Reactor core is fully/partially exposed to air.



4.3 Methodology

Following methodology and assumptions have been used for the analysis:

i) Only the hot channel of core has been analyzed. A total nuclear peaking factor of 3.14
for the first high power core and 2.95 for the equilibrium core [6] has been used to
model this channel;

ii) The decay power obtained from ANS 5.1 fission product decay heat curve [3] has
been multiplied by a factor of 1.44 [5]. The value of 1.2 times the ANS 5.1 curve
accounted for uncertainties in the data from which the curve is constructed.
Increasing that value by 20% to 1.44 times the ANS 5.1 curve accounted for the
uncertainties in the experimental results [4] which form a basis for heat removal
model of the code SLOCA;

iii) Heat capacities of 424 and 876 J/Kg-°C [7] have been considered for fuel meat
(U3Si2-Al) and aluminium cladding (LT-24 aluminium alloy), respectively. No
variation of heat capacities with temperature has been assumed. Melting point of
aluminium cladding have been taken to be 600 °C [7];

iv) Pool drain time has been calculated using Equation 2 with discharge coefficient of
0.38 [1 ] and 1.0 for the primary coolant pipe, and 1.0 [5] for the beam tube;

v) It has been assumed that during pool drainage the fission product decay heat is
carried away completely either by the draining water or by natural convection and
does not contribute in heating the fuel elements. Initial temperature of the core,
immediately after the uncovery, has been taken to be 60 °C;

vi) No credit has been taken for the additional heat absorbing and dissipating capacity of
such items as grid plate, graphite reflector elements, structural supports, thermal
shields, beam tubes etc.;

vii) Heat exchange between different channels of the core has been neglected;

viii)Natural convection and radiation from the sides of the core have not been considered.

4.4 Results and Discussion

Results of the study are presented in Tables 2 to 5 and Figs. 3 to 5. For the same drain
time, partially submerged core is more hazardous than the fully exposed core. The reason
for this is that the water blocks the lower opening of the channel and prevents convective
cooling. Since the fuel plates are not immersed in water to a sufficient height, the
conductive cooling mechanism is also lost. The heat is removed by inadequate steam
cooling. However, the experimental results [8,9] on partially submerged fuel elements



illustrate that if an element remains sufficiently submerged in water, the peak
temperatures are greatly reduced compared to standing in free air with convection
cooling.

For an operating power level of 10 MW, both the first high power and equilibrium
cores will enter into melting conditions, after suffering LOCA, if the pool drain
time is less than 22 h and 11 h, respectively. However, for drain times larger than
this the decay heat level drops to such a low value that the cores can be exposed to
air without the hazard of meltdown.

Maximum operating power levels of the first high power and the equilibrium
cores, below which peak temperatures following LOCA would not exceed melting
point of aluminium have been assessed to be 3.4 MW and 4.8 MW, respectively.
The power limit is less for the first high power core because of its smaller size. The
size of the core has an important impact on peak temperatures during LOCA and
also how long it takes to reach these temperatures. The experimenta! results [5]
show that the maximum operating power level for Ford Nuclear Reactor is 4 MW.
However, this value reduces to 3.17 MW if the core grid and heavy water tank are
removed.

The results of the analysis are conservative because of the following facts:

i) Pool drain time has been calculated by assuming either a double ended rupture
of the primary coolant pipe or complete shearing off a beam tube. In general
this time would be much longer because it is incredible to hypothesize an event
that would cause a clean, double ended break. A reasonable possibility is a
crack in or partial rupture of primary coolant pipe or beam tube. In such a case
both the primary coolant pipe and beam tube would not permit unrestricted
flow as they contain orifices, valves, pumps, collimators etc.

For large drain times decay heat level will drop down and peak temperature
will reduce significantly;

ii) The fuel elements are stacked on a thick aluminium grid plate. The contribution
of this plate in removing decay heat has been ignored. In fact, the grid plate
serves as a large heat sink and causes a significant reduction in the fuel element
maximum temperature [10]. The experimental results [5] for Ford Nuclear
Reactor show that the grid plate and heavy water tank together (combined
weight 450 kg) contribute in removing about 20% of the decay heat. Analysis
of the LITR test results [8,9] led to the conclusion that approximately 75% of
the heat dissipation, following loss of coolant accident, was by conduction
through the grid plate (weighing 910 Kg) into massive beryllium reflector
(weighing 1360 Kg)



This shows that if the heat absorbing and dissipating capacity of grid plate, graphi
reflector elements, structural supports etc. is taken into account, a signifkai
reduction in peak temperatures is expected.

iii) Concentrated heat source has been assumed by applying the calculated nuclear powi
peaking factors. In fact the power distribution in the core after reactor shutdown
different from that during reactor operation. Approximately one half of the decay he
is due to gamma radiations with energies in the range of 0.2 MeV to 2.0 MeV. 7\
e-folding length for one MeV gamma ray is 6 cm i.e. source gamma intensity
attenuated to 1/e of its original value after passing through 6 cm of aluminium. Th
corresponds to penetrating 40 to SO fuel plates and hence shows that significai
portion of a given fuel element decay heat will be deposited in neighboring fu
elements. Once the generation rate is reduced down to decay heat level, heat generate
at the center of the plate spreads out towards the ends. The same effect could t
expected in radial direction. The experimental results [5] show that operating radi
peak to average ratio, for Foi d Nuclear Reactor, decreased from its measured value <
1.54 to 1.08. Similarly, measured peak to average axial ratio decreased from 1.21 i
1.03. The analytical study [11] performed for the Ford Nuclear Reactor shows that ft
long drain times core residual energy spreads out uniformly, resulting in very sm*
temperature differences in the reactor core. The hottest element is only 2 °C hott
than the coldest element. The difference between peak to average plate temperatures
less than 3% This implies that, for the purpose of decay heat removal calculations, tl
power peaking factor being used should be modified to account for this phenomenon.
If this effect is incorporated in the calculations, peak temperatures following LOC
will reduce significantly.

iv) Radiation heat transfer from the sides of the core has not been considered. At hij
temperatures radiation heat transfer becomes progressively more significant becau:
radiation heat flux is proportional to temperature raised to fourth power. Ft
temperatures greater than 314 °C, radiation heat loss is as important as convectic
heat loss [5J.

5. CONCLUSIONS

Based on the analysis, following conclusions could be drawn:

i) The core which remains partially submerged in water is more hazardous than the fill
exposed core;

ii) For an operating power level of 10 MW, both the first high power and equilibriu
cores would enter into melting conditions, after suffering LOCA, if the pool dra
time is less than 22 h and 11 h, respectively. However, for drain times larger than thi
the cores can be exposed to air without the hazard of meltdown;
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iii) First high power and equilibrium cores can be operated continuously up to power level
of 3.4 MW and 4.8 MW, respectively, and the peak temperatures following LOCA,
would not exceed melting point of aluminium.

6. RECOMMENDATIONS

Following engineered safety systems may be incorporated into PARR-1 design in order to
prevent or at least mitigate LOCA scenarios:

i) The valve pit may be sealed to eliminate the possibility of pool drainage due to rupture
of the primary coolant pipe before the flow control valves;

ii) Automatic flow control valves may be installed at both the pool inlet and outlet lines in
the pipe tunnel. These valves will be actuated and LOCA can be prevented if the pipe
rupture is further than the valve. In addition to this these valves will act as a second
barrier to the loss of pool water in case the manually operated butterfly valve fails in
its fully open position;

iii) All the inlet and outlet flow control valves may be kept closed during off working
hours;

iv) Special cover plates, capable of sustaining full pressure of pool water, may be designed
for the beam tubes having experiments. These plates may have a hole at their center
forming a passage for the neutron beam. Once the beam collimators are installed, the
cover plate should be bolted at the external pool wall. Such an arrangement will
eliminate the possibility of core uncovcry even if the beam tube is completely sheared
off;

v) An Emergency Core Cooling System (ECCS) capable of spraying the core at a flow
rate of 8.3 m3/h, for a duration of about 22 h, should be installed.
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TABLE 1

Design Parameters of LEU Cores for PARR-1

Reactor Type
Power ( MW )
Fuel
U235 Enrichment (% )
Grid
No of Fuel Elements in:

First High Power Core:
Standard Fuel Elements
Control Fuel Elements

Equilibrium Core :
Standard Fuel Elements
Control Fuel Elements

Fuel Element Dimensions (mm)
Loading of U235 (g) in :

Standard Fuel Element
Control Fuel Element

No. of Fuel Plates in:
Standard Fuel Element
Control Fuel Element

No. of Dummy Plates in :
Standard Fuel Element
Control Fuel Element

Shape of Fuel Plates
Thickness of Fuel Plates (mm):

Inner Plates
Outer Plates

Total Width of Fuel Plates (mm)
Total Length of Fuel Plates (mm)
Fuel Meat Dimensions (mm )
Thickness of Clad (mm):

Inner Plates
Outer Plates

Thickness of Side Plates (mm)
Water Channel Thickness (mm )
Coolant Inlet Pressure (bar)
Coolant Inlet Temperature (°C)
Coolant Full Flow Rate ( m3/hr )

Swimming Pool
10
U3Si2-Al
19.99
6 x 9

17
5

23
5
79.63 x 75.92

290
164

23
13

Nil
2
Flat

1.27
1.50
66.92
625.0
62.75x0.51x600

0.38
0.495
4.5
2.1
1.712
38
1000
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TABLE 2

Pool Drain Time Under Various Conditions

Depth of Ruptuie Below Normal Water Level :

Primary Coolant Pipe : 1 1 . 1 m
Beam Tube : 7.7 m

Depth Below Normal
Water Level

1.00

4.79
7.27
7.72

7.99
8.56

8.98

Location

Low Level Scram
Point
Pool Step Level
Top of the Core
Lowest Level of Beam
Tubes
Bottom of the Core
Lowest Level of
Flapper
Top of Outlet Pipe
( 37 cm Above Pool
Floor)

Drain Time (min)

Primary Coolant Pipe
C* = l C = 0.38
1.30

6.94
10.72
11.52

12.05
13.15

14.16

3.41

18.27
28.22
30.32

31.71
34.61

37.26

Beam Tube
C = 1
2.46

14.13
25.18
3229

*C is Discharge Coefficient

TABLE 3

Response of LEU Cores to a Loss of Coolant Accident
After Continuous Operation at 10 MVV

Total Nuclear Peaking Factors :
First High Power Core : 3.14
Equilibrium Core : 2.95

Factor Applied to Decay Heat Power : 1 44

Pool Drain
Time (min)

10.72
28.22
25.18

Reactor Trip at
( min)

1.30
3.41
2.46

Status of the Core
After LOCA

Fully Exposed
Fully Exposed
Partially lixposed

Core Melting Starts at (s)

First High Equilibrium
Power Core Core
38
50
49

58
81
78
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TABLE 4

Maximum Operating Power of the First High Power Core
to Avoid Meltdown in Case of LOCA

Nuclear Peaking Factors;
Axial : 1.936
Radial: 1.622

Factor Applied to Decay Heat Power . 1.44

Pool Drain
Time (min)

10.72
28.22
25.18

Reactor Trip
at (min)

1.30
3.41
2.46

Status of the
Core After
LOCA

Fully Exposed
Fully Exposed
PartiallyExposed

Maximum
Operating
Power
Level (MW)
3.48
4.10
3.73

Time to Reach
Equilibrium
Temperature
( min )
7.05
8.26
9.45

TABLE 5

Maximum Operating Power of the Equilibrium Core
to Avoid Meltdown in Case of LOCA

Nuclear Peaking Factors :
Axial
Radial

1.406
2.098

Factor Applied to Decay Heat Power : 1.44

Pool Drain
Time (min)

10.72
28.22
25.18

Reactor Trip
at (min)

1.30
3.41
2.46

Status of the
Core After
LOCA

Fully Exposed
Fully Exposed
Partially Exposed

Maximum
Operating
Power Level
(MW)
4.82
5.68
5.17

Time to Reach
Equilibrium
Temperature
(min)
7.05
8.26
9.45

15
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