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Abstract

The Boron Injection System is one of the Atucha I Nuclear Power Plant safety systems.
This system is automatically activated by a trip of the safety system and turns the reactor
subcritical by deuteroboric acid injection into the moderator.

The action of the system begins with the trip of the safety action and ends with the boron
injection into de reactor. This is called the action time and it must be kept in an allowed range.
In order to do that, in its original conception, the components were mounted into the reactor
room, inside the containment. !|his location difficulties on-site inspection during reactor
operation, and forces to shut down for maintenance and repairs.

The modification project consists in moving the boron injection system components,
without changing the original required actuation time, from the reactor room to an outer place
inside the containment where maintenance during the reactor operation is allowed.

1. INTRODUCTION

The Boron Injection System is one of the Atucha I Nuclear Power Plant safety systems.
This system is automatically activated by a trip of the safety system and turns the reactor
subcritical by deuteroboric acid injection into the moderator.

The action of the system begin with the trip of the safety action and ends with the boron
injection into de reactor. This is called the action time and it must be kept in an allowed range.
In order to do that, in its original conception, the components were mounted into the reactor
room, inside the containment, this location difficulties on-site inspection during reactor
operation, and forces to shut down for maintenance and repairs.

The Boron Injection System is normally in passive state, except during the repetitive
tests, which consist of making the valves actuate for a few seconds.

The maintenance of injection boron system components caused plant disable several
occasions, this is so because the actuation components are located into the reactor room, that
involve to shut down the reactor for repairs.

The object of this work is to demonstrate the feasibility of moving the components
outside the reactor room without increasing the system operation time.
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2. DESCRIPTION

2.1. General description of Boron Injection System

The Boron injection system is a security system, whose function is turning the reactor
subcritical by injection of deuteroboric acid into the moderator vessel. This injection leads to
the reactor shut down and disconnect it from power generation.

The actuation of criteria this system are:

1- When the trip of reactor shut down appears, the first step is to produce the scram of control
bar. This is the case that the subcritical stage (lesser than 70%), where not reached in a
short time (3 seconds) .This may be so if the control bars do not came to the bottom
position in less than three seconds.

2- When the Primary pressure presents a quick loss (more than 10 bar/sec), and the pressure is
lower than 108 bar. (this may be produced by leakage of the primary water cooler)

3- By hand activation trip from control room.

The Figure 1 shows the flow sheet of one of the tree branch of deuteroboric acid
injection (B2O3D3 ). To obtain the subcritical stage is enough that only two act, without
consideration the actuation of control bar.

Two compressors feed up three sets of compressed air tubes at a pressure between
180bar to 200bar. Each set have 18 bottles of 50 liters each one, that means 900 liters per
branch.

The valve TB11S03 is closed and keeps the vessel pressurized; the rest of the valves in
the injection line are normally open.

The vessel TB11B01 is full of deuteroboric acid at 4% in water solution (160 liters) , this
fluid is separated from reactor moderator water by the membrane valve TB11S11.

Round Reactor room

TB11S03 TB11S05 TB11S08 1

FIG. I. Boron injection system.
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When the boron injection trip signal, appears the pneumatic valve TB11S03 opens and
pressurizes the boron vessel up to 175 bar. The membrane valve opens by rupture when the
differential pressure between moderator and boron vessel 1 is more than 30bar.,

This system is tested periodically during power generation, by closing the
electromagnetic-valve TB11S05 and assembling a calibrate orifice for venting on pressure
measure branch TB11P03. (this prevents that any leakage of air in the valve from pressurizing
the boron vessel and shutting down the reactor). During the test measures on pressure gage
TB11P02 are taken. The system remains operative during the test because the valve TB11S05
opens when the trip is on.

In this system the time for decreasing the reactor criticality is crucial, because in case of
power generation shut down the thermal power would increase in a few seconds reaching a
maximum value then it would be decreased by action of the moderator, and some radioisotopes
of higher neutron capture.

In case of boron injection a peek of 10,000MW would be reached in 0,5 second
approximately.

Without boron injection, a peek would reach 60,000 MW. in less than 1 second.

2.2. Components Lay-out

The components are assembled in the Nuclear Power Plant according to the next
distribution:

From compressors to TB11S03 valve excluded, they are placed in the round at 0 meters
of level, outside the reactor room (this is an accessible area with radiological control, inside the
contention) this include the compressed air bottles set, the regulatory system for the pneumatic
actuation valve and pressure gages.

From the TB11S03 valve (included) to the reactor, they are located into the reactor
room. This is an inaccessible zone during reactor power operation, whose access is restricted
during maintenance time, because there is high activity and radioactive gases in this zone.

2. PROBLEMS FOUND IN THE SYSTEM

Since the start-up of the plant, some difficulties were found in the boron injection system
which caused the power plant shut-down so as to repair the system. These problems were
related to valves leakage's during repetitive tests.

The components can no be maintained or repaired directly during the operative period
because they are placed near the proper reactor and control bars. Due to this fact, some
problems in the system could lead to plant shut-down.

The seven more relevant events that might shut down the plant took up about 450hs
including time of restart. On this time the power generation will be able around
4,000,000.00u$s. We have to take in account the radiological cost generated by repairing the
system, which was estimated in IRem-man for each maintenance workers.
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Based on this considerations, a modification proposal was made with the object of
reducing the stopping time during system repairs or maintenance, and lessening the personal
radiological risk.

3. PROPOSAL

The emergency boron system remains normally in waiting state and the electromagnetic
valve is open except during repetitive tests. These consist of making the shot valve actuate for
system corroboration. During these tests abnormal functions were detected by pressure
measurement on pressure gages assembled on line. These abnormalities require intervention for
its normalization.

In case of problems on one branch of the injection boron system, there is an presettled
time of four hours to normalize the availability, over this period the plant must shut down. This
time is not enough to repair some devices inside the reactor room, because any intervention
need shutting down the reactor. Even if the problem is solved in short time, the service (power
provision) can not start for a typical time of forty-four hours. The four hours may be sufficient
enough if the system were located in an accessible area, like the one for heavy loads and
entrance for big components, near the sets of compressed air bottles.

Round
Air Compressed Vesse

A A A
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Actuation valve
Reactor room

Reactor vessl

Actuation
Air Compressed valve
Vessel

MODIFICATION PROPOSAL

Reactor room

Reactor Vessel

Rupture valve
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FIG. 2. Comparison between the real and the proposed emergency boron system.
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Besides, the actual radiological condition on site is bad for workers, because the high
radiological exposure and the high level of tritium and gases into the room. This facts generate
the necessity of studying the moving of the conflictive components outside the reactor room to
the round (in the actual site of pressure bottles) (Fig. 2).

The actuation time is critical in this system. Previous study (Ref [2]) showed that moving
the valve S03 outside the reactor room (far from boron vessel) were practically impossible
because the time required for pressurizing the pipe between the valve and the boron vessel is
excessive. For this reason this proposal studies the moving of the total components outside the
reactor room (Ref [3]). In this case a pipe full of water between B01 and Sl l would be
enlarged so that the pressurization would be practically instantaneous. But the pressure loss in
the pipe would increase when the injection of liquid started.

For estimating the influence of modifying the system actuation time, we make a simple
model of pipe between the B01 up to the discharge nozzle into the reactor moderator vessel.
The time for injection 160 liters of deuteroboric acid from B01 to reactor moderator vessel is
calculated by means of this mode, supposing a pressure impulse of 200 bar. and reactor back
pressure of 115 bar. Over this model we compare the injection time for the real conditions
against the proposed conditions. This period of time starts with the membrane rupture of valve
S l l , and finished when all 160 liters of deuteroboric acid stays into the moderator vessel. In
this time we do include the trip signal elaborating time. The components response time and the
boron difilision time, because they remains constant in both configurations.

3.1. Mathematical model

We suppose that the system consists of two constant section pipe pieces joined by a
reduction piece, the first part from B01 to Sl l , and the second part from B l l up to the
extreme of pipe into the moderator vessel. The vessel B01 is not considered because their
dimensions are negligible compared with the pipe length equivalent to fluid pressure drop and
acceleration.

We consider two cases for valve SI 1, the first one does not take account of the pressure
drop, and the second considers it like equivalent length of straight discharge pipe. The last one
is the worst case in the drop pressure calculations.

3.1.1. Calculation of the deuteroboric acid time injection

We make the simplest model to determine the necessary time to inject the total volume
into the moderator vessel (Fig. 3).
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A: Inside Area L: Pipe Length. d: Inside Diameter v: Fluid Velocity
FIG. 3. Mathematical model.
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i, 1,2,0 : Referential points

The pressure drop in the constant section pipe is calculated with the following expression:
/ x v2 x L x 8 _ 2

Ac = = C x v2

2 x xd
For.the reduction:

Kc x v2 x 8

Where:
5 = Deuteroboric acid solution density.
Kc = Contraction coefficient.
g= gravity acceleration.

Newton's law is applied for studying the acceleration fluid:
Force = mass x acceleration

(pi - pi) x Ai-Clxvl2 x Ai = 8 x A i x Z l x v l

(p2 - po)x Ao - C2 x v ' 2 2 x Ao = 8 x Aoi x L2 x v2

Solving this equation system, we obtain the discharge fluid velocity (v2) as a function of time.

exp 1
I v j

v2 = k x 2 x t x K B \ ,

Where:

a = pi — po

Kc x
= C1 x A 2 + C 2 +

y4 O

= 5 x LI x v 8 x L2

2 x k x fi
D —

Y

From this equation we obtain the injection volume related to time, and so the necessary time to
inject 160 liters of deuteroboric acid.
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rr A o x K x 2 ,
V - : x In

B

exp
B x t

+ exp
-B x

Where:

T = — x i a r cosh exp
B \ I KAo

Vt x B
x A- x 2

V= volume
t = time
Vt= Total injection volume.
T = Total injection time

We worked on seven cases from the TB11 subsystem. On this basis we explained the
estimation of the next two systems (TB21 and TB31).

We considered the next combinations in each case:

1- The original system without pressure drop on S11
2- The modified system without pressure drop on SI 1 and 4 inch pipe.
3- The original system with an equivalent length of 0.47 meters of NW50 pipe, for pressure

drop on Sl l .
4- The modified system with pressure drop on SI 1 same as item 3, and 4 inch pipe.
5- The modified system without pressure drop on SI 1 and 5 inch pipe.
6- The modified system without pressure drop on Sl l and 90 degree reduction from 4 inch
pipe to NW50.
7- The original system without pressure drop on Sl l and 90 degree reduction from NW80

pipe to NW50.
8 y 9 - Idem 1 and 2 for TB21 subsystem
10 y 11- Idem 1 and 2 for TB31 subsystem

The results are resumed in Table I.

TABLE I. RESULTS OF THE DIFFERENT DEUTERIC ACID TIME
INJECTION CALCULATION

Case

1
2
3
4
5
6
7
8
9
10
11

section
Length

6.00
16.50
6.00
16.50
16.50
16.50
6.00
5.60
14.50
5.00
17.36

BOl-Sll(m)
Diameter
0.0584
0.0801
0.0584
0.0801
0.1032
0.0801
0.0584
0.0584
0.0801
0.0584
0.0801

Drag coef.

0.32
0.41
0.32
0.41
0.47
0.30
0.24
0.32
0.41
0.32
0.41

Max. Veloc.
(m/s)
99.62.
99.14
77.85
77.63
99.39
102.40
101.99
99.94
99.47
100.45
99.00

Injection time
(seconds)

1.464
1.479
1.843
1.854
1.466
1.438
1.433
1.458
1.472
1.450
1.483

Differential time
(seconds)

0
0.015

0
0.011
0.002
0.005

0
0

0.014
0

0.033
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The drag coefficient is related with the reduction on pipe diameter was taken from
"Mecanica de los Fluido y Maquinas Hidraulicas " C. Mataix.

The first case is the referential time, its value is 1.464 seconds. If a graphical
representation is made, we can see that the acceleration of fluid takes place during the first 0.2
seconds, this point represents practically the limit velocity of 99.62 m/s.

On the second case the time is 1.479 seconds, 15 milliseconds more than that of the
actual system. On this case the reduction from 4 to 3 inches on S11 valve is considered as
rough reduction (180 degree cone angle).

On third and forth case , the consideration of drop pressure on Sl l valve did not make
any significant difference from the previous case, just 11 millisecond more in the injection time.
We see that considering the pressure droop on Sl l does not generate important differences
because this influences on the total injection time, not over its difference. We can see that
taking in account more pressure drop(on intermediate valves, extremes, elbow etc.) decreases
the importance of enlarging the pipe and introduces an advantage in the differential time
calculation.

On fifth case the injection time is 2 milliseconds over the referential one.

The sixth case is similar to the second case with a reduction cone of 90 degrees. On this
case the time results 5 milliseconds more than the referential time (seventh case).

The seventh case is referred to the calculation of the previous referential case supposing
a gradual diameter reduction.

The eighth and ninth cases shows us that the time differences for TB21 is 14
milliseconds.

For both, the tenth and the eleventh cases, the time difference for TB31 is 33
milliseconds.

3.1.2. Reduction of the pressurization time for pipe between S03 y B01

According to test made in Germany on TB system (Ref./l/), the pressurized time on pipe
from S03 to B01 vary according with the volume, the value obtain were: 147 milliseconds for
15,7 liters, on the actual system this time is shown in table II.

We obtain an important reduction on pressurized time, because there are an important
reduction in the length of the pipe pressure gauge.

TABLE II. RESULTS OF THE TESTS MADE IN GERMANY

Subsystem

I B 11
TB21
TB31

Proposal

Volume between
S03 toBOl (liters)

8.3
8.5
9.7
2

Time
(seconds)

0.078
0.080
0.091
0.019

Differential time
(seconds)

0.059
0.061
0.072
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FIG. 4. General layout.
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FIG. 5. Detailed layout, vertical section.



3.2. Results

As a result of the calculation we conclude that is possible to move S03, S05, B01 outside
reactor room without increasing the injection time. The most unfavorable situation considered
is valid (the one related to the alternative of 4 inches pipe prolongation) because the 14
milliseconds are compensated with the reduction of the pressurization time ( 59 milliseconds
less on TB11 system, and even more in the others).

The pressure drop on the size reduction behind the valve S l l is important, due to the
variation of the coefficient from 0.412 for row contraction to 0.07 for a cone of 10° ( for a
diameter relation from NW100 to NW50). For this reason the reduction section must be that
ofaconeof 10°.

In the actual system, the pressurized air is stored in a set of bottles made of carbon steel,
this allows the oxide particles generated to travel throw the pipe and to deposit on the valve
seat, this restricting the correct closure of the valves in the repetitive tests. To solve this
problem we propose to change the compressed air bottles for a vessel made of stainless steel,
with equal capacity for each branch.

4. ENGINEERING DEVELOPMENT

Based on the project, the necessary engineering work for relocating the components was
done. On the enclosed draw ( Fig- 4 and 5) w e can see the general lay out of components, pipe
and valves, forming a compact unit, outside the reactor room and accessible for maintenance
during the power plant operation.

From the engineering study, we conclude that is possible to use the same boron vessel
with modification of its outlet nozzle. Besides, it is possible to adapt the inlet nozzle of the
valve Sl l to avoid the reduction in pipe section between the valves and NW80 or NW100
pipe.

If we consider the dimensions in the discharge line of deuteroboric acid, the final
computed time is shown in table III. The times are not increased for the modification.

TABLE III. FINAL COMPUTED TIME OF THE DICHARGE DEUTEROBORIC ACID LINE

Subsystem

TB11
TB21
TB31

Reference
time

(seconds)
1.464
1.458
1.450

Modified
time

(seconds)
1.453
1.456
1.456

Differential
time

(seconds)
-0.011
-0.002
+0.006

Differential time
for pressurization

(seconds)
-0.059
-0.061
-0.052

Total Differential
time

(seconds)
-0.070
-0.063
-0.056
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