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The SIP-1 apparatus (Sistema di Iniezione Passiva) was conceived, designed, numerically
simulated and tested by the SIET company as an innovative depressurisation and make-
up device for the New Generation LWRs. In particular it is suitable to cope with those
accidents where pressure in the circuit must be dumped to allow low pressure injection
systems to intervene [1] [2] [3] [4] [5].

The main peculiarity of SIP-1 is the capability of depressurising a system by cold water
injection, rather than by discharging mass to the outlet, as in the common depressurisation
systems. The water injection is passively actuated on low level occurrence in the Reactor
Pressure Vessel or in the Steam Generator secondary side. Moreover the simple
geometrical layout of the system, constituted by a limited number of components and
pipes, makes it interesting for future applications.

ENEA sponsored all the research activity, starting from the SIP-1 design, its numerical
simulation with the Relap5 code, the realisation of an experimental facility up to the test
execution and post-test calculations.

An experimental campaign on the GEST-SIP1 facility was performed in July 2000. The
facility is mainly constituted by a U-tube Steam Generator simulator (1:1 elevation and
1:50 volume scaling factors) which a proper model of SIP-1 apparatus is connected to. A
series of Small Break LOCAs was simulated by varying the break size and different steady
conditions were investigated to verify the stability of SIP-1, the lack of unexpected
interventions and the actuation modalities [6].

This paper deals with the description of the GEST-SIP1 experimental facility, the SIP-1
operating principles, the most meaningful results of the tests and the capability of the
Relap5 code in reproducing phenomena and events.

All results confirm the effectiveness of SIP-1 capabilities to depressurise and refill the
system other than its stability during the normal operating conditions of the plant.

The GEST-SIP1 facility
The GEST-SIP1 was obtained by modifying the GEST-GEN facility, already available at
SIET laboratories. The GEST-GEN facility was built for testing the thermal-hydraulic
characteristics of a Westinghouse PWR U-tube Steam Generator model. A proper model
of SIP-1 was fitted on such Steam Generator, seen that its dimensions and the fully
reproducible thermal-hydraulic conditions made it suitable to investigate on the heat
transfer and natural circulation phenomena triggering the SIP-1 passive water injection.
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Moreover, the thermal-hydraulic conditions of a SG are close to those of a BWR in terms
of pressure and temperature and this was useful for investigating the possibility of direct
application of SIP-1 to a BWR vessel.

The GEST-SIP1 test section consists of the Steam Generator and the SIP-1.
The SG reproduces, with full height and 1:50 volume scale, a U-tube Steam Generator
with all the inner components (tube bundle, support plates, flow distribution baffle, feed-
water j-nozzles, steam separators and driers). The global dimensions of the model are: 16
m height, 0.52 m diameter in the lower part and 0.67 m in the upper part.
The model of SIP-1, properly scaled, is applied to the Steam Generator by means of
nozzles and it consists of a cold water reservoir, Upper Tank (UT), a simple heat
exchanger (HEX) and a limited number of pipes.
An axonometric view of the facility is shown in Figure 1.

C5EST-5IP1
FACILITY

Figure 1. GEST-SIP1 facility: axonometric view of the test-section

The Upper tank is connected to the Steam Generator through two pipes: Hot Line (HL) and
Cold Line (CL). The Hot Line exits from the SG and enters the Upper Tank top, while the
Cold Line exits from the Upper Tank bottom and enters the SG. Each of these lines, at the
bottom, forms a siphon and the lower horizontal pipes of the siphons are at the same
elevation. Upper Tank, Hot Line and Cold Line are the Natural Circulation Loop (NCL).
A vertical coaxial Heat Exchanger (HEX) is formed by the Hot Line and the Heating Pipe.
The Heating Pipe is loop-shaped and its connections to the Level Pipe (LP) correspond to
the level intervention threshold of SIP-1.
The Level Pipe is directly connected to the SG down-comer and its water level represents
the water level in the SG itself.
The GEST-GEN facility includes two circuits that work at thermal-hydraulic conditions
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typical of the primary and secondary sides of a Steam Generator.
Some simplifications to the original plant layout [7] brought to the present configuration
where the U-tube bundle is directly heated by steam coming from the cbse ENEL power
station.
The secondary circuit discharges and condenses the steam produced in the test section
and provides the feed-water to the Steam Generator at the required pressure and
temperature conditions. Part of the steam produced in the SG is utilised for the feed-water
pre-heating.
Thermal-hydraulic instrumentation is installed for measuring the parameters of interest.
Before the installation on the plant it was calibrated in laboratory. The following types of
instruments are provided: thermocouples, flow-meter devices, absolute and differential
pressure transducers. All the instrument electrical signals are recorded by an HP7500 data
acquisition system and elaborated with a proper program to obtain engineering quantities.
A schematic flow diagram of the facility is shown in Figure 2.

Figure 2. GEST-SIP1 schematic flow diagram

The GEST-SIP1 facility operation
At normal operating conditions of the plant, the SG is in natural circulation and in
saturation conditions at the pressure required by the test matrix. The nominal water level in
the SG down-comer is below the Hot line and Cold Line connections.
SIP-1 is full of cold water at the same pressure of the SG.
The Level Pipe is full of cold water in the lower part up to about 1 m above the HP
connections while it is full of saturated steam in the upper part. A thermal insulation at the
top, for about 9 m along the pipe, limits the steam condensation and the temperature of
water in the lower part. The level in the Level Pipe is lower than the SG down-comer one,
due to the difference of water density in the two components.
The Heating Pipe, connected to the Level Pipe is full of cold water without any circulation.
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The Hot and Cold Line siphons prevent the natural circulation in the Natural Circulation
Loop.
During an accident, for example a LOCA, the water level in the SG decreases and
correspondingly the level in the LP decreases too. When the LP level reaches the upper
HP connection, steam begins to enter the pipe and water is poured into the LP through the
HP lower connection. A natural circulation steam-water takes place and steam, passing
through the Heat Exchanger, heats-up the water contained in the Hot Line. A difference of
density between the Hot line and Cold Line water produces a driving force that neutralises
the stabilising effect of the siphons.
A natural circulation is tiggered that pours the UT water into the SG with a consequent
strong depressurisation of the system and the make-up of the mass lost from the break.

The GEST-SIP1 experimental campaign
Two different kinds of tests were performed for the SIP-1 concept demonstration. LOCA
tests were performed with different size breaks located in the water or steam side of the
SG. Stability tests were performed including transients of level and power in the Steam
generator. A particular stability test of the system start-up from cold conditions to full power
allowed to verify the SIP-1 stability by bringing it to steady conditions with all its isolation
valves open. The test matrix is reported in Figure 3.

DATE

27/07/00

27/07/00

28/07/00

28/07/00

31/07/00

31/07/00

31/07/00

01/08/00

02/08/00

TEST

SIP42

SIP44

SIP48

SIP50

SIP51

SIP52

SIP54

SIP56

SIP60

SG
pressure

MPa

4.21

6.69

4.14

6.64

4.14

4.14

6.67

6.67

6.38

SG level
(from ground)

m

12.02

12.84

13.47

13.045

12.20

12.35

12.76

12.43

12.49

FW
flow rate

kg/s

3.3

7.01

7.14

2.98

3.71

3.43

7.12

7.07

7.05

Break:
Diameter

and position

mm
7.2 (2"eq.)
SG bottom

7.2 (2"eq.)
SG bottom

7.2 (2"eq.)
SG bottom

7.2 (2"eq.)
SG bottom

-

37.3 (12" eq.)
Steam Line

37.3 (12" eq.)
Steam Line

14.25 (4"eq.)
SG bottom

3.55 (1"eq.)
SG bottom

Kind of test and main results

Liquid side break.
Regular intervention of SIP-1.

Liquid side break.
Regular intervention of SIP-1.

Liquid side break.
Regular intervention of SIP-1.

Liquid side break.
Regular intervention of SIP-1.

Stability test.
Level increase transient.
Stability test. Steam side break.
Completely open the SL
isolation valve (<t>=4"). SIP-1
intervention even at low SG
pressure.

Stability test.
Start-up from cold plant
conditions with the SG nominal
water level and the NCL and
HP valves open.
Steam side break.
Completely open the SL
isolation valve (O=4"). SIP-1
intervention even at low SG
pressure.

Liquid side break.
Regular intervention of SIP-1.
Liquid side break.
Regular intervention of SIP-1.

Figure 3. Test matrix



oooe
The GEST-SIP1 Relap5 simulation
Since the beginning of the research activity on SIP-1, the Relap5 code was applied with
different goals:

to investigate the general system behaviour independently of a specific plant or
facility [8];
to simulate a test facility in different operating conditions and geometrical
configuration, up to the definition of a constructive design [3];
for post-test analysis.

Results of the post-test calculations are reported and commented in this paper for the SIP-
44 test, Figure 3.
A detailed nodalisation of the GEST-SIP1 facility was built keeping into account the
geometrical and material characteristics of the Steam Generator and of the SIP-1. The test
section of the facility, Figure 1, was simulated. The primary side of the SG was reproduced
by including U-tubes, inlet and outlet plenum. Power to the SG was provided by imposing
a given steam flow late through the U-tubes. The SG secondary side was simulated from
the feed-water to the steam line nozzle and by imposing a given feed-water flow rate. The
nodalisation of the GEST-SIP1 facility (157 nodes and 162 junctions) is shown in Figure 4.

Upper
Taik

tip&f

Figure 4. GEST-SIP1 facility nodalisation for Relap5 code



Comparison between experimental and analytical results for the SIP-44 test
The SIP-44 test consists in a 2" equivalent break in the liquid side of the SG, starting from
the operating conditions of the plant, close to those of the normal operation of a Steam
Generator. The experimental and calculated initial and boundary conditions of the test are
shown in Figure 5.

Quantity

SG pressure
Feed-Water flow rate
Feed-Water temperature
Steam Line flow rate
Steam Line temperature
SG down-comer level
Level Pipe level

Temperature profile in the
Level Pipe
(from top to bottom)

Temperature profile in the
Heating Pipe (from the
ascending to the descending
branch)

Water level in the Hot Line
siphon (from the siphon
bottom)
Water level in the Cold Line
siphon (from the siphon
bottom)

Temperature profile in the
Natural Circulation Loop
(from the HL to the CL)

Upper Tank level (full of cold
water)
Steam pressure at the U-
tube bundle inlet
U-tube power

Units

MPa
kg/s
°C

kg/s
°C
m
m

°C

°C

m

m

°C

m

MPa

MW

Experimental
value

6.69
7.01 *
242.4
7.55*
284.4
11.3***
8.94 ***

285.6 (1)
284.4 (2)
140.7 (3)
63.4 (4)
59.5 (5)

40.1 (1)
47.5 (2)
47.7 (3)
56.3 (4)
61.8 (5)
64.7 (6)

0.48

0.28

149.3 (1)
68.3 (2)
62.0 (3)
48.1 (4)
45.3 (5)
47.2 (6)
57.3 (7)
52.5 (8)
53.6 (9)

2.21

9.4

-

Calculated
value

6.73
7.01 °
242.4 °
7.49
282.8

11.3** * , "
8.64 ***, 00

283.2 (1)
44.8 (2)
36.8 (3)
26.4 (4)
90.9 (5)

28.3 (1)
21.8 (2)
21.8 (3)
21.8 (4)
21.8 (5)
21.8 (6)

0.3°°

0.29 °°

141.1 (1)
21.8 (2)
21.9 (3)
21.8 (4)
21.8 (5)
21.2 (6)
21.8 (7)
21.9 (8)
52.9 (9)

2.1

9.4°

14.67

TC position

LP (

(

<

I

i

1

1

2

5

!

2

HP

HEX

>4

5 <

4(

1

HEX

N O .

UT

4 6

CL

* SG level slightly decreasing.
U-tube plate.

Imposed in the calculation. 00 Collapsed level. *** Level referred to the SG

Figure 5. SIP-44 test: Experimental and calculated initial and boundary conditions

A quite good agreement between experiment and calculation can be observed for SG
pressure, level and flow rate. Little differences in the experimental temperatures along the
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pipes of SIP-1 are due to level oscillation in the SG during the heating-up phase of the
plant. This is the reason for the temperature differences, between experiment and
calculation, along such pipes evidenced during the cold steady state of the plant. Anyway
such differences do not affect the trend of the transient.

The transient can be subdivided in three main phases:
- the system depressurisation and SG level decrease after the break;
- the SIP-1 intervention and cold water injection in the SG;
- the SG pressure dumping and water making-up.

The main events of the transient are listed in Figure 6.

Events

Break
Break opening
Maximum break flow rate

Steam Generator isolation
Steam Line closure

Feed-water closure

U-tube primary side
U-tube steam valve closure

SIP-1 intervention threshold level
Level in the Level Pipe at the
upper connection with the HP

Natural circulation in the Heating Pipe
HP natural circulation start

Heating Pipe heating-up
HP heating-up start

HP maximum temperature
Hot Line heating-up

HL heating-up start
HL liquid maximum temperature

SIP-1 intervention
Start of natural circulation in the
NCL and water injection
SG pressure dumping start
Maximum injection flow rate
UT emptied
Injection end
Max. SG level after injection

Max. LP level afer injection
SG pressure at the injection end

End of test
SG pressure at the end of test

Exp.
time

(s)

0
0

0

0

0

151

151

169,202

207

212
266

263
264
311
493
513
551

551
513
1098

Exp.
quantity

2.4 kg/s

262 °C

161 °C

3.95 MPa
2.6 kg/s

11.5m

11.3m
0.50 MPa

0.38 MPa

Calc.
time

(s)

0
2

0

151

30

30, 150

174

175
250

255
255
295
470
475
494

516

1200

Calc.
quantity

3.6

0

0

264 °C

174 °C

3.95 MPa
5.33 kg/s

10.9 m

10.4 m
0.58 MPa

0.43 MPa

Notes

exp. flow rate not
reliable

completely closed
at 19 s '
completely closed
at 19 s
completely closed
at 5 s

Heating-up start TC
(1) and (2)
TC (2), Figure 5

TC(5)
TC (5), Figure 5

exp. flow rate not
reliable

with respect to the
ground
with respect to the
ground

Figure 6. SIP-44 test: Experimental and calculated events of the transient

The transient begins by opening the break at time t = 0 s. The SG isolation valve closure
signal is given at t = 0 s and the SL and FW valves are completely closed at t = 19 s.
Contemporarily to the break, power to the SG U-tube is switched off and the feed-steam
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valve is completely closed after 5 s. The same events are imposed in the calculation.
The SG pressure increases just after the break, due to the residual power in the U-tube
and the SL valve closure speed, then it decreases for the loss of mass and energy from
the break, Figure 7. Due to an experimental unmeasured residual steam leak from the SL
valve, after the SG isolation, a residual leak area was imposed in the code. The general
trend of pressures is in good agreement between experiment and code in all the phases of
the transient. In Figure 7, the experimental and calculated LP levels are reported too with
respect to the ground.

-100 0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Time (s)

Figure 7. SG pressure (exp. PT-13, calc. p 195010000) and LP level (exp. LT_60terra,
calc. cntrlvar15)

After an initial strong level decrease due to the flow regime modification in the SG, the LP
level decreases according to the pressure trend. The code reproduces a good level
decrease in the first phase of the transient, until the SIP-1 water injection, then the
calculated level increases according to the water injection rate from the Upper Tank.
With the level decreasing after be break, the hot front in the LP moves downwards and
the area of the connections between HP and LP is soon hot.
At the moment level reaches the SIP-1 intervention threshold, i.e. the HP upper connection
(7.05 m from the ground), the HP circuit unbalances and a natural circulation starts that
takes steam upwards in the ascending side and water downwards in the descending side,
Figure 8.
A direct consequence of the steam flow in the HP is the HL water heating-up in Ihe Heat
Exchanger secondary side. The experimental and calculated HP and HL temperatures at
the HEX inlet are shown in Figure 9.
The codes reproduces quite well the times of the above described events occurrence and
the values of temperature in the HP and Hot Line.
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0:30-

-025-

-020-

Calc. mflowj 414010000

FE_83 kg/s

-100 400 500

Figure 8. HP flow rate (exp. FE_83, calc. mflowj 414010000)

-see
Calc. tempf 458010000

Calc. tempf 544010000

TE-75 'C

TE-77 SC

-100 100 200 300 500 600

Time (s)

700 800 900 1000 1100 1200

Figure 9. Heating Pipe (exp. TE-75, calc. tempf 458010000) and Hot Line (exp. TE-77,
calc. tempf 544010000) temperature at the HEX inlet

The HL temperature begins to increase 6 s (exp.) and 10 s (calc.), after the HP
temperature increase, and the HEX is hot all along its length after 53 s (exp.) and 75 s
(calc.) from the heating start-up. In this phase of the transient the water density in the HL
decreases and a driving force starts between the lines of the Natural Circulation Loop
(exp. t = 263 s, calc. t = 255 s). Such circulation takes to the injection of cold water from
the Upper Tank to the SG through the Cold Line, Figure 10.
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2
I

Calc. mflowj 715010000
FE_72 kg/s
Calc. cntrivar 54
LT_70 m

0.0
100 200 300 400 500 600

Time(s)
700 800 900 1000 1100 1200

Figure 10. Injection flow rate (exp. FE_72, calc. mflowj 715010000) and Upper Tank level
(exp. LT_70, calc. cntrivar 54)

Water from the UT is poured into the SG until it is completely emptied (exp. t = 493 s, calc.
t = 470 s) and the Cold Line is emptied too, Figure 10. The experimental values of the
injection flow rate are not reliable due to the measurement device, but they give an idea of
the trend of flow rate and the time of injection occurrence and stop.
At the moment of the cold water injection, pressure in the SG is dumped and water is
made-up with a fast increase of the level in the SG and correspondingly in the LP, Figure
7. As already said above, the code underestimates the SG depressurisation and the LP
level values, in the third phase of the transient.
At the end of the SIP-1 injection, the system pressure is 0.5 MPa (exp.) and 0.58 MPa
(calc.).

Conclusions
SIP-1 is a passive injection and depressurisation system designed to be applied to LWRs
in order to mitigate the consequences of accidents like LOCAs.

ENEA funded a research activity for SIP-1 investigation, starting from the numerical
simulation of the system, the design of an experimental facility, the test execution up to the
post-test analysis with the Relap5 code.

The experimental facility, called GEST-SIP1, was obtained by connecting a model of SIP-1
to a U-tube Steam Generator model, already installed in the GEST-GEN circuit at SIET
laboratories. The SG was used as pressure vessel to verify the passive actuation of SIP-1
following a level diminution in the SG itself.
Tests at different thermal-hydraulic conditions of the plant (pressure and power) were
performed, in particular liquid and steam side breaks and also stability tests.
The experimental results showed that SIP-1:

- actuates passively on low level conditions in the SG;
- is effective in depressurising and making-up the mass of the system;
- is stable during the steady state of the plant for different operating conditions;
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- is stable when the temperature value around the critic zone of HP-LP connection is

higher than the nominal value;
- is stable in high level conditions, i.e. even when the CL-SG connection is in the

liquid zone. It does not actuates if the HL-SG connection is in the steam zone;
- actuates even with low SG pressure conditions making-up the mass lost from the

break;
- is stable during the heating-up phase of the plant with all its isolation valve open.

A nodalisation of the GEST-SIP1 facility was built for post-test analysis with the Relap5
code, simulating the test section of the facility (SG and SIP-1).
The numerical results obtained for a 2" equivalent break in the SG down-comer bottom are
in a quite good agreement with the experimental data. The code foresees the main
phenomena and events of the transient and well reproduces the trends of the main
variables in all the blow-down phases.

Possible future developments of this research activity can be both numerical and
experimental ones. Once obtained a reliable nodalisation of the plant, by the post-test
analysis of different experimental transients, and once properly modified the facility, the
investigation can concern:

- the system stability in high SG level conditions by rising the HL-SG connection;
- the SIP-1 application to PWR, primary side, by proper modifications of the Heating

Pipe geometry.,
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Nomenclature
calc. calculated
CL Cold Line
DC Down Comer
exp. experimental
eq. equivalent
HEX Heat Exchanger
HL Hot Line
HP Heating Pipe
LP Level Pipe
LWR Light Water Reactor
Max. Maximum
NCL Natural Circulation Loop
PWR Pressurised Water Reactor
LOCA Loss Of Coolant Accident
RELAP REactor Loss of coolant Analysis Program
Rl Riser
SG Steam Generator
SIP-1 Sistema di iniezione passiva
TC Thermocouple
UT Upper Tank

<J> Diameter
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