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ABSTRACT

The Marviken critical flow tests are a multinational project
designed to obtain critical flow data under conditions similar to
those which might occur in a full-scale reactor loss-of-coolant
accident. The test facility and procedure used to obtain critical
flow data at supply pressures up to 5 MPa and at fluid conditions
from 30°C subcooling to low-quality saturated conditions are described.
Sample data of the type obtained using ruptured-pipe simulators
having internal diameters up to 500 mm and length-to-diameter ratios
of 1 and 3 are presented and discussed. It is concluded that the
results of the tests will probably provide an important measure of
the effect of piping size on the critical flow phenomenon and increase
the certainty with which critical flows can be predicted in full-
scale reactor calculations.

INTRODUCTION

The third full-scale reactor safety project to be conducted at
the Marviken Test Station began in January 1978. This project,
referred to as the Critical Flow Tests (CFT), is scheduled to run for
an 18-month period ending in June 1979. The objective of the project
is to obtain data for critical flows in short pipes having diameters
up to 500 nun and to obtain these data at subcooled and low-quality
saturation fluid, conditions in the range of those which could occur
in a full-scale reactor loss-of-coolant accident. As of September
1978, the project was approximately half way through "the planned test
program having conducted 14 official tests and 2 shakedown tests.

The CFT project is a multinational endeavour with Studsvik Energi-
teknik AB (Sweden) as the host organization. The other organizations
sponsoring the project are: Commissariat a l'Energie Atomique and
F.lectricite de France (France), Electric Power Research Institute and
United States Nuclear Regulatory Commission (United States), Forstfgs-
anlaeg Ris^ (Denmark), Technical Research Centre of Finland (Finland),
Institutt for Atomenergi (Norway), and N.V. tot Keuring van Electro-
technische Materialen (Netherlands). The test results are not gener-
ally available to non-participating nations, but can be acquired by
becoming a project sponsor in accordance with the contract under
which the project is established. Final reporting of the test results
is scheduled to be completed at the end of 1979.
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The purpose of this paper is primarily to serve as an introduc-
tion to the CFT project. The test equipment and procedure are de-
scribed and the measurements which are being made are enumerated. The
specifications for the tests which have been conducted and sample
test data are presented.
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TEST FACILITY

The test equipment (Fig 1) consists of four major components: a
pressure vessel, a discharge pipe, one of several interchangeable
test nozzles, and a rupture disc assembly. The pressure vessel used
to be part of the Marviken nuclear power plant. Of the original
vessel internals, only the peripheral part of the core superstructure
and the cylindrical wall and the bottom of the moderator tank remain.
Gratings have been installed at three levels in the lower part of the
vessel to prevent the formation of vortices which might enter the
discharge pipe. The vessel has an inside diameter of 5.22 10 and is
24.55 m high from the vessel bottom to_the top of the top-cupola. The
net available internal volume is 420 m . The vessel was designed for
a maximum pressure of 5.75 MPa at a temperature of 272 C.

The discharge pipe consists of 7 elements including an axisymme-
tric inlet section, a connection piece, two pipe spools, two instru-
mentation rings, and an isolation ball valve. The attachment of this
assembly to the vessel was made by welding the connection piece into
a 1030 mm diameter hole cut in the center of the bottom of the vessel.
The inlet section is attached to the upstream end of the connection
piece and allows fluid to smoothly enter the 752 mm diameter dis-
charge pipe 740 mm above the bottom of the vessel. The flow travels a
distance of 6.3 m from the discharge pipe entrance to the end of the
discharge pipe (nozzle entrance).

Test nozzles are connected to the lower end of the discharge pipe
as shown in Fig 1. Each nozzle consists of a rounded entrance section
followed by a constant diameter test section. The diameter and length
of the test section are the geometric test variables. The test nozzles
include test sections nominally 200, 300, and 500 mm in diameter and
range in length-to-diameter ratio (L/D) from 0 to 3.

A rupture disc assembly is attached to the downstream end of the
test nozzle and is used to initiate a test. The assembly contains two
identical rupture discs. A test is initiated by introducing an over-
pressure in the compressed air between the discs. This overpressure
causes the outer disc to fail which subsequently results in the
failure of the inner disc. Failure of the discs is designed to occur
along the entire periphery so that they are completely removed from
the nozzle exit.

The flow from the test nozzle is directed into the old reactor
containment as shown in Fig 2. The containment was a water-pool
based, pressure-suppression system and has walls of thick, prestressed
concrete. The containment was extensively modified in preparation for
the critical flow tests. Because of the anticipated high mass flow
rates, the connection areas between the drywell and the wetwell were
enlarged to ensure that the floor separating these two compartments
would not be overloaded. Since the new openings resulted in free
communication between the wetwell and the drywell air space, the
pressure-suppression capability of the containment was eliminated. It
was therefore necessary to vent the containment to the atmosphere to
ensure that state licensing pressure limits for the parts of the test .
facility building would not be exceeded. The venting is accomplished
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Fig 1 Test equipment
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Fig 2 Test equipment installation and flow paths
in the test facility building
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by connecting the fuel element transport channel with the atmosphere
using a 3.2 m diameter exhaust tube.
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MEASUREMENTS

The primary measurements in the CFT tests are made in the pres-
sure vessel, the discharge pipe, and the test nozzle. These meas-
urements are made to determine the stagnation conditions at which
fluid is supplied to the nozzle, the flow rate through the nozzle,
and the axial pressure profile in the nozzle. Supplementary meas-
urements are also made in the containment and the exhaust tube. A
summary of measurements that are recorded on magnetic tape during a
test is presented in Table 1.
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Table 1 Summary of measurements

General
location

Pressure
vessel

Discharge
pipe

Type of
measurement

Pressure
Temperature
Diff pressure
Diff pressure

Pressure
Temperature
Temperature

Density

Diff pressure
Diff pressure

Parameter
obtained

Pressure
Temperature
Density
Mass inventory

Pressure
Temperature
Temperature
distribution

Density

Diff pressure
'Flow rate

No of
channels

4
25
3
7

5
5
10

3

1
. 10

Remarks

3-armed probe at
instrumentation
ring I
3-beam gamma
densitometer

3-armed probe at
instrumentation
ring I

Test nozzle Pressure Pres profile 3
Diff pressure Pres profile up to 11

Containment
and Exhaust
tube

Pressure
Temperature
Diff pressure

Pressure 7
Temperature 7
Diff pressure 2

Miscella- Temperature Density
neous Diff pressure Diff pressure

Diff pressure Diff pressure

6 sense lines
1 vessel bottom to

instrumentation
ring I

1 nozzle entrance
to containment
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TEST PROGRAM AND PROCEDURE

The test program for the CF? project is anticipated to include
approximately 30 critical flow tests. The parameters which will be
varied during the execution of the program are; (a) initial pressure,
(b) initial subcooling, (c) nozzle test section diameter, and (d)
nozzle test section length-to-diamet'er ratio. The specifications for
the 14 official tests and 2 shakedown tests that have been conducted
are listed in Table 2.

Table 2 Test specifications

Test

A
B
1
2
3
4
5
6

D

(mm)

300
300
300
300
500
500
500
300

L/D

3
3
3
3
3
3
3
1

o
(MPa)

3
4
5
5
5
5
4
5

Sub-
cooling

(°C)

15
15
15
30
15
30
30
30

Test

7
8*
9

10*
11*
12*
13
14

D

(mm)

300
500
500
500
500
300
200
200

L/D

1
3
3
3
3
3
3
3

P.
o

(MPa)

5
5
5
5
5
5
5
5

Sub-
cooling

(°C)

15
30
<5
<5
30
30
30
<5

fe
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* Repeat run

The specifications for the remainder of the tests in the program
will be determined on the basis of the results that have been
obtained so far.

The tests are conducted by first filling the vessel completely
with de-ionized water. With the vessel full, the integrity of the
rupture discs is checked and the instrumentation sense lines are
bled. Water is then drained from the vessel until the 14 m elevation
is reached. In order to obtain data at subcooled conditions, a tem-
perature stratification of the water in the vessel is established.
This is accomplished by heating the water in the vessel in three
warm-up stages using an external electric heater. During the first
two stages all of the water in the vessel is brought to uniform
conditions. At the end of the second heating stage the conditions in
the vessel are saturation conditions at a temperature lower than the
saturation temperature corresponding to the specified initial pres-
sure by approximately the specified subcooling. The final heating
stage brings the pressure in the steam dome to the specified initial
pressure. The last heating stage is stopped when the level of water
at the saturation temperature corresponding to the initial steam dome
pressure is at approximately the 11 m elevation. A body of water at
approximately the specified degree of subcooling is thus created
below about the 9 m elevation along with a temperature transition
zone between the 9 and 11 m elevations. Prior to test initiation, the
vessel contains about 280 Mg (metric tons) of water with a water
level at the 17 m elevation. A test lasting from one to two minutes
occurs when the rupture discs are failed. During this period 220 to
250 Mg of water are discharged from the vessel through the test
nozzle. The test is terminated by closing the ball valve in the
discharge pipe. -f
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TEST RESULTS

Test results typical of those which have been obtained in the
tests are presented in Figs 3 through 6. A typical history of the
pressure at the bottom of the pressure vessel presented in Fig 3
exhibits three distinguishable periods. The first period is charac-
terized by a rapid decrease in pressure followed by a pressure
recovery. This phenomenon is caused by the expansion of the steam in
the steam dome due to an imbalance between the volumetric flow out of
the vessel and the vapour generation rate in the saturated liquid.
The system begins recover no later than 1 second and establishes a
stable rate of depressurization by no later than 5 seconds. The
second period begins when a stable rate of depressurization has-been
established and continues until the rate of depressurization changes
due to a reduction in the flow rate caused by t J-phase conditions
occurring in the discharge pipe. The third perilJ, which corresponds
to when the supply conditions to the nozzle are two-phase, lasts
until the end of the test at which time the flow in the discharge
pipe has a maximum void of up to 30 %.

A history of the temperature at the center of the discharge pipe
at instrumentation ring I is presented in Fig 4. A history of the
saturation temperature corresponding to the pressure at the bottom of
the vessel is also included in Fig 4. Since the temperature measured
at the center of the instrumentation ring I is nearly equal to the
temperature at the center line at the discharge pipe entrance, the
comparison presented in Fig 4 gives a good picture of the history of
the subcooling at the entrance of the discharge pipe. The data show
the occurrence of saturation conditions in this case to be at 17.5 s
after which there is a good agreement of the measured temperatures
and saturation temperatures corresponding to the measured pressures.
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Fig 3 History of pressure at the bottom of the vessel
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Fig 4 Comparison of temperature at the center of the discharge
pipe and saturation temperature corresponding to pressure
at the bottom of the vessel

Pressure profiles in the nozzle test section and rupture disc
assembly generated using pressure measurements at the nozzle wall are
presented in Fig 5. The pressure profiles are presented as pressure
ratios formed by dividing the measured pressures by a pressure approx-
imately equal to the stagnation pressure at the nozzle entrance. The
pressure ratio corresponding to the saturation pressure associated
with the stagnation temperature is included as a point on each profile
for comparison purposes. Pressure profiles corresponding to times
when the stagnation conditions were subcooled (i.e. 1, 5, and 10
seconds profiles) all indicate that the pressure at the test section
entrance drops below the saturation pressure and that a zone of
pressure recovery exists at the upstream end of the test section
extending as far as 0.6 meter downstream of the test section entrance.
These results are thought to be indicative of non-equilibrium thermo-
dynamic conditions and perhaps a separation of the flow. The zone of
pressure recovery is followed by the zone of gradually decreasing
pressure caused by viscous losses. The pressure recovery zone is not
present in the pressure profile when the stagnation conditions are
two-phase. The pressures recorded in the rupture disc assembly remain
relatively higli despite a nearly 45 7. increase in area in the rupture
disc assembly compared to the nozzle test section. The pressure is
still well above atmospheric pressure at the last pressure tap
located on the diverging lip of the rupture disc retaining flange.
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Fig 5 Nozzle pressure profiles at various times during
the test

The mass flow rates which occurred during a test conducted using
a 500 mm, L/D « 3 nozzle with initial conditions of 5 MPa and 30°C
subcooling are presented in Fig 6. Two sets of mass flow rate data
are presented in the figure; one obtained from differentiation of the
vessel mass inventory history and the other obtained from the pitot-
static measurements made at instrumentation ring I. The mass flow
rates evaluated from the two methods are in good agreement even
after the flow becomes two-phase which in this case was at 15 sec-
onds. A mass flow rate of 12000 kg/s was achieved during this test
which i.s the highest that has been obtained in the CFT tests. This
flow rate is also a record for the flow rates at which critical flow
rate data have been obtained.
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Fig 6 Comparison of flow rates evaluated by two independent
methods

CONCLUSION

The Marviken CFT Project is producing a significant data base of
reliable data for critical flows in short pipes up to 500 mm in
diameter. The results of the tests will probably provide an important
measure of the effect of piping size on the critical flow phenomenon
and increase the certainty with which critical flows can be predicted
in full-scale reactor calculations.
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