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June, 1987

Large-Scale Test on Sodium Leak and Fire (IV)

—— Test of Sodium Leak and Fire Using Simulated

Piping ; Run-E2 —

T. Morii®, T. Fukuchi®, T. Yamada® and Y. Himeno™

Abstract

A test, Run-E2, of sodium leak from a 1/3.5 scale simulated Na piping
of the secondary circuit of Monju was conducted using the SOLFA-2 in the
SAPFIRE facilities. In the simulated piping, a leak hole with an area
reduced by (1/3.5)2 from an area of 1/4:Dt of the actual piping was nade
on the upper wall of the piping in advance. In the test, a pressure equal
to the system pressure of 3.8 kg/cm?+g of the hot leg piping in secondary
circuit of the actual plant was applied, and sodium was spilled. Spill
duration was approximately 13 minutes.

The test results showed that the integrity of the insulation structure
around the piping will not be broken by a2 Na pressure and combustion heat
during an accident, therefore, the spray leakage of Na can be fully pre-
vented. Moreover, burning rate of Na during leakage was approximately
4% of the flow rate of the Na leak. Compared to about 30% obtained from
the spfay combustion test conducted previously using a spray nozzle, the
combustion following a realistic Na leak from the actual piping is found

to be milder than that of spray combustion.

* Plant Safety Engineering Section, Safety Engineering Division.
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1. INTRODUCTION

For the prototype reactor Monju, a Na spray combustion due to a Na
leak accident from a leak hole with an area equivalent to 1/4 Dt of piping
was postulated as one of the design basis accident. However, the Na piping
of the actual plant is surrounded by the insulation which is expected to
prevent the spray-type leak of Na during the Na leak accident. To clarify
this kind of funetion, it is necessary to substantiate that the insulation
around the piping will not be destroyed by high-temperature Na leaking
with the operational system pressure. Therefore, the Na leak test was
conducted using a simulated piping with a reduced scale whose insulation
structure was the same as the actual piping.

In the present report, the test facility is explained in Chapter'2,
test conditions and methods in Chapter 3, test results in Chapter 4, and

conclusions in Chapter 5.

2. TEST FACILITIES

The test was conducted using the large-scale sodium leak and combus-
tion test facility (SAPFIRE) in the Plant Safety Engineering Section in
the Safety Engineering Division. The SAPFIRE facility comprises SOLFA-1,
SOLFA-2, a Na storage and supply system, and a large-scale aerosol and
waste liquid treatment system. The present test was conducted in SOLFA-2.

Since the details of the relevant facility were already reported in
a previous reportl), only the outline of the facility and the modified
portion of the test rig will be explained below.

Figure 2.1 shows a flow sheet diagram of SAPFIRE facility, and Fig.
2.2 shows a section of SOLFA-2.

2.1 SOLFA-2

As shown in Fig. 2.2, SOLFA-2 comprises a main body of test vessel
with an oxygen gas supply header, a water cooling jacket around the vessel,
a Na catch pan at the bottom of the vessel, a Na drain pipe attached to

the Na catch pan, and the simulated sodium pipe with insulation cover.
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(referred to below as "simulated pipe').

The test vessel is a vertical, cylindrical closed vessel made of
SUS-304 stainless steel with an inner volume of about 111 m3. The water
cooling jacket surrounding the test wvessel prevents an excessive tempera-
ture rise of the wvessel due to heating during a Na combustion. However,
in the present test, the water cooling jacket was not filled with water
because not much heat was generated. The Na catch pan is located 2,040 mm
below the simulated pipe. It receives and stores the leaked Na. After the
test, stored Na is drained to an impurities setting tank through the drain
pipe located at the center of the Na catch pan, The oxygen gas supply
header is able to supply oxygen gas {(about 100% pure} at a constant rate
of 300N m3/min during the Na leak test, TFor the gas blow—off portion of
the oxygen gas supply header, numerous holes are provided in the periphery
of the ring-shaped header located along the inner wall of the vessel.
These holes are covered with wire mesh to permit a gentle outflow of gas
to the surrounding portion. In addition, the test vessel has a rupture
disk (rupture setting of 1.71 kg/cm?) for blowing down gas when the inner

pressure exceeds the design pressure (2 kg/em?).
2,2 Simulated Sodium Pipe

Though the piping of secondary main cooling system of Monju was made
of 22B pipes (SUS-304, Sch 20), adopted for the simulated pipe was 8B (SUS-
304, Sch 20) pipe. 1Its construction is shown in Fig. 2.3.

All the dimensions adopted are the same as those of Monju for the
thickness of inner and outer jackets used as the surrounding insulation,
the thickness of connecting pipe base, connecting pipe base flange and
cover plate, and the sizes of outer jacket joints and machine screws.
Therefore, although the linear scale is reduced to 0.39 for 8/22, the
structural strength has been increased beyond that of the secondary piping

of Monju.

(1) Na leak hole

The cross sectional area of the Na leak hole of the simulated pipe was
set to 2.3 cm? which was obtained by converting the linear scale ratio

of 0.39 of the test specimen into an areal scale ratio. That is
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(2)

(3)

2.3

15.0 ecm? x 0.39 x 0.39 = 2.3 cn?,
In the above equation, 15.0 cm? corresponds to the postulated
leak hole of 1/4 Dt of Monju, and 2.3 cm? corresponds to the area
of a circle with the diameter of 1.69 cm. The leak hole is located

on the upper side of the center of piping.

Others

Construction of clamps, connecting pipes, and spacers was scaled
down as much as possible from the piping of Monju in accordance

with the linear scale ratio.

Materials

Materials of insulation, piping, and inner and outer jackets are as
same as those of actual equipment.

For insulating materials, nuclear reactor class Rock Fine was used
for the first layer, and ordinary Rock Fine for the second and

third layers.
Na Catch Pan

The Na catch pan is used to simulate the presence of Monju's floor

liner. It is made of ordinary carbon steel, and is 3400(ID)} x 456(H) and

weights 6 tons.

A drain pipe for draining stored Na is provided at the center of the

Na catch pan. This drain pipe is made of SUS-304 of 1B Sch 20.

2.4 TInstruments, Measured Items, and Measuring Methods

The instruments are basically the same as those used in RUN—Ell).

Figure 2.2 also shows the layout of measuring points. Electrical signals

for temperature, pressure, flow, and Op concentration are recorded on

magnetic tape (MT) by electronic computer (YHP-1000).

Na leak phenomenon from the simulated pipe were photographed by two

video camera units and one thermovision unit.
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2.4.1 Thermal Behavior of the Simulated Pipe

The thermal behavior of the simulated pipe was measured by thermo-
couples.

Layout of these thermocouples was determined based on the followings:
(1) To ensure proper control of piping temperature (TEL088).

(2) To measure the temperature of inner and outer jackets to find out
whether the inner and outer jackets are thermally destroyed or not
(TE1089-1091, TE1094-1100).

(3) To measure the temperature of insulating materials to determine if
any reactions occur between Na and insulating materials (TE1092,
1093).

(4) To measure the flow direction of the initial Na leak within the
insulation,
From the results of test RUNfBBZ), we found that the temperature of
the inner jacket becomes the same as that of the leak Na immedi-
ately after the start of leak and hardly changes during the leak,
Since the leaked Na spreads along the bottoﬁ of the immer side of
the outer jacket, many thermocouples were placed at the bottom of

the outer jacket as shown in Fig. 2.4,

(5) To judge the combustion of inflammable gas and the presence of up-

ward flow of Na (TE1099).

2.4.2 Change in Oxygen Concentration

To measure the change in oxygen concentration with time at the bottom,
middle and bottom of the vessel as same as RUN-EL testl), gas inlets to
automatic gas sampling unit, gas chromatograph unit, and oxygen concentra-

tion were installated at the locations shown in Fig. 2.2.

2.4.3 Changes in Gas Pressure, Hydrogen Gas Concentration, and Aerosol

Concentration

Measuring methods and equipment for these changes were the same as

those employed in RUN-ELD) .
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2.4.4 Thermal Radiation from Simulated Pipe

The results of RUN-B3 test2) indicated that the temperature at the
surfaces of the outer jacket of the simulated pipe rises to 750°C when Na
combustion progresses. At such a high temperature, considerable energy is
expected to be radiated from the surfaces of outer jacket. Therefore, to
measure this radiation energy, two heat flux meters were installed on the
wall of test vessel., The whole surface of one of the heat flux meters
was shielded from radiation but that of another was exposed. Height of
the heat flux ﬁeters were the same as that of the simulated pipe as shown

in Fig. 2.2,

2.4.5 Form of Na Leak

Tests previously conducted on the form of leakage from the simulated
piping were the water test3) using a full-scale mock-up and the Na leak
test RUN-B32) using SOFI-1 with a reduced-scale model piping. In the
latter test, a cover plate for the heater penetration of the outer jacket
dislocated, and a Na leaked from this opening. However, the insulation
structure of the simulated pipe used in the presént test was slightly
improved and, because of this, a leak of Na from the joint of outer jacket
was expected as same as the case of previous water test-. Thus, it was
possible for leaked Na to comtact the sidewall of the test vessel depend-
ing on the deviation of the joint. Therefore, the following evaluation
was made:

' According to the results of water test, water droplets traveled 50 cm
in horizontal direction when they dropped 20 cm as shown in Fig. 2.5.
Therefore, the jet of Na can be assumed to fall while drawing the form of
parabola as same as the case of water. Since the present test pipe is
2,1 m high, the jet travelling distance in the horizontal direction can be

given by the following equation:

0.2 _ 2.1 L= 1.6m ()

(0.5)2  x% °

Inside radius of the test vessel of SOLFA-2 is about 2.0 m which
exceeds the travel in the horizontal direction. Tn conclusion, there is

neo possibility of the Na jet colliding with the SOLFA-2 vessel.
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The thermocouples were arranged so that the form of leak can be
presumed from the arrangement. Thermocouples were alsc placed on the
walls of vessel to be prepared for the impact of leaked Na splashed from
the floor.

In addition to the above, heat resistant video cameras (not used when
aerosol density is high) for wvisualizing the form of leak and a thermovi-

sion unit (with narrow visual field) were used.

2.4.6 Other Temperature Measurements

The arrangement of thermocouples (T/C) for measuring the temperature
of the vessel wall, gas space described above, and others is basically

the same as that of test El,
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3. TEST CONDITION AND METHODS

3.1 Test Conditions

Test conditions will be explained below. The basis for each condi-

tion will be stated in the following sections.

Test Conditions:

Temperature of leakeed Na: 505°C

Flow rate of leaked Na: 3.1 kg/sec. (measured value)
3.6 kg/sec., (planned value)

Atmoshpheric conditions: Air atmosphere, moisture as occurs,

' room temperature as initial tempera-

ture,

Air supply: . Test vessel closed, oxygen was
supplied at a comstant rate of
85.8 Nm3/hr ﬁuring the Na leak.

Na pressure in simulated

piping: 3.76 kg/cm?-g

3.1.1 Na lLeak Conditions

Of the Na leak accidents that can be postulated in the secondary
cooling circuit of Monju, the accident with the highest temperature of
leaked Na is a leak from hot leg piping in the secondary cooling system.
The Na pressure in this piping is 3.761 kg/cmz-g. Therefore, the inner
Na pressure of the test pipe was set to 3.761 kg/cm?-g, and Na temperature
was set to 505°C which was equal to that in the hot leg piping of actual
plant as stated above.

A cover gas pressure of the Na heater was set to 3.789 kg/cm?-g which
is equal to the sum of the pressure stated above, pressure loss (0.115
kg/cm?+g) in Na supply system of the test rig, and Na head pressure
(-0.0868 kg/cm?+g in an early stage of leaking).

3.1.2 Atmospheric Conditions

Sealed conditions were adopted for the test wvessel, Moreover, to
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continue Na combustion during the test, oxygen gas was supplied from the
outside of the vessel at a flow rate of 86.8 Nm3/hr, which was determined

from the results of a pre-test analysis by the ASSCOPS code.

3.1.3 Amount of Leaked Na

The amount of leaked Na was set to approximately 2.4 ton, which made

the depth of Na in the Na catch pan half of its height,

3.1.4 TFlow Rate of Leaked Na

Since the pressure loss coefficient in the route of leaked Na includ-
ing leak hole was already known from previous experiments, the flow of
leaked Na will be estimated using this coefficient.

Table 1 shows the pressure loss coefficient obtained previously.

For the full-scale mock-up pipe, a coefficient of 2.3 to 3.0 was obtained
in the pressure range of 2.4 to 6.6 kg/cm2°g.

However, in test RUN-B3 with SOFT-1 using Na, the coefficient was
very large (38.9) because the conditions differred from the water test

as explained below.

(1) Supply pressure of Na during test was less than one-tenth of that

of the water test.

(2) Because of this, the leak occurred from the joint in outer jacket
in water test while the leak in RUN-B3 test occurred from an opening

for the heater.

(3) Scale ratio of the simulated pipe to the actual one was 0.27, but
the area of opening located in,the piping was not equal to 0.27

times the leak hole area of 15 m? of actual equipment 1/4 Dt.

Therefore, the data of RUN-B3 were excluded, and 2.5 was used as the
pressure loss coefficient of test pipe from Table 1. The predicted flow

rate of Na leak was approximately 3.6 kg/sec from the following calcula-

tions:

2:P-A2-P _ 2x3.761x9.804x10%x(2.3x1074)?x832 5,

LA I 2.5

3.6 (kg/sec)
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3.2 Test Methods

The test was conducted using the automatic sequence of measurement
controller (CENTUM) in accordance with the following procedures (refer to

flow sheet in Fig. 2.1):

{1) Supplying Na and oxygen gas
* Na in the Na heater is heated to 505°C, and gas pressure in Na
heater is increased to and maintained at 3.8 kg/cm?-g.

» Valve VN-105 is opened 100%.

After the above preparation, VN-108 is opened and Na is allowed to
spill from test pipe. At this time, the flow of Na leak is not
controlled. Oxygen gas is supplied to the test vessel at a constant

flow rate of 85.8 Nm3/min immediately after the start of Na leak.

{2) Terminating Na supply and ox&gen gas supply
When one of the terminating conditions below is satisfied, the supply

of both Na and oxygen gas is stopped.

Terminating Conditions:

« The cumulative amount of Na leak exceeds 2.4 ton.

« The inner pressure of test vessel exceeds 1.6 kg/cmz-g.

+ The temperature at ceiling and wall in test vessel exceeds 400°C
(design temperature).

* When an emergency stop becomes necessary as a result of an un-

expected occurrence.

(3) Storing Na drainage in Na catch pan
Na in the Na catch pan is drained to the impurities settling basin
when the temperature of Na stored in the Na catch pan drops below
450°C and two hours have passed after the start of the Na leak.

Records of the test progress are shown in Table 2.
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4. RESULTS

4,1 Thermal Behavior of Test Pipe

Shown in Fig. 4.1 is the change with time in the temperature of outer
surfaces of outer jacket of test pipe. Since the temperature changes at
four thermocouples (TE1097, TE1096, TE1098, and TE1100) installed at the
bottom of the outer surface of the outer jacket are similar to each other,
the leaked Na spreaded uniformly along the bottom of the inner side of
outer jacket in the direction of the length of piping. 7

Temperature (TE1099) at the top of piping clamp did not reach 500°C
as Na leak temperature during the leak period. Thus the Na way not entered
this place or entered only intermittently.

Temperature at thermocouples TE1097, TE1096, and TE1098 installed
between the Na leak hole and clamﬁ increased to 580°C maximum due to heat
from Na combustion after the leak stopped. No temperature rise was seen
at TE1100 installed outside the clamp after the leak was stopped. This
occurred because Na leaking from the joints at the ends of the outer jacket
accumulated in the insulating material covering at both ends of the speci-
men.

Afrer the léak started a temperature peak appeared on the outer
surfaces of all outer jackets. The video cameras showed that the combustion
of inflammable gas occurred immediately after the leak started. The tem-
perature peaks thus seem to be caused by the flame of this inflammable gas.

Figure 4.2 shows section A-A of the piping test specimen shown in
Fig. 4.1. The temperature change at each portion of the section through
the leak hole is shown. Temperature at the inner jacket (TE1089 and TEi(91)
was almost the same during the start of leak, that is, the temperature of
leaked Na. After the leak stopped, the temperature dropped slowly. From
these, it can be presumed that the runoff of Na from the leak hole spread
across the annular space between inner jacket and piping without combustion
therein, _

An obvious temperature difference is recognized between the upper
portion (TE1092) and lower portion (TE1093) of the insulating material, The

temperature at the lower portion reached that true of leaked Na immediately

- 10 -
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after the leak started then remained almost constant during leak period.
The temperature at the upper portiom (TEL092), however, continued to rise
even during the leak period. This occurred probably because Na flowed out
from the joint and the opéning for heater of inner jacket accumulated in
the lower portion of the outer jacket, then gradually increased the Na
level in the outer jacket.

The temperature at the lower portion of the outer jacket (TE1096) was
almost the same as that of leaked Na and remained constant during Na leak
period, but it fluctuated with time at the side and higher portions, At
the upper portion (TEL094), the temperature reached 700°C in the last stage
of leak. The latter high temperature can be explained by the combustion
of inflammable gas at the outer surface of the outer jacket.

The above findings can be summarized as follows:

(1) The gap between the inner jacket and piping was filled up almost
instantaneously by the Na flowing from the leak hole, Thereafter,
Na flowed from the gaps in the inner jacket (joint and opening for

heater in inner jacket) into the insulating material,

(2) Na flowing into the insulating material began to accumulate in the
| lower portion of the outer jacket. The accumulated Na then flowed
out through the gaps in outer jacket, while causing the liquid level
rise. The level increased further to the upper portion of piping by

capillary action,

(3) There was no apparent temperature rise due to the reaction between

Na and insulating material ditself,

(4) When Na began to flow out from the joints in the outer jacket, an

inflammable gas* was released causing burn#¥,

* This seems to be hydrogen generated from the reaction between
Na and moisture contained in the insulating material.
#% This was presumed from the results of photographing by wvideo

camera.,

- 11 -
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(5) The heat generated by the combustion of the inflammable gas and Na
on the surface of outer jacket increased the temperature of the outer
jacket and insulating material higher than the temperature of leaked
Na socon after the Na leak began. However, they were cooled by the
continuously leaking Ma so that the temperature became almost the
same as that of leaked Na (500°C) during the Na leak. However,
the side and top of the simulated piping were not exposed to leaking
Na, so the temperature fluctuated because of combustion heat and
exceeded the temperature of leaking Na at some points even during

the Na leak.

(6) When the Na leak stopped, the temperature of the outer jacket at the
lower portion of piping, which had been cocled by the leaked Na,
began to rise due to combustion heat of Na on the surface of the outer

jacket then dropped upon completion of Na combustion,
4.2 Flow of Na and the Form of Leak

Figure 4.3 shows the change in pressure of cover gas of the Na
heater and change in Na flow. The cover gas pressure during Na leakage
was 3.7 kg/em?+g, almost the same as the 3.8 kg/cm?+g preset as test condi-
tions, and remained éonstant.

The measured Na flow was 220 liters/min. (3.1 kg/s) and remained
almost constant during the leakage. This almost agreed with 3.6 kg/s
determined from the calculations in advance. The pressure loss coefficient
of the test pipe seen from the leak hole in the simulated piping is calcu-

lated based on measured data as indicated below.

2. L] 2-
n = —-—--_-—--APWQ 2 _ (C)

_2-3.7-9.804 x 10% - (2.3x107*)2 - 832 _ . ;4

3.12

Note®*: Pressure loss and the level difference of Na in the middle of Na

piping were very small and ignored here.

- 12 -
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The form of leak of Na was checked by regularly arranging 137 thermo-
couples. Outputs from the thermocouples were processed by the graphic
processing program "GRAPHMAN," and the results of temperature distribution
in the space where Na leaked were expressed by constant temperature lines
having the width of 100°C as shown in Fig. 4.4. This figure indicates
the change in temperature distribution in the space below the simulated
piping. The time elapsed from the start of test (opening of Na supply
valve) is shown in the upper right corner. Na is supplied from the left
side in this figure. As can be seen in this figure, Na began to leak from
the piping approximately 7 seconds after the sodium valve opening. Figure
4.5 shows the gas temperature distribution at heights of 0.25 m, 1.0 m,
and 1.5 m in the lateral section of the test vessel 10 seconds after the
start of the test., From this figure, we can presumed that Na leaks out in
a symmetrical pattern in the direction normal to the length of piping as

shown in the sketch below.

|
=

-
—
=7 AN
2% t /,/'\\
il . ) N
Joint A

In the above sketch showm at the . left, a falling Na has a veiocity
component in the direction of the length of piping (that is, not falling
straight down) probably because Na leaked from the joint in the outer
jacket. A temperature peak occurred even in the gas space below the
simulated piping several seconds after the start of leak. Thereafter,
however, the temperature peak occurred in the space near the falling point
of Na on the floor, and the temperature peak in the intermediate space
disappeared. Gas temperature was determined to reach 900°C several seconds
after the leak started, because the temperature of combustion zone around
a falling Na was measured. Figure 4.6 shows the temperature distribution
every 10 seconds until one minute after the test start. The high tempera-
ture area in the gas space at first expanded as time elapsed, but this
expansion stopped after 30 seconds and a quasi-false spray zone, as modeled

in the analysis code, was formed.
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Figure 4.7 shows a more detailed temperature distribution one minute
after the test start. It clearly shows the presence of the quasi-false
spray zone postulated in analysis codes. One minute after the test start,
small high-temperature zones are recognized even in the space outside the
spray zone.

In appendix, the temperature zone from the side and front of the
simulated piping 2 ~ 4 minutes after test start is shown.

The boundary of the quasi-false spray zone seen in Fig. 4.7 became
less clear as time elapsed because the temperature became more uniform due
to gas convection.

The Na leak continued about 13 minutes. Figure A-2 shows the cases
even after the end of that leak. Though the zones with a temperature
exceeding 700°C always existed before that, the maximum temperature was

600°C in the figure showing the case of 15 minutes later.
4.3 Change in Oxygen Concentration

The change in oxygen concentration with time is shown in Fig. 4.8.
The maximum oxygen consumption rate determined from the change in oxygen
concentration stated here is approximately 300 m3/hr at the upper portion
of SOLFA-2 test vessel, 210 m3/hr at the middle portion, and 130 m3/hr at
the lower portion, and the average is 210.m3/hr. (In this test, oxygen
was supplied at the rate of 85.8 Nm3/hr from the middle of test, but
oxygen supply had not been started when the maximum value occurred.)

These values are oxygen gas consumption rate converted under mormal
temperature and pressure. By aésuming 100% Na,0; reaction, the average
oxygen gas consumption rate can be converted into Na burning rate as shown

below.

210 x 2 x 23
22.4 % 1078 x 3600

= 120 gNa/sec (D)
2Na + 02 —_— Na202
The above value is agbout 3.9% of the leaked Na since the flow of

leaked Na was measured as 3,100 g/s in Section 4.2.

When one assumes 100% spray combustion as in the case of safety
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analysis in the actual plant, the proportion of burned Na to the flow of
leaked Na becomes approximately 30%1). But, the present results clearly
show that in a realistic leak from piping, the proportion is only one-
tenth of that in the 100% spray combustion.

In the present case, the falling height of Na is almost half of that
in the spray experiment. The one-tenth becomes one-fifth if Na burning
rate is assumed to be almost proportional to its falling height. In any
case, it has been substantiated that Monju's design concept ('"Na leak from
piping is assumed to be 100% spray") is sufficiently conservative with

regpect to the Na burning rate.
4.4 Changes in Gas Pressure and Temperature

Figure 4.9 shows how gas pressure in the SOLFA-2 vessel changed with
time, and Fig. 4.10 shows the gas temperature at three points with differ-
ent height in the upper portion of the simulated piping.

Although the space in the upper portion of the simulated piping has
a large volume (about 6 m from piping to the top.of vessel), it exhibits
almost no gas temperature difference between these points because of a
vigorous convection.

The gas temperature suddenly rises after the Na leak starts, drops
after reaching the maximum of 450°C, becomes almost constant near the end
of Na leak, then suddenly drops after the Na leak stops. Gas pressure
shows a similar tendency; its maximum pressure reaches 0.9 kg/em?-g.
However, in the present test, oxygen gas was supplied in the middle of
test, 2.4 minutes after start of Na leak. Because of this OXygen gas
supply, the pressure increased near the end of Na leak when combustion
calmed down. The relation between the change in gas pressure and change
in the mean gas temperature with time will now be compared. The volume of
the space aBove the catch pan is 95.5 m3. Assuming adiabatic expansion of
gas, the maximum gas pressure can be calculated as shown below from the

law of ideal gas.

P . Tg + 273.15 .
P. Ty + 273.15 (E)
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2.34 kg/cmz-a
1.34 kg/em? g

Pi: Initial gas pressure (1.014 kg/cm?.g)
Ti{: Initial gas temperature (40°C)

Tg: Gas temperature when reaching maximum pressure (450°C)

The above is comsiderably larger than the measured value of 0.9

kg/em?+g, This probably caused by the following two reasons:

(1) Decrease in oxygen due to combustion.
(2) Pressure relief to the gas space below the catch pan (a gas leak
is present through the catech pan mounting portion in the zome

between the upper and lower spaces).

To clarify the above, the following correction were made to the
measured pressure of 1.34 kg/cmz-g by taking into account of the two
factors stated above:

Let the gas is an ideal gas, the initial state of test is expressed
by i, and the state of reaching maximum pressure is f, then the following

equations are derived:

Py (Vq + Vo) = (ngp + nfoy) BRIy (F)
Pf Vi = (an?_,l + nf02’1) RTl

- f f
Pf V2 = (n NZ,Z + n 02,2) RT2

where,

Volume above catch pan, and mol number of

Vi, no2 1, nn21
02 and N2

V2, 102 2, DNo 2 Volume below catch pan, and mol number of

02 and N2

From the measured results, the oxygen consumption rate is about

21%/7 minutes as average of upper and lower portions, and the time of
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reaching maximum gas pressure is about 2 minutes. Thus, no 1s equivalent
to 15 molZ.

From the above equation, the following equation is derived:

2]
H
<

v
£ £ £ f = = (L 42 =
niNg 1 +n 02 1 +1n N2,2 +noy 2 = R (Tg + Tg) =ny, + nf02
P4
= = (V] + V,) + (1.-(0.21-0.15))
RT4
therefore, ' )
v v Py V1 + V3 |
R - S SES (L /S o
Tl T2 Pe Ty

In this case, V; = 95.5 m3, v, = 15.5 m®, T, = 70°C*, and T, = 450PC,

therefore,

Vi +V v V,
g )
* I3 T,

1.88 kg/cm2-a (1)
0.88 kg/cm?.g

Il

Note®*: Measured value for the space below catch pan about 2 minutes

later (mean temperature of TE2090, 2091, and 2092).

The above value agrees fairly well with the measured value. Thus,
we can see that the gas pressure will correspond to gas temperature if
we properly evaluate the gas leak to gas space below catch pan through

the catch pan mounting.
4.5 Temperature of Na Pool on Catch Pan and of Structures

Figure 4.11 shows the change in temperature of a Na accumulated in
the catch pan at two places: bottom of the pan and 10 cm above the bottom.
Ten centimeters above the bottom, the temperature reached the peak of
960°C in the first several minutes due to the flame of falling Na. Since

the flow of Na leak is 3.1 kg/s and the diameter of the catch pan is 3.4 m,
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the rate of Na liquid level increase in the catch pan can be given by the
following equation based on the burning rate of 4% in the space where Na

falls:

Eq. J:
(1-0.04) x 3.1/832 x 100 x 60 = 2.4 (cm/min.). (1
3.42 x %%

The above means that the depth becomes 10 cm in about 4 minutes.

Also in Fig. 4.11, the temperature becomes 600°C about 4 minutes later,
which is the essential temperature of Na pool.

This occurs because Na is heated by a burning while it falls. After
the Na leak ends, the temperature of the Na pool drops simply because of
the oxygen supply terminates.

Figure 4.12 shows the duration of temperature change at various parts
of the test vessel. This shows the outer surface temperature of the top
end plate of test vessel (A), the inner surface temperature of the top end
plate (B), the inmer surface temperature of the side wall (C), and gas tem-
perature inside the jacket (D) {(no water was placed in water-cooling
jacket in the present experiment). In this figure, the temperature at the
top is higher than that at the side, probably because a hot gas rose due
to gas convection, thereby applying more heat to the top than to the side.

Figure 4,13 shows the heat flux transferred to the wall as obtained
by the two heat flux meters mounted inside the side wall of the test
vessel and its change with time. The results of the Na leak test RUN-B32)
with a simulated piping (conducted previously) indicated that the surface
temperature of the outer jacket became quite high (750°C) because of a Na
combustion on the surface of the outer jacket, and the analysis comducted
after RUN-B3 by ASSCOPS code pointed out the importance of thermal radia-
tion from the surface of the cuter jacket. Therefore, two heat flux meters
were installed on the wall. The difference between the outputs from the
exposed heat flux meter and the shielded heat flux meter corresponds to
the heat flux due to radiation from the surface of piping.

The results indicated that a difference of the heat flux from the two
meters is considerably smaller. It can be concluded, therefore, that the
radiation energy becomes small as the combustion progresses and a large

amount of aerosol contained in it.
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4,6 FEnergy Balance

Na leaking from the simulated piping burns and heats up itself during a
fall then is accumulated and burns in the catch pan, thereby transferring
heat to the catch pan and surrounding structural materials. Gas heated to
a high temperature transfers the heat to the test vessel., Thus, the
energy generated by the combustion finally balances with the temperature
increment at each part of the test vessel. The temperature at each part
of the test vessel was measured by thermocouples. Therefore, combustion
energy can be derived from these data. In evaluating the energy balance,
only those structural members for which the size of heat capacity and
degree of temperature rise could not be neglected were selected. ‘Figure
4.14 indicates the measuring positions considered in evaluating the energy
balance and the numbers of thermocouples used for measuring typical tem-
peratures at the measuring positions.

The test vessel showed no uniform temperature rise as a whole.
Instead, the slope width of the temperature rise at each part was not the
same, Thus, in the evaluation the vessel was divided into seven portions:
top portion of vessel (WALLL) where the temperature is rather uniform,
upper portion of vessel (WALL2), lower portion of drum (WALL3), bottom of
catch pan (FLOORL), catch pan-supporting flange (FLOOR2), side portion of
catch pan (FLOOR3), and bottom of vessel (FLOOR4). Temperature at each
portion was averaged with respect to imner and cuter surfaces, and the
average of the mean temperature of inner surface and the mean temperature
of outer surface obtained was used as the representative temperature.

The gas was evaluated for the upper and lower portiomns. However, it
heat capacity is small as stated later, thus, its contribution to the over-
all energy balance was neglected.

Energy balance at time t can be expressed by the following equation:
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dheat ~ WCp (Tpgor, - TIw) + Myas Cp Tgas T Mya11 Co Tyall (X}

+ Mproor Fp Trroor

where,
Qheat: Heat generated by combustion (kcal/sec.)
W : TFlow of leaked Na (kg/sec.)
Cp : Specific heat (kcal/kg°C)
M : Weight (kg)
T

. T : Temperature (°C) and rate of temperature change (°C/sec.)

From the above equation, the change in generated heat with time can
be evaluated. Each term of the above equation was calculated using data
obtained 10 minutes from the start of leak. TFigure 4.16 shows the changes
in the energy of gas and the 1ateqt heat of Na (first term of the right
expression of the above equation), Fig. 4.17 the change in energy at the
wall on the vessel side, and Fig. 4,18 the change in energy at the catch
pan and at the bottom of the vessel, ‘

From Fig. 4.16, we can see that the change in energy possessed by gas
is one order of magnitude smaller than other terms. From Fig. 4.15, com—
bustion heat was stable at 3,000 kcal/sec for the first 90 seconds then
300 to 400 kcal/sec thereafter during the leak period. To convert from
combustion heat to Na consumption rate, the reaction heat was expressed by

the following equation assuming the formation reaction of 100%Na,05:

2Na(l) + 0p(g) - MNaz05(s) (L)

AH = 2696 kcal/kgNa

The Na consumption rate cén be obtained by dividing the combustion
heat of the above by AH. Also, since the change in oxygen concentration
with time was obtained in Section 4.3, it is possible to obtain the con-
sumption rate of Na independently from the evaluatioﬁ made here. Values
obtained from both the methods are shown in Fig. 4.19. To find the Na
consumption from the change in oxygen concentration with time, the follow-

ing equation was used:
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i 1.013?105.95_5 s
Lo _2amhp . 23" g3168-300 ALt IXIOT
ERUICITI S 0.21 Co2 ()
23 ) .
=15 ° 124 Coa = 178+ oy
where,

MNa » 502 : Consumption of Na and O, by combustion (kg/s)

602‘ : Change in oxygen concentration (-/sec.)

Since the above equation does not contain the portion of filled

oxygen*, overall consumption can be obtained from the following:

1.013 » 10° - 85.5
8.3169 + 300

n

Mgy = -178 « Ggp + +32-207% -2/ 3600 )

~178 « Cgo + 0.044 (kg/s)
Note *: Oxygen was supplied 144 seconds after the'start of leak,

The following can be learned from Fig. 4.19: At first, the burning
rate of Na obtained from energy balance for 100 seconds after the start
of combustion was extremely large, but, thereafter, reached a relatively
stable value of 150 g/sec. This agrees fairly-well with the solid line
(value obtained from the measured value of oxygen gas) shown in the figure.
From the above, the burning rate of Na leaking from the simulated piping
is between 100 and 200 g-Na/seé.

The Na burning rate obtained from the energy balance for 100 seconds
in an early stage was very large because the average value for inmer and
outer surfaces was adopted as the representative temperature in calculat-
ing energy absorbed by structural members (i.e., the thermocouples installed
for measuring the surface temperature inside the structural members were
exposed to high-temperature gases). Thus, the thermocouples sensed gas
temperature near the wall is easily understandable from Fig. 4.12 (A), so
that temperatures higher than the actual surface temperature inside the
vessel were indicated. Therefore, the absorption energy became higher
than the actual one if that kind of temperature is adopted as representa-

tive temperature of the vessel. Results of reexamining absorption energy
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are shown by broken lines in Fig. 4.19., 1In this case, the disturbance due
to the convection of high temperature gas in the early stage was consider-

ably reduced.
4.7 Post-Test Examination of Simulated Sodium Pipe

After stabilizing the sodium chemically by carbon dioxide, we removed
the test pipe from the vessel and examined it. Details were photographed
by video cameras and 35 mm cameras. Findings of the visual observation

are explained below.

(1) A large amount of Na aerosol deposited on the surfaces of the outer
jacket, but there were no damage to the jacket itself and its

joints.

(2) A large amount of metal Na was present in the insulating material
covering both ends of the pipe. This probably occurred because
the Na, which leaked from the joints at both ends of the outer jacket,
flowed into the insulating material covering both the ends and re-
mained as metal Na in the insulating material since there was no
passage for leakage in the cover for insulating material at both

the ends.

(3) Tested insulating material changed its color to black and became
brittle, but its original shape was maintained without indicating

any trace of a chemical reaction with Na.

(4) Metal Na in the insulating material remained around the whole

perimeter of the leak hole and in the lower half in other portionms.
(5) The inner jacket was sound, and the spacer and the opening for the
simulated heater remained the same as before the test without defor-

mation.

(6) The piping itself was sound, and the leak hole made in advance

maintained its original shape.
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5. CONCLUSIONS

The Na leak test (RUN-E2) from simulated Na piping was conducted
using the SOLFA-2 test vessel in SAPFIRE facility. In this test, the
SOLFA-2 vessel was clesed and sealed, and the piping model with a reduced
scale of 1/3.5 of the secondary system of Monju was placed inside the
closed vessel. A leak hole with the reduced scale of 1/4 Dt leak hole
area of the actual plant was made in the pipe, and Na was forced to leak
by applying a pressure equal to the system pressure of 3.8 kg/cm?+g in
the hot leg of the secondary system of the actual plant. Duration of
leak was approximately 13 minutes.

Principal test results are as follows:

(1) Thermal behavior of test pipe

* Piping, outer jacket, and inner jacket were in good shape without

corrocded by Na and broken By high temperature.

» There was no obvious temperature rise due to reaction between Na

and the insulating material. -

*+ Na began to leak out mainly from the lower joint of the outer

jacket; and an inflammable gas was immediately released and burnt.

+ When the Na leak stopped, the temperature of the lower outer

jacket, which was previously equal to the temperature of the

flowing Na, rose until Na combustion on the surface was terminated.

(2) Na leak flow
» Na leak flow rate was 3.1 kg/sec as predicted before the test

and remained almost constant during the leak.

(3) Others
+ Na combustion rate was about 120 gNa/sec assuming of Na;0, forma-
tion. This value is equivalent to about 4% of the flow of leaked
Na.
* The maximum temperature of the gas below the test pipe was
900°C, the inner temperature of test vessel was 600°C, and the
maximum temperature in the burning zone on the surface of the

pool was about 950°C.
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* Maximum temperatures of the test vessel above the test pipe were
approximately 200°C at the inner surface of ceiling, 130°C at the
outer surface of ceiling, and 80°C at the inner surface of sidewall
and gas within jacket.

* Maximum temperatures and pressure of gas inside the test vessel

were about 450°C and 0.8 kg/cm?-g.

The above results substantiated that the insulation structure around
the piping fully prevented the spray type leak of Na thereby protecting
its integrity from Na leakage and combustion during the accident. TIn
addition, the combustion rate of Na at that time was about 4% of the flow
of leaked Na. This means that the combustion due to realistic leakage of
Na from piping is very mild compared to spray type combustion, considering
that the combustion rate of Na was about 30% of the flow of leaked Na in

the complete spray type combustion test conducted previously.
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Table-1 Pressure Loss Coefficient of Simulated Sodium Pipes

Area of Fluid Pressure | Flow | Pressure Lozz* * These Pipes are Actual Dimensions with
| Flud | Leak Hole Rate | Coefficient no Insulator
| Len] kg/cri+ gl | lka/s) =)
i * '
| Water Test by PNC ** Area of the Leak Hole
‘ (Strai ght Pipe) Water 15.0 5.8 29.9 2.85
‘ , . , | *#% Pressure Loss Coefficient is Defined as
‘ 5.5 28.9 2.89 Folowing
T 1
. P= 2
2 ’ ’ 5.8 |25.0]  2.69 2 7P

I ' P . Flid Pressure

A=

";" " p " 2.4 20.0 2.65 n . Pressure Loss Coefficient

_ o [ Fluid Density
Water Test by Toshiba , . 6.41 35,1 9.3
{Straight Pipe) o ’ ) V [ Flow Velocity at the Leak Hole
” (=W / pe A)
| (Elbow Pipe with Insulator) ” ” 6.68 33.9 2.56 W Flow Rate
|
| |run-B3 Na | 10.0 0.25 [0.832|  58.9 A - Area of Leak Hole
Data for “Monju” - ” 15.0 6.0 33.0 1.0

(PSS - SFE - 404)
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Table-2 Progression of RUN-E2 Test

Time Test Progression

11/12
10 .12 | Sodium Charge in Sodium Heater
13:02 | Start Heating up of Sodium Heater (2507C)

11/13
11 1 32 | Data Input of Stop Conditions to CENTUM
11 :02 | Start Aerosol Scrubber
| - Completion of Heating of Sodium Heater (505C)
14 : 20 | Stop Cover Gas Control
14 1 20 | Start Pressurizing Cover Gas of Sodium Heater
14 .10 | Switch Off SCR Control Heater
14 52 | Start Data Recording '
14 155 | Start Sodium Feed to Simulated Sodium Pipe
15200 | Start Oxygen Gas Supply (85.8N /hr)
15:10 | Stop Sodium Feed " -
15: 10 | Stop Oxygen Gas Supply
15: 15 | Gas Blow of Sodium Heater
15133 | Change Temperature Level of Pre-Heating of
Sodium Piping (505C — 250TC)
16 : 40 | Drain Remaining Sodium in Catch Pan
Stop Aerosol Scrubber
Holding the Conditions
15: 15 | Start Cover Gas Control of Test Vessel
Stop Data Recording
Drain of Remaining Sodium from Test Vessel

(PSS - SFE - 386)
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SOLFA-2 Cut View of Simulated Sodium Pipe
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