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JAERI 1188

A Study of Destructive Energy Released at Fast Breeder
Reactor Maximum Hypothetical Accident

Summary

A computing model to calculate destructive energy release at maximum hypothetical
accident, is developed in this report.

Two types of energy release, pressure wave propagation and vapor blast pressure,
are considered as realistic destructive energy release, since they were demonstrated in
numbers of past reactor destructive tests, and also they exist in rapid explosion, such
as TNT powder explosion and chemical gas explosion.

In the computing model, acoustic impedance effect resulting from the molten core
expansion is assumed for the pressure wave propagation and results of past reactor
destructive tests are refered to in the vapor blast pressure calculation.

The calculations were carried out on the hypothetical accident of JEFR (Japan
Experimental Fast Reator) and. it is found that 8 MW-S of energy would be released
by pressure wave propagation with 960 kg/cm? of peak pressure and that 98 MW-S of
energy would be released by vapor blast pressure with 21 kg/cm? of equilibrium
pressure. These results make good correspondence with the 1/5 scaled mock up vessel
explosive test performed with 400 g TNT powder in JAERI, 1968.

Therefore, this model seems to give more realistic estimation of destructive energy
released at the maximum hypothetical accident of a fast breeder reactor than those
models generally used.

Aug. 1969

MicHio IsHikAwA, NAOHIRO HIRAKAWA
Division of Nuclear Engineering

Kanjt Tasaka

Fast Reactor Design Laboratory

Tokai Research Establishment

Japan Atomic Energy Research Institute
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1. Introduction

In the course of fast reactor safety analysis fo date, it is traditional to consider the gross
melting and consequential comipaction of the core which !makes"thé reactor prompt critical.

Although there are many ways to bring. about this. situation, the accident is considered to
commence when the coolant sodium is lost from some part or whole of the reactor core while
the reactor is operating at power*3”, Because of the loss of coolant, the reactor fuel is heated
and melted, then it flows down to the bottom of the core where the melted fuel accumulates.
Since the fuel is compacted in smaller volume and "the fuel density becomes higher, the reactor
reaches prompt critical with rapid rate of reactivity irisertion which is determined by the fuel
melting rate. When the reactor becomes prompt critical the reactor power increases very rapidly
because of small prompt neutron life time in fast reactors. This accident is only terminated by
explosive disassembly of the core. This course of accident has been taken as the maximum hypo-
thetical accident in fast reactors and the method to analyze it was first developed by Bethe and Tait.
There have been many improvements in the treatment, and they are called the modified Bethe-Tait
methods. Original Bethe-Tait method treated the accident under the following assumptions®.

(1) Reactivity insertion is step.

(2) The pressure is a function of internal energy (temperature) only.

(3) The saturated vapor pressure of molten fuel is not considered. ‘

The third assumption is the reason that the equation of state is ealled threshold type. (thre-
should medel) ‘ ' -

(4) The reactivity feed back by core disassembly is ‘treated by perturbatxon treatment.

In many cases, caluculations to analyse the behavior of the core in this type of. accident are
done by AX-1 code or similar codes, in which reactivity feed back is calculated more precisely.
Usually the following assumptions are made to determine the rate of reactivity insertion.

(5) The loss of coolant occurs instaneously.

(6) Molten fuel falls down to the bottom of the core with gravitation.

(7) Feed back considered other than the core disassemly is the Doppler effect only. To make
the assumption conservative, the Doppler coefficient is taken to be half the calculated value.

The calculation of the hypothetical accident analysis for JEFR was carrxed out based. on the
above mentioned assumptions®. (Fig. 1)

According to the threshold model, at the time when the core dxsassembly takes place about
10k bar of pressure is generated during 10-* second of time mtervab The reason is that because
of assumption (3) the pressure which causes core disassembly is generated only Vaftevr the voided
space is occupied by molten fuel. . .

The assumption of threshold model, together with the assumptlon of mstantaneous and com-
plete loss of coolant®>4,%, has been considered to be unrealistically severe and the equation of
state which takes into account saturated vapor pressure of molten fuel (vapor pressure model) will
be employed as more realistic model®:4,8,7,

According to the saturated vapor pressure model, the maximum pressure in the core becomes
more than one order smaller than in the case where threshold model is employed. Also the pres-

sure rise time is slowed down to about 1 millisecond.

* There is a possibility that fuel melting occurs by decay heat; however, if the reactor fuel is not metalli¢
one, the reactivity insertion rate introduced by this melting should be very slow.
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Fig.1 Comparison of M.H.A. analitical results between threshold
model and UO, vapor model. (300! PuO.-UO; core)

This result is not much different from the results obtained in the destructive tests carried out
on the reactors such as SPERT and SNAPTRAN!9,11),12),14),15),16),17),37)

According to the saturated vapor pressure model, the total energy generated during the acci-
dent can be calculated, however, the work to be done by that amount of energy cannot be uni-
quely determined in contrast with the case of threshold model.

When the threshold model is employed, the upper limit of the destructive energy Ej ma is
determined as

Epmax= Sp(E—-E*)dv

E—-E*>0
where E is the energy density

E* is the threshold energy density beyond which the pressure is generated.

o is the density of the core material.

Since the pressure generated by this energy is in the order of 10*kg/cm?g and since the time
duration of this pressure is very short, it is expected that the pressure vessel of the reactor may
be destroyed when this psessure is released. Therefore, the work done by the vapor blast pressure
which is generated through heat transfer after the pressure wave is released is considered not to
work as destructive energy, because it works in wider space after the pressure vessel is destroyed.
That is, according to the threshold model, the destructive energy release is in the form of pressure
wave propagation and energy release in other form is not the destructive energy release.

On the other hand, to calculate the destructive energy in the saturated vapor pressure model,
it is necessary to calculate the internal energy of UO, vapor correctly during the accident. Also,
considering the long time-interval of the energy release in the saturated vapor pressure model,
there arises a question whether the destructive energy in the form of pressure wave propagation
is only the form of destructive energy as in the case of threshold model. And, as found in the
past experiment, the heat transfer from the molton fuel to the coolant which exists near the fuel
causes sudden boiling of some of the coolant, which becomes large source of destructive energy?®.
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Therefore, the estimation of destructive energy release becomes more complex in the saturated
vapor pressure model. Those who insist on the adequacy of the saturated vapor pressure model
usually do not mention about the estimation of the destructive energy release converted from the
total energy. They just make parametric calculations for the behavior of core pressure or the
total energy release and discuss the inadequacy of the threshold model®»4,%,

However, when it comes to the design and construction of fast reactors, these two models
give drastic difference in design phylosophy. The reactor vessel of a fast reactor is designed to
be broken when such a hypothetical accident takes place, however, blast shield which surrounds
the reactor vessel must not be broken!®. Whether the peak pressure of the pressure wave is
10, 000 kg/cm?g as in the threshold model or it is 1,000 kg/cm?g as in the saturated vapor pres-
sure model gives very large difference both in the design specification and in the construction cost.
Tf the blast pressure of sodium vapor have to be added to the above mentioned pressure wave, it
is necessary to pay more attention to the design of the upper shield and the structures around
the reactor vessel, which might be damaged with blast pressure.

One of the methods to estimate the structural integrity which accomodates the hypothetical
energy release is to make a mock-up experiment with high explosive which has higher destructive
energy than that of hypothetical accident®,7,19,34,39),

High explosive releases about a half of its energy as in the form of shock wave* and its peak
pressure is 10~100 times larger than that of the pressure wave generated in fast reactor hypo-
thetical accidents. Therefore, as long as the shock wave is concerned, proof test by high explosive
will give satisfactory answer for safety!®»34,3),

On the otherhand, half of its total energy is released in the form of expansion of high tem-
perature gas, which corresponds to the blast pressure of sodium vaporl®,3%),

However, in the past mock up experiment, the quantity of the high explosive was determined
so that the total energy of the explo_sive might be equal to that released during the hypothetical
accident without considering the form of energy release such as the shock wave or the blast
pressure. Therefore, some questions have arisen for the experiment carried out in the past.

For instance, since the form of energy released from the threshold model is pressure wave
propagation only, it shoud correspond to the energy of shock wave in the high explosive experi-
ment. Based on the above descussion, the quantity of high explosive should be determined so
that the shock wave energy of the high explosive might be equal to that of the pressure wave
in the hypothetical accident.

In this case, the quantity of high explosive necessary for the experiment is doubled, compared
with the case when the quantity of the high explosive is determined so that the total energy of
high explosive is equal to the total energy release.

Having studied the destructive energy release, questions concerning the past experimental
basis, in which the quantity of high explosive is determined so that the total energy might be
equal, have naturally arisen.

The purpose of this report is to try to make the form of energy release clear in the fast
reactor hypothetical accident, and thus to try to make the hypothetical energy release in JEFR
correspond to the mock up test using high explosive.

The accident phenomena which are the bases of our calculation will be discussed in the next

section.

* To distinguish the difference in energy release between the high explosive and the reactor destruction, in this
report, the initial pressure wave propagation of the explosion of high explosive is called shock wave and that
of the reactor explosive disassembly is called pressure wave. In the same way, the work done by the ex-
pansion of gas of high explosive is called blast pressure of gas and that of the reactor is called blast pressure
of sodium.
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2. Comparison of the Calculated Result of the Two Models

As we have mentioned, there are two calculational models (the threshold model and the
saturated vapor pressure model) depending on whether the vapor pressure of molten fuel is taken
into account or not. Fig. 2 shows the two equations of state used in the calculations which
represent the pressure as a function of internal energy of UO,. (In the figure, curve A repre-
sents the threshold type equation of state; the pressure is generated after the internal energy of
UOQ, exceeds threshold value C. Curve B represents saturated vapor pressure type equation of

state; in this case cartain vapor pressure exists after the internal energy exceeds melting point of
U0,)
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A: Threshold type equation of state
B: UO; vapour pressure model

Fig. 2 Equation of state for UO;
Critical constants of UO,
T.=8, 000°K
P.=2,000 kg/cm?g
Z.=0.27

The calculations for JEFR hypothetical accident were carried out for the next four cases
with the above mentioned equations of state.

(1) Case A 3007 P,O; fuelled core; threshold model

(2) Case B 3007 P.O,-UEO,** fuelled core; threshold model

(3) Case C 3007 P.O; fuelled core; saturated vapor pressure model

(4) Case D 3007 P,O,-UEQ, fuelled core; saturated vapor pressure model

The calculations were carried out by AX-1 code with the same assumptions other than the
equation of state?. When the same equation of state is used (between case A and B, or between
case C and D) in spite of the difference in core materials, they give similar result. On the other-
hand, when the different equation of state is used for the same core, the following differences are
found. For instance, if we take case B and D, peak power and the total generated energy during
the accident differ about 50% each other. The reason is that when the saturated vapor pressure
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model is used, UO, vapor pressure is generated even before the fuel reaches its boiling point, and
that it expands the core, and to compensate the inserted reactivity although the pressure is rela-
tively low. On the otherhand when the threshold model is used, feed back by core expansion
(disassembly) cannot exist until the fuel teamperature reaches its threshold value. Arrows shown
in Fig. 2 represent the UO, vapor pressure at the time when the core disassembly takes place for
each case. It explains the situation stated above. This is also the reason for the large difference
in the maximum core pressure between case B and case D.

Therefore, as we have mentioned in section one, the results of the analysis carried out with
these two models would differ significantly from each other. In Fig. 30, 3b and 4 the results of
the calculations of case B and case D are shown. '
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3. Calculation Model of the Destructive Energy of the Maximum
Hypothetical Accident

The discussion of the former section shows that the threshold model yields extremely con-
servative results on the maximum hypothetical accident analysis and that questions for the thre-
shold model have widely arisen.

As a matter of fact, a number of past reactor destructive test results carried out for both light
water reactors and liquid metal cooled reactors have demonstrated that the reactor destructive
energy are not so large as that computed from the threshold model and that most of the destruc-
tive energy was in form of blast pressure generated with vapor bubble expansion®19,11),12),13),14),
15),16);17,20)  For these reasons, the use of the threshold model and the need for some modifications
on the model are being gradually understood. Therefore in this section only the saturated vapor
pressure model is discussed in detail to study the two forms of destructive energy release: pressure
wave propagation and vapor blast pressure.

3.1 Pressure Wave

Recall the starting point of the hypothetical accident based on current assumption of modified
Bathe-Tait model. Coolant is perfectly ejected from some part of whole of the core and core fuel
start melting by lack of coolent. Melted fuel flows down and is accumulated in the lower part
of the core and thus the reactor reaches prompt critical.

Once prompt criticality is established, the system, coupled with the melted core and unmelted
core, generates significant amount of excursion power during the system in prompt criticality.
The energy of the excursion power is used in two ways. A part of it is used for increasing fuel
temperature, and the other is for generating fuel vapor in the melted core. Temperature rise
increases fuel melting rate and fuel vapor increases the melted core pressure which expands
the melted core. The system temperature rise also increases Doppler feed back. These two
effects decrease reactivity and thus the system becomes subcritical finally. In the saturated vapor
pressure model excursion energy is less, since the melted core expansion begins at an earlier stage
of excursion and compensates for certain amount of reactivity. However, in the threshold model,
the core does not expand until the voided space is occupied by molted fuel.

The above discussion is supported by the calculated results in Fig. 3a, 3b and 4 (all the results
were obtained from the AX-1 calculation).

After the power burst is terminated, the highly pressurized melted core still exists and it
keeps expansion as shown in Fig. 5. It seems that the core expansion becomes rather violent after

1,500F
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A—T7.84 msec after prompt critical
(time when core becomes subcritical)

Initial core radius

Pressure(kg/cm’g)

5005 Equivalent B —8. 80 m sec after prompt critical
raine C—9.39 msec after prompt critical
% 10 2 30 2

Radius from core center, 7(cm)

Fig. 5 Pressure distribution of melted core
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termination of power burst, since the pressure of outer edge of the melted core increases with time.

From the assumption of the hypothetical accident, coolant is perfectly lost from the core;
however, coolant is still left in the periphery of the core, such as blanket, upper plenum and
lower plenum. Accompanied by the expansion of the melted core, its surface begins to contact
with the coolant left at core periphery, and pushes the coolant outward. Once coolant is moved,
coolant surface is pressurized by the acoustic effect and the pressure is propagated through the
coolant. If the velocity of the surface movement is small, the build up pressure on the coolant
surface is also small and propagated pressure is rather weak, as observed in usual boiling pheno-
mena. However, if the moving velocity is large, the build up pressure can propagate in short
distance from the coolant surface and only a part of the coolant around the melted core is pres-
surized. Therefore, pressure propagation would be a type of pressure pulse or pressure wave to
the outer system.

Such a rapid core expansion will be kept for short period and it should be terminated when
the coolant surface pressure is equal to the melted core surface pressure. Then the maximum
pressure of the pressure wave should be the balanced pressure at both surfaces.

The dotted lines in Fig. 3a and Fig. 3b indicate the pressure at the coolant surface which is
calculated with above acoustic effect. The point where the two pressure, core pressure and
coolant surface pressure, cross, is then the maximum pressure of the pressure wave propagated
into the outer system. Thus the results of Fig. 3b, shows that the maximum pressure is 960 kg/
cm? g and time constant of increasing pressure is about 0.15™ (Ref. to 4.2.1). Accordingly pro-
pagation distance of the pressure wave at the time of the maximum. pressure is only 9™ from
the coolant surface. Therefore, these computed data support the phenomenal analysis of pressure
wave generation discussed above.. o :

After the peak pressure is attained, two models will be considered to analyse decreasing
pressure wave. In the first model the melted core expands keeping a pressure balance at the
boundary surfaces, though the core expansion velocity under this condition might be slower, and
thus the build up pressure on the coolant surface becomes smaller.

If it is assumed that the rapid core expansion velocity is still kept with the pressure balance,
the pressure balance on the boundary surfaces would be broken, ‘since the coolant wall pressure
should be equal to the maximum pressure, but on the';' contrary the melted core pressure should
be decreased with core expansion. (It must be noticed that burst power is already terminated and
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no energy is generated in this stage.) Once pressure balance is broken, cold coolant would rush
into the hot expanding core. In this case, violent heat transfer is expected between hot melted
core and cold coolant. This is the second model to be considered.

Even in the first case, it is true that heat transfer at the boundary surface must be
considered®,%,20,  Temperature difference between the melted core and the coolant at the bound-
ary surface is very large, and some heat transfer from the melted core to the coolant is expected.
In either model, since this heat transfer takes some heat from the melted core, pressure of the
melted core with heat transfer should become smaller. The steam generation with this heat trans-
fer will be discussed in section 3. 2.

However, adequate heat transfer estimation is too complex to analyse under such a condition
and thus, in the calculation model for the decresing pressure of the pressure wave, isothermal
polytropic expansion assumption is adopted in the first model. Since this polytropic assumption
computes slower decreasing pressure rate as discussed above, the results would be rather
conservative.

Detailed computation procedure of isothermal polytropic expansion is described in the section
4.2 (Eq-12). The computed result shows that the time constant of decreasing pressure wave is
approximately 1.55* (in Fig. 3b). Since maximum pressure and time constants are obtained,
pressure wave energy is now computed. Approximately 8 MW-S of pressure wave energy is
computed from Eq. 7 in section 4.1. The computed pressure wave is shown in Fig. 7.

j/Core disintegration time
1,000} !

Pressure wave E,=8MW-—S
300~
]
g 100
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>
=
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3 30 Ep=98MW — S
@
o
[ —
a / —~s
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3.—..
L { ! ! !
0 10 20 30 40 50

Time after core disintegration(msec)
Fig.’7 Estimated pressure generation of JEFR reactor
at M.H.A.

Although conservative assumptions are used in the calculation, both the maximum pressure
and the released energy of the pressure wave which are computed from the newly developed
model, are well below the results obtained by currently used computing model. Also it must be
noted that the pressure wave energy is approximately ten times larger than that of past reactor
destructive experiments. Therefore, the newly developed model seems to give reasonable pressure
wave calculation in the hypothetical accident evaluation.

The same procedure is used on the threshold model just for examination. It is computed
that the peak pressure of 5,400 kg/cm? with 120 MW-S of energy would be released within 0.8ms.
It is interesting that the 120 MW-S of energy relatively well agrees with the 160 MW-S which
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is computed with the current method, as stated in Section-1. And again, it must be emphasized

that there is significant difference in pressure wave energy between the saturated vapor pressure
model and the threshold model, 8 MW-S and 120 MS-S, respectively.

3.2 Blast Pressure

After the pressure wave is released, the melted core still expands until the whole system
pressure becomes equilibrium. For the calculation of this stage, heat transfer have to be considered.

Past reactor destructive experiments on the light water reactors!®>11,12,19,10,30 and the liquid
metal cooled reactors!®>18,17 such as, SPERT, BORAX and SNATRAN, demonstrated that more
than half of the destructive energy was released as the blast pressure which is considered to be
generated with vapor expansion!®>!1,20,21,22) Heat source to generate vapor was heat transfer
from the ruptured fuel meat to the coolant. However, detailed mechanism of this heat transfer
is too complex and many unknown factors are combined together, such as, how much heat is
transfered to the coolant in certain time duration, how much coolant is evaporated at that time
and so on. Let us examine power excursion energy which generates vapor at first. Assuming
that all the excursion energy is evenly transfered to all the coolant of JEFR reactor, sodium tem-
perature rise is approximately 60°C and maximum coolant temperature is about 610°C in this case.
It is far below the liquid sodium boiling temperature, 881°C. No vapor is generated in this
condition. Only way to assess vapor generation problem is to use past experimental results.

Blast pressure is considered to be generated by evaporation of coolant which contacted with
hot fuel?®. Once vapor is generated through violent heat transfer, pressure wave is generated by
their rapid expansion and blast pressure is induced later by their growth. Both pressures work
as destructive energy.

Recent SPERT-CDC data demonstrate that approximately 2.5 per cent of total energy was
converted into both destructive energies. Five per cent of converting ratio is chosen in this
calculation. The ratio is more than two times larger than the actual one. Computed results
show that the maximum blast pressure is 21 kg/cm?, and that the blast pressure energy is about
98 MW-S (Ref. 4.3).

Additonal problem occurs when blast pressure works in the system effectively. There is no
effective approach for this problem. In the calculation, conservative but practical approach is used,
that the melted core expansion speed is kept at its maximum velocity (44 M/S). The time when
the melted core expands to the total gas plenum, (approximately 6 M?) which exists in the upper
part of the reactor vessel, is assumed to be the time that the maximum blast pressure is reached.
Tt is about 28ms after the maximum peak pressure of pressure wave. It is also in good agree-
ment with the SL-1 accident analysis in which accident water slugs beat upper pressure vessel
34 ms after the peak power, with 159 ft/sec velocity.

All the calculation results are shown in Fig. 7. The dotted lines indicate the value guessed
from computed results. The maximum pressure of the pressure wave is about 960 kg/cm?, and
time constant of increasing pressure wave is 0.15ms and that of decreasing pressure wave is
155ms. This large time constant of decreasing pressure wave is typical in pressure wave or
shock wave, as observed in TNT powder explosion. It is noticed that the maximum pressure of
the pressure wave appears after the core disintegration (time that the core becomes subcritical).
Energy release by the pressure wave is approximately 8 MW-S which is larger than the past
destructive test results, but is not so unrealistic as the results of current computing models.

The blast pressure which is generated with vapor expansion releases approximately 98 MW-S
of energy after the pressure wave is released. This time duration is about 28ms. The maximum
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pressure of the blast pressure is approximately 21kg/cm?. These data also agree with past
experimental results®»10,11),

A valley between the pressure wave and the blast pressure is difficult to compute. Perhaps,
there are scores of pressure oscillations in this area as demonstrated in SPERT experiments.
However, peak values of these pressure oscillations should be much smaller than that of the initial
pressure wave, since the system compressibility is increased by vapor which is generated by heat
transfer from the melted core during the first release of pressure wave. Therefore, energy release
with these pressure oscillations may be relatively small and it is well compensated with the
conservative calculations of the blast pressure energy.

These calculations are developed based on the computed results of the AX-1 code, in which
free expansion is assumed in the melted core expansion. Therefore, the pressure of the melted
core surface is always equal to the atmospheric pressure, as shown in Fig. 6. A compromise that
the core average pressure is the surface pressure, is used for the pressure wave calculation in
this report.

If a reasonable equation of state could be given to the coolant materials which contact to
the melted core, the code AX-1 should compute accurate coolant movement velocity and pressure
wave propagation. However, it may not be possible to provide a reasonable equation of state in
such a system that coolant, fuel and components are mixed together.

Thus the compromization was used to compute actually the pressure wave.

4. Calculation and Results

4.1 Destructive Energy by the Pressure Wave

When the gas in the liquid is expanded, the pressure at the boundary of two media P(z) is
expressed with the acoustic impedance Z* and the expansion velocity of the gas V(¢) in the
following equation :

" PO)=2-V) (1)
and .
Z=p-c
where
¢: Density of surrounding medium
¢: Sonic velocity in the medium

Pressure P(t) is approximated by the exponential function:

P(t)=Praxe™*/? (3)
where P.ox: Maximum pressure
@ : Time constant of pressure wave

The energy E(z), which is delivered to the medium by the expansion of the gas, during the

time interval 4, is

E@)=4{P()- Vie)r(t)y2ae (4)

where r(): radius of gas bubble at time ¢

In general, the time interval of energy release with shock wave or pressure wave is extremely
short, and thus the displacement of the gas bubble surface is small. Therefore, the gas bubble
radius 7(¢) can be taken to be its initial value 7.
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Fig. 8 Pressure pulse shape.

Now, we consider the form of pressure wave as expressed in Fig. 8. ©; and 0, are the time
constants of increasing and decreasing pressure wave respectively.: Initial time (z,) is defined as
the time when the pressure respectively. Initial time (¢o) is defined as the time when the pressure
begins to generate, ¢,, is the time corresponding to the maximum pressure (P,) of the pressure
wave, and ¢, is the arbitrary time after that effective pressure wave energy release is lost.

Substituting (3) and (4) into (1), one obtains the expression for the increasing pressure wave
(t<tn),

2tm—1)

drry o)
Eg(t)=—"P?\ ¢ 6 dt
oll) =" Proas|.

and for the decreasing pressure wave (¢>¢m),
Ara2 1 _Atm—t)
Eez(t):: Zo szax e 6, dt
im

Then the total energy E(,) of the pressure wave, generated by time #,, is
E(t)=Eg(t)+ Eg,?)

tm  2(tm—t) f1 2Atm—1)
:475-27‘93 ,zmax{s e 6 dt+S e 9‘7,.dt}
] g
e (O o) -E )
== P2 2(1 e &) 2(‘3 1)

2tm _2(:,-:..) }

=2”—Zf.°-’?1>zm[(@1+@2)-(@1e'?. 6 6 )

Total pressure wave energy E(t;) can be conservatively calculated by (7), since 2¢,,>6, generally
and 2(¢,—¢m) >0, when we take ¢, large enough.

Bt =2 6, +.6) (7)
where
P...=960kg/cm? g (cf. Fig. 4q)
ro=42cm (ci. Fig. 5)
Z=0.223 kg-s/cm? (calculated at 250°C for sodium)
6,=0.15ms (c.f. Section 4.2.1)
,=1.55ms (cf. Section 4.2.1)

Putting above constants into (7), E(¢,) is calculated to be
E(t,)=8.04%x10°kg-m
=79 MW-S

Hence, pressure wave would release at most 8 MW-S of destructive energy by the calculation.
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Pressure wave with threshold equation of state is calculated in the same manner and resulted
in the energy release of about 120 MW-S (P,...=5,400 kg/cm?g, 6,+6,=0.8 ms), and it is interest-
ing that this value 120 MW-S relatively well agrees with the result in TABLE 1 (160 MW-S).

Fig. 9 shows the relationship between pressure and velocity at the boundary surface of gas
ball in the sodium.

TaBLe 1 Calculation results of JEFR M. H. A.
Total energy Mazx. core Max. power Core disi.nte- ] Max. energy releﬁf )
generation pressure gration time Total Shock wave| Vapor exp.
MW kg/emfg MW s MW-§ T MW-5 MW-5
Case A 2800 12, 000 3.3x108 8.06 130 130 0
Case B 3100 11, 600 4.3x108 7.70 160 160 0
Case C 1600 605 2.0x108 7.90 — — 80
Case D 1970 960 2.7x108 7.65 106 8 98
104
%
2
‘3‘ 103
i
a
oo
s
2 107
;i'
10! | 1 ]
1.0 10.0 100.0 1000.0
Sodium surface velocity(m/sec)
Fig. 9 Pressure-velocity relation at boundary surface
of gas ball in sodium media
pP=ZVv
Z . accoustic impedance
(0. 223 kg-s/cm? in sodium media.)
4,2 Time Constants of Pressure Wave
4.2.1 Time constant of increasing pressure wave (Calculation of 6,)
From the equation (3), it follows
im—h P(tl)
e & = 3/
Pr (39

Choosing ¢, so that ¢,,—¢, is equal to 6,, (3') becomes

P)_,,_2.7182

Pmax

1

=0. 3679

Time constant @, can be calculated from such time #, that P(¢,) becomes 0.3679 P,... And
the time ¢, is obtained from the pressure curve in Fig. 3b. Time constant O, is then calculated

to be 0.15 ms.
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4.2.2 Time constant of decreasing pressure wave (Calculation of @)
Supposing polytropic expansion of gas ball, one obtains
P.v*=Constant (8)
On the assumption that the volume of the core (4V) is proportional to the specific volume
change of the gas (4V), (8) becomes

P. Vt=Constant (9)
Differentiating (9), 1

APy 4. p.yra9Y _

T Vit ke P-V 7t
then,

P av

di__,di

= k v (10)

Substituting gas sphere volume V=4/3 77 in (10),

P dr

e dt

= 4k - (11)

._!t—hl)
With the assumption of (3), P(t) is equal to Pne € ,at near the peak pressure of the pressure

wave, at (11) can be rearranged in the following form, supposing P(¢) is equal to P,.x

7 (tmax)
6, T 4RV (Ema) (12)

Now the constants of (12) are
K=1.4 (value for perfect gas)*
7(max)=0.42 m (molten core radius, c.f. Fig. 5)
U(Emax) =44 m/sec (c.f. Fig. 4.1)
Putting above constants into (12), &, is caluculated to be 1.55 m/sec.
Fig. 10 shows the time behavior of the pressure wave calculated by above procedure.

= 1,000
£
r)
% P=P, me_ 1'.;5'-)
&
@
3 5001
=
a,
P=Ppe=472
0 | ] )
7.0 8.0 9.0 10.0

Time after accident (msec)

Fig. 10 Calculated pressure history at boundary surface
of sodium media. (PuQO.-UQ; core)

* Peak pressure. P,,=960 kg/cm?
Peak pressure time 7Tp,»=8.1ms



14 A Study of Destructive Energy Released at Fast Bresder Reactor Maximum Hypothetical Accident JAERI 1188

4.3 Calculation of Blast Pressure

Blast pressure which is supposed to be generated by the sodium gas expansion with the
instantaneous heat transfer from molten fuel to liquid sodium will be calculated in the following
procedure. Liquid sodium is assumed to be in saturated condition. From the conservation law
of energy, one obtains, o

he*Go+hi G+ Es=hg G+ by, Gy, : (13).
where Eg is the energy transfered to sodium.

From the conservation law of mass, it follows:

Go+GL=G4+G,=G
and here ¢ is defined as

; 0=Ga—Gou=G1,—G,, o ' (14)
Since the volum that gas can occupy in a vessel is limited and constant,
'Ug,‘Gg,+'Ul,'Gl,='Ug2'Gg,+‘Ul,‘Gl,= v | : B . RS (15)

Since specific volume of liquid is relatively independent of pressure, both v, and v, are equally
expressed to be v, and using (2) equations (13) and (14) are rearranged as follows:

Ep=q-dhg+Gglhg,—hg)+Gu(h,—hi,) : (16)
9 Ve Vs Ga S (X7).
Vg, — U1

In the equation (16), the first term on the right-hand side expresses the energy“ used for the
evaporation of the sodium, the second term gives the increase in heat capacity by the compression
of the saturated sodium gas, and the third term means the increase in heat capacity by the
compression of the saturated liquid sodium. : ‘

Initial pressure for the calculation is taken to be atmospheric and other initial conditions are
obtained from the design data of JEFR (Japan Experimental Fast Reactor, 100 MW).

Thermophysical Properties of sodium3" shows that the heat capacity of saturated sodium
vapor is relatively indenpendent of pressure, and the rate is about —0.2%/kg/cm?. Therefore,
the second term of (16) can be neglected. Although the third term is relatively large, we neglect
the term, since the pressure change is very rapid, and 95 per cent of energy is assumed to be
used for the heating of sodium. In the equation (17), v; is relatively small and is neglected.
Thus simplified (16) and (17) yeild (18), a function of Vg, to calculate the relationship between
destructive energy (E) and expansion pressure.

Eg=dhg- (Esg%) -G,

Vs ;
=Ahg,.GB‘.(x-—1) o ; (18)
g, ) :
vla

=

Fig. 11 shows pressure-specific volume relationship of saturated sodium vapor.

Fig. 12 expresses blast pressure-destructive enegry relationshoip calulated from Fig. 11 for JEFR.
According to Fig. 12, about 21kg/cm?g of maximum blast pres:sure is obtained from 98 MW-S
of destructive energy.

Notation

In Section 4.1 Paex; Maximum pressure
C ; Sonic velocity r(t) ; Core radius
E(); Energy ro ; Initial core radius

P(t) ; Pressure t ; Time
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tm ; Time at P, v(¢) ; Core expansion speed
Vi(t); Core expansion velocity In Section 4.3
Z ; Accoustic Impeance h ; Enthalpy
e ; Density G ; Mass T
® ; Time constant (Sufix)
In Section 4.2 ‘ g;  gass
P . ;‘ Core pressure - liquid S
"w ; Specific volume of core 1; initial and‘itionv_" .
k ; Poly torop constant ; final cohditiéﬁ N
vV Core volume E Ener/gy ' -
7 5 Core radius

P ; Pressure

w
(=2

[y
[=]

Fig. 11
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|
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Pressure—Specitic volume relationship of saturated
sodium vapor

1 |
50 100 150

Destructive energy, E(MW—S)

Fig. 12 Vapor pressure—Destructive energy relationship
in JEFR reactor
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5. Conclusion

An analysis of the accident phenomena in fast reactor hypothetical accidents has been carried
out, starting from the results calculated by Bethe-Tait model (saturated vapor pressure model).

The following assumptions were introduced to make the analysis.

1. The pressure wave is generated by the acoustic impedence effect caused by the expansion
of the core.

2. Pressure drop of the pressure wave was calculated from polytropic change, assuming that
the core material obeys ideal gas equation, and also from the core expansion velocity correspond-
ing to the time when the maximum pressure is generated.

3. It is assumed that the sodium vapor pressure is generated by the heat transfer between
high temperature core material and the sodium coolant. Five per cent of total energy generated
during the accident is assumed to contribute blast pressure. This value was taken because it is
the maximum percentage of destructive energy converted from the total released energy obtained
in the past reactor experiments. (TABLE 2) '

TasLe 2 Data summary of various reactivity accidents and experiments.

SL-1 SPERT-1|SPERT-1{ SNAP- | SNAP- | SPERT- TNT AWRE
Plate fuel |Ozxide fuel| TRAN-2| TRAN-3 | IV¥(CDC)| explosion

Reactor period 3.6m5+0.5| 3. 2ms 2, 2ms 0. 2ms 0.64ms  |4.4ms 47m8 —— R

Inserted reactivity ~3% 3.5% ~2. 6% 4,648 3.75%
Peak power 196W 2. 250W 186¥% 746% | 18 6.5V, 5.8 — —_—
Total energy 130MW-s | 30, 7TMW-S | 15QMW-S 54MW-S 45MW-S —_ - _ (130MW-S)
Pr?;ixel;; eenel’gy 50~60MW-S| G4MW-S 4EMW-S g: 288::: (50M%-3)
Dersetlr:aigve energy |y g (MW-5| . ]MW-S 0. 8MW-s | 1 gMw-s i’?gz::’
Destructiveenergy | g g% | 3.3% | — | L5% | 4% | — —| — Gares
Initiai ,
i ~ N . . . . .
e e | T 000w o B0 1| 35,0008 | 1,000 | 10,0008 | 750, 0005 | 3, 0007
8, 000rs!
Vapor blast 500psi 1,000~ | 200~ 1, 500¥si

pressure (Max.) 2, 00Qpst 300psi

* Data are test rod only.

The calculations done for JEFR under the above assumptions gave the following results.

4. About 1,000 kg/cm? g of pressure wave is generated about 8 millisecond after the reactor
reaches prompt critical. The total energy of the pressure wave is about 8 MW-S and its pulse
width (at half maximum) is about 1.5 millisecond. (Fig. 7)

5. After that, blast pressure which has slower rise time is generated. About 28 millisecond
after the reactor reaches prompt critical, the pressure reaches its peak value of 28 kg/cm?g. The
destructive energy caused by the blast pressure is about 98 MW-S. (Fig. 7)

6. By adding together these two kinds of destructive energy, the amount of the total des-
tructive energy generated during the hypothetical accident becomes about 106 MW-S.
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TasLe 3 Comparison of destructive energy between threshold model and vapor-pressure model at
JEFR maximum hypothetical accident

Vapor-pressure model Threshold model Ref. 50kg TNT mock-up test

Total instructive energy 106 MW-S 160 MW-S 200 MW-S

Shock wave
’ 160
Released energy 8 MW-S (120 MW-S¥) ~100 MW-S
12, 000kg/cm?g Core

Peak pressure 1, 000 kg/cm?g (5, 600 kg/em?g Na*) 75, 000 kg/cm?g

Pulse width 3.5ms (1. 8 ms*) ~0. 05 ms

Peak pressure time 8 ms (8 ms*) ~0
Sodium vapor pressure

Released energy 98 MW-S 0 ~100 MW-S

Peak pressure 21 kg/cm?g 0 ~20 kg/cmd g

Peak pressure time 36 ms or later -— ~20 ms

* Value calculated from cross expansion velocity (ref. 8-3).

The results are shown in TABLE 3 together with those obtained by the threshold model. The
decrease in total destructive energy of the saturated vapor pressure model is only about 30 per
cent, compared with the calculations of the threshold model. However, the difference between
these two models is very large when comparison of the destructive energy is made for the pres-
sure wave and for the blast pressure separately.

The calculated values of high explosive (TNT) to be used in the JEFR mock up experiment
are shown in the third column. Except the destructive energy of the pressure wave calculated
by the threshold model, all the values expected in the mock up experiment are equivalent to or
larger than the calculated ones obtained in the hypothetical accident analysis.

The problems which the threshold model involves have been discussed in section 1, and
the purpose of this study was to reconsider the large destructive energy of the pressure wave
which was obtained by the threshold model and to separate the energy into two types realistically.
Therefore, even if the energy of the pressure wave calculated from the threshold model is larger
than that of the mock up test, this does not mean that the experiment carried out with TNT
(powder) is not conservative.

The values indicated by * in TABLE 3 are those calculated under the assumption adopted in
this report, using the results obtained by the threshold model. In this case, energy released in
the from of pressure wave decreases to 120 MW-S, which is almost equal to the energy release
expected in the mock up experiment.

In conclusion, considering the calculated maximum pressure and the pulse width in the hypo-
thetical accident, the destructive force of the mock up experiment for JEFR construction with
50 kg of TNT powder will exceed the destructive energy of the hypothetical accident, although
the energy of the shock wave in the mock up experiment is a little smaller than that of pressure
wave obtained by the threshold model. The character of the blast pressure of high temperature
gas in the mock up experiment is similar to that of sodium vapor. Therefore, in all respects,
the mock up experiment with 50 kg of TNT is considered to be reasonable as the proof test for

the containment structure of JEFR.
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6. Discussion”

A study of the destructive energy release at the hypothetical accxdent of JEFR is performed
in this report. The main purpose of this study was to find some correspondence between an
analytical work and the reactor vessel integrity test with high explosive for JEFR. The analy-
tical works were performed on the calculation results of the AX-1 code. The integrity tests were

performed. with TNT powder explosion. Both results well corresponded and were in reasonable
agreement.

Here, authors wish to discuss in detail the problems which are realized to be critical through
this study. | '

The first one is that current assumptions of the hypothetlcal acc1dent are extremely conserv-
ative. For example, melted fuel is assumed to flow down with gravitation. It takes about
150 ms that the melted fuel at the core center reaches to the core bottom with gravitation. But
on the contrary, core disintegration occurs only 8ms after prompt criticality is attained. The
gravitational fuel drop in vaccum spase is assumed to earn effective amount of reactivity insertion
rate®, say 40~50 S/sec®, at the time when pronipt'criticality is reached. During this period,
coolant is kept out of the core region. If a little amount of coolant exists in the core or a coolant
vapor exists in the core, results would be very much different. If there were a little amount of
coolant in the core, it would take some heat from melted core and thus pressure wave and blast
pressure would become smaller as demonstrated in the SPERT and the TREAT experiments.
The accidental phenomena in this case would be equivalent to the past reactor destructive test
results. ‘

If there were some coolant vapor in the core, it would make the melted core expand much
rapidly®»3», and thus, total excursion energy would be much smaller, just as we have already
disoussed in the section 1 about the differences between the threshold model and the saturated
Vapor model. |

The above discussion shows that extremely conservative assumption can easﬂy yield excess
conservative analytical conclusions on the hypothetical accident. Authors feel that current assump-
tions on the hypothetical accident, such as the threshold model, perfect coolant ejection and so on,
are extremely conservative.

" The study performed under the newly developed method yielded relatively realistic results,
though, authros still feel that this results are conservative too, since the calculation starts from the
current conservative assumption, and that the study would be more realistic if a hypothetical
accident assumptions become more realistic.

" Once realistic hypothetical accident assumptions are established, both the pressure wave and
blast pressure would be generated.

Damages with the pressure wave are generally determined with its amount of energy and
peak pressure. Since pressure wave is propagated through media, the peak pressure of the pressure
wave should be the maximum pressure of the media and not the pressure of the melted core.
Therefore, the melted core expansion calculation should include interaction between surrounding
materials. The calculations in this report are not accurate since this interaction is ignored (Ref.
3.1). However, even in this calculation, 5,600 kg/cm? of peak pressure of the pressure wave is
compared with 12,000 kg/cm? of maximum melted core pressure in Fig. 3a. Namely, the calculated
peak pressure decreases to about one half of the maximum melted core pressure. If more detailed
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calculation were performed it would be much smaller smce the expansion Speed would decrease
with the coolant remstance S L , Y .

Blast pressure would be generated w1th heat transfer _since 1t is caused with steam expansnon
Five per cent of maximum energy convertion ratio is used in the calculation*”. However, smaller
ratlo mlght be better for liquid metals, since they have’ better heat conductrvxty which transfers
more heat to neighbour resulting in less void formation. L

When heat transfer is considered, we have to discuss another 95 per cent of excursior energy
which is used for mcreasmg ‘the temperature of coolent and other materlals in the system. It is
con31dered that some amount of this energy would be released Iater but other maJorlty would be
released srmultaneonsly at the time of the accrdent It means that ma;orrty of 95 per.cent of
excursioh: energy 'is -released -simultaneonsly but it-is not convert to destructive enery. In otHer
word, heat transfer starts at the begrnnmg of the accident, therefore, isothermal core expansron
becomes. conservatlve assumptron Thus, the. pressure wave is expected to decrease qmcker and
the energy of the pressure wave would be smaller.

As explained in the above discussion, the calculatlons performed in this report are conserv-
ative in respect of energy, even though they show relatlvely reahstrc results. If it were, hypo-
thetical accient would become less severe and would be equwalent to usual reactivity acc1dent
since more than ' several hundred atms of peak pressure of the pressure wave and srgmﬁcant
energy release arose in past reactrwty accidents. Agam if it were, is there any reason to sur-
vive such a complex and unrealistic hypothetlcal accident assumption ‘that make the reactor
super prompt critical with melted fuel ?

Finally, a model to calculate destructrve energy release of the fast reactor hypothetical accident
has been developed Several other models were examined before completion of this model;
however, all of these do not to give satisfactory answer.
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