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ABSTRACT

The dynamic loads induced by chugging which is assumed to occur in the case of a loss
of coolant accident of a boiling water reactor, have been evaluated for a representative
Mark-II containment as an example. The loads have been evaluated based on the analysis code
ACERON Heveloped by the authors and on the seven vent full scale tests performed at Japan
aAtomic Energy Research Imnstitute,

The reasonability of the assumptions and of the analytical model for ACERON have been
confirmed for the evaluation of the dynamic loads due to chugging, by simulating the dynamic
pressures observed in the full scale tests. After confirming the applicability of ACERON for
the dynamic load evaluation, dynamic load evaluation methods have been examined based on
ACERON and the seven vent full scale tests,

The dynamic loads due to chugging have also been evaluated as an example for a represen-
tative Mark-II containment in Japan, and the obtained containment response have been encugh

small to warrant the containment integrity in the case of LOCA.
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1. Introduction

In the case of a postulated loss of coolant accident (LOCA) of a boiling water reactor
{BWR)}, the steam released from the reactor vessel is injected into the pressure suppression
pool through the vent pipes and condenses. In the assumed story of LOCA, chugging phenomenon
may occur when steam flow rate through the vent pipes becomes lower than 307 33 kg/mzs.

Chugging phenomenon is caused by the unbalance between steam supply through the vent
pipe and condensation rate at the vent pipe exit. Since chugging phenomenon produces rela-
tively large amplitude pressure spikes in the water, many experimental and analytical inves-
tigations have been performed for this phenomencn. TIn corder to clarify the phencmena, small
scale experiments have been performed and the characteristics of the phenomena have been
clarified.{llq’gq] On the other hand, large scale tests have been performed[S]’[61 for the
purpose of the dynamic load evaluation caused by the dynamic phenomena including chugging.

In the large scale tests, the Mark-II Containment response tests performed by Japan Atomic
Energy Research Institute aimed at the investigation on the LOCA hydrodynamic loads in the BWR
Mark-II contaiament systems., The tests, called JAERI CRT, were performed using 20° sector model
containment with seven vent pipes. As reported,[T]:[B]One of the most important factors that
JAERI CRT eclarified under the full scale multi-vent conditions is that the dominant frequency
components of the dynamic pressure induced in the pool by chugging correspond to those ex-
pected to be caused by pressure wave propagation and reflexion in the vent system.

Since chugging phenomenon is caused by the unbalance between steam supply and condensa-
tion rate as mentioned, the dynamic pressure induced by chugging depends on the local thermal-
hydraulic conditions where steam bubbles collapse. In a real BWR containment which has more
than a hundred vent pipes, it is reasonable to expect that the thermalhydraulic conditions at
the vent pipe exits differ from one vent pipe exit to another, resulting in random nature of
chugging, JAERI CRT results showed the random nature of chugging. That is, chugging occured
out of phase at each vent pipe and the magnitudes of dynamic pressures induced at vent pipe
exits differed from one vent pipe to another.

The authors developed an analysis code ACERON in corder to evaluate the dynamic loads
caused by steam condensation based on "full scale' test results, and proposed a dynamic load
evaluation method[5] based on ACERON and on JAERI CRT results.

This paper describes the dynamic load evaluation based on ACERON and on JAERI CRT re-~
sults, Since JAERI CRT was performed with seven vent pipes, multi-vent effects can be taken
into account inherently by evaluating the dynamic loads based on JAERT CRT. Although enough
data have been obtained from JAERI CRT for the dynamic load evaluation, the whole data have
not been reported. Therefore, the dynamic loads have been evaluated conservatively based on

the reported data.

2, Analysis of the Dynamic Pressure

Based on the observations in the large scale tests, the dynamic pressure induced by
chugging has assumed as the resultant pressure caused by the pool-vent system respomnses Lo
the hydrodynamic perturbations due to steam condensation at the vent pipe exits. By this
assumption, chugging phenomenon can be devided in two portions from the view point of the
dynamic load evaluation., One is the hydrodynamic perturbation generation process and the
other is the excitation process of the pool-vent system responses, The former process is

related with condensation phenomena at the vent pipe exits. Since the condensation phenomena
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are governed by the local thermalhydraulic conditions as pointed out, it seems to be diffi-
cult to determine the hydraulic perturbations in a deterministic way. However, the large
scale test results show that the pool-vent sSystem responses dominate the induced pressure in
such a large system as a BWR containment. Therefore 1t seems unnecessary to determine the
hydrodynamic perturbations precisely. The random nature of chugging caused by the uncer—
tainty of the local thermalhydraulic conditions are taken into aceount for the dynamic load
evaluation process. The latter process, the excitation process of the pool-vent system
responses, 1s important since the responses dominate the induced pressure,

In the analysis code ACERON, the pool-vent system responses to the perturbations at the
vent exits are analyzed. In the pool, the acoustic wave equation was assumed to govern the

fluid flow. That is,

1 32
(V2 - S5 o) B(E,0) = E@,E,r) ¢h)
Cw t
8p/3n = 0 ; at the pool boundary (23
p=0; at the free surface (3}

were solved analytically for the arbitrary sector of a concentric eylinder, where p(T,t) is
the dynamic pressure, f(?,?i,t) the contribution of bubble collapse or oscillation at T = ?i,
92 the Laplacian, Cy the sonic veloclty in water and n the normal at the boundary. Since the
presence of small air bubbles which might be separated from water by temperature rise or
which might come from the drywell, was considered to reduce the sonic velocity markedly, the
compressibility of the fluid was taken into account as shown in eq. (1).

On the other hand, pressure waves in the vent pipe were assumed to be one-dimensional
in space. The dynamic pressures in the vent pipes were solved by the method of character—

istics, that is,

d dv PsF dx
s Gt Ps g t oy Ivlv = o, Tt = *Cs “)

were solved numerically. Where p=p(x,t) is the dynamic pressure, v=v{(x,t} the steam ve-
locity, Cg the sonic velocity in steam, Py the steam density. By using the method of charac—
teristics, the influences of vacuum breaker actuations due to chugging on the dynamic pres—
sure can be taken into account rather easily in the case that vacuum breakers are set on the
vent pipes.

Eqs. (1)~ (3) and (4) were coupled by the hypothetical source at the vent pipe exits.

The condition at the steam/water interface was given as

_ Py dm(t)
p(xst)l}{ao = m T ] (5

where P is the water demsity, m{t) the strength of the source and R the equivalent sphere
assumed as steam/water interface. Eq. (3) means the continuity of the pressure through the
interface.

In order to confirm the reasonability of the assumptions and of the analytical model for
ACERON, the dynamic pressure observed in JAERT CRT was simulated. Figure 1 shows the analy-
sis model for the JAERI CRT facility., The wetwell was modeled as 20° sector of a concentric
cylinder whose inner and outer diameters were 4,74 m and 13,534 m, respectively, The drywell

was treated as a lumped capacitance which has the same volume as that of the drywell, The
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source functions applied at the vent exits were defined to simulate the dynamic pressures
observed at the vent pipe exits. However, the dynamic pressure had been measured cnly in
five vent pipes of seven when the simulation was performed. Therefore, source functions for
two vent pipes where the dynamic pressures had not been measured, were assumed to be same as
those for the neighboring two wvent pipes.

Figure 2 shows a simulation example for the dynamic pressure in a vent pipe. Three pres-
sure time histories correspond to those at three different point in the vent pipe., Since the
calculated pressure time histories show the features similar to those observed, the assump-
tions and analytical model are expected to be reasonable for the evaluation of the dynamic
pressure in the vent pipes.

A simulation example for the dynamic pressure in the pool is shown in Figure 3. The
calculated pressure time histories also show the features similar to those observed without
some spikes of very high frequency in spite of the uncertainty in the source functions for
two vent pipe exits, The calculated pressures were also examined in frequency domain by com-
paring the PSDs of the calculated pressures with those observed, The frequency components
of the calculated pressures corresponded well to theose observed. Therefore, the assumptions
and analytical model for ACERON are also reasonable for the evaluation of the dynamic pres=-

sure in the pool which causes the dynamic loads.

3. On the Dynamic Load Evaluation Method

If all Mark-II containments have same dimensions as JAERI CRT containment including the
water level in the pressure suppression pool, and if every LOCA condition has been simulated
in JAERI CRT for each BWR Mark-II plant, the dynamic responses can be assessed for real con-
tainments without such an analysis code as shown here, by applying the dynamic loads observed
in JAERI CRT directly to the real containments. However, the BWR Mark-II Eontainment dimen-
sions differ from one plant to another which causes differences in the frequency components
of the induced pressure by chugging, Since the frequency compoments dominate the dynamic
responses of the structures, it is important to take into account the differences in contain-
ment dimensions especially in vent pipe length which dominates the dominant frequency com-
ponents of the dynamic pressure in the pool as shown in JAERI CRT results.[T]

Considering the structural responses to the dynamic loads and the random nature of
chugging, it is reasonable to define the dynamic loads so as to satisfy the required condi-
tions for the dynamic loads in frequency domain. One of the required conditions is to en—
velope the whole data obtained from JAERI CRT in frequency domain. This condition gives
very conservative load evaluation, The required condition based on the statistical analyses
of the obtained data gives more reasonable load evaluation[g]. The authors proposed the
dynamic load evaluation rnet:l-;ods.w]’[91 In the proposed methods, the design source functions
were defined so as to produce the dynamic pressure whose PSD  enveloped the design spectrum

based on the data obtained from JAERI CRT.

4. Dynamic Load Evaluation Example for a Mark-TI Containment

A typical design source function is shown in Figure 4. The source functions correspond
to the hydrodynamic perturbations caused by steam condensation. The shape of the source
function was decided based on the observations in small scale experiments, since the hydro-

dynamic perturbations were expected to be observed rather directly as the dynamic pressures
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in the small scale experiments because of the higher pool-vent system eigen frequencies
which depended on the dimensions, The magnitude and time duration of the source function
were decided to produce the dynamic pressure which satisfied the required condition, As a
required condition for the dynamic loads, a design spectrum was defined[g] based on the data
obtalined from JAERT CRT Test 0002 which produced many severe chugs. The desing spectrum is
shown in Figure 5 with the spectra produced by the design source. Since the deviations in
the dominant frequencies of the dynamic pressure observed were expected to be caused by the
deviations in the sonic velocity in steam, three different sonic velocitles in steam, 285,
326 and 407 m/s were used in order to envelope the design spectrum reasonably,

Figure 6 shows an example of the evaluated dynamic pressure at the pool bottom of a
representative Mark-IY containment. The dynamic responses of the contaiument wall was ob-
tained by applying the calculated dynamic pressure to the fluid=structure coupled model for
the containment,

Figure 7 shows an example of the calculated stress under the symmetrical load condition
which produces the severest stress for steel containments. This figure shows that the ob=~
tained stress is enough small to warrant the containment integrity.

As shown in JAERI CRT results[7], the dynamic pressure induced by condensation oscilla-
tion which is also one of the important phenomena in the case of LOCA, has similar features
to that by chugging without the continuity of the pressure oscillation. The dynamic loads
due to condensation oscillation can be evaluated in the same manner as for chugging by using
ACERON. In the case of condensation osecillation, the hydrodynawmic perturbations are enough
frequent to produce continuous pressure oscillations.

Since the analysis code ACERON can analyze the dynamic pressures in the vent system as
well as in the pool, the dynamic loads due to chugging or condensation oscillation ecan be

evaluated for any Mark-II containment which has different dimensions from JAERI CRT facility,

5. Conclusion
The analytical model has been shown for the dynamic load evaluation due to chugging,

Dynamic load evaluation methods and evaluation examples are also examined using the propased

analytical model. Obtained concluding remarks are as follows.

(1) The assumptions and the analytical model for the analysis code ACERON are reasonable
since ACERON can well simulate the dynamic pressures in the pool as well as in the vent
pipes observed in JAERI CRT.

(2) The evaluated stress of a representative Mark-IT containment is enough small to warrant
the containment integrity in spite that the dynamic load has been evaluated conserva—

tively.
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