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SUMMARY

In a postulated loss—-of-coolant accident (LOCA) in a boiling water reactor (BWR) air is
initially forced through vents into large water pools designed for steam pressure suppres—
sion. This air injection may induce a variety of hydrodynamic loads on the suppression pool
and 1ts internal structures. In this paper a new multidimensional, finite-difference meth—
od, SOLA-VOF, 1s applied to obtain an understanding of the basic fluid dynamics assoclated
with the vent clearing process. Calculations are presented and compared with data obtained
in two small scale laboratory test programs designed to model aspects of the G. E. MARK I
and MARK II pressure suppression systems.

Load history variations associated with containers having movable bottom walls are in-
vestigated and compared. It 1is found that significant pressure variations are associated
with relatively small container deformation. In the 1/12 apparatus, for instance, a 0.48 mm
vertical displacement of the 28 cm diameter pool 1is sufficlient to produce approximately an
11.2% variation in absolute peak pressure on the pool floor.

In some cases these modified peak loads are computed to be larger, rather than smaller,
in deformable or movable contalners. Thils happens when walls rebound and contribute a local
pressure increase, Such increases do not signify a potentially more damaging load, but do
emphasize the care that must be exercised in designing and interpreting data obtalned in ex-
perimental facilities.

Peak loads are also found to depend on geometric variations of the vent-pool system,
For example, in some cases maximum down loads are determined by the driving ailr pressure and
the hydrostatic water head, while in other cases there may be significant water acceleration
(dynamic) effects.

The current practice of operating some BWR plants with a small positive pressure dif-
ferential between the contalnment and suppression pool cowmpartments has also been studied
computationally. A positive pressure differential means that a lower water level initially
exists in the vents relative to the suppression pool surface. Calculated results reveal how
this practice affects the different hydrodynamic load mechanisms. In particular, peak down
loads can be significantly reduced by this practice 1f it results Iin vent clearing before
the reactor containment pressure has reached its asymptotic level, However, when a constant
containment pressure 1s used, as in some laboratory experiments, peak down loads are not

gignificantly influenced by the initial level of water in the vents.



I, Introduction

In a postulated loss-of-coolant accident (LOCA) in a boiling water reactor (BWR), alr
is initially forced through vent pipes into large water pools designed for steam pressure
suppression. This air injection may induce a variety of hydrodynamic loads on the suppres-
sion pool and its internal structures. In this paper a relatively new multidimensional, fi-
nite- difference method [1], SOLA-VOF, is described and applied to a varliety of studies as-
soclated with vent clearing processes.

The basic calculational technique is briefly outlined in the next section. Then, in
Sec. III, the code is illustrated through application to two single vent scale models that
have been used for extensive experimental studies [2,3]. Pressure histories on the floor
and ceiling of the pool container are used as a measure of the hydrodynamiec loading experi-
enced by the suppression pool, The SOLA-VOF calculations clearly show how these pressures
are altered when the pool is allowed to move, when air bubbles are present in the water, and

when certain changes are made in the geometry and initial conditions.
II. Outline of the Computational Method

The SOLA-VOF code provides a numerical solution algorithm for the time-dependent two-
dimensional Navier—Stokes equations., Finite-difference approximations are used with respect
to a fixed mesh of computational cells, Although basically designed for incompressible
fluid dynamics, the code can treat compressibility effects [4] provided density variations
are not excessive (say, less than 10%)., The general solution method is the same as that
used in other codes in the SOLA series [5]. However, SOLA-VOF also possesses several novel
features that make it particularly well-suited to the type of hydrodynamic flows generated
in BWR suppression pools. Most noteworthy is its ability to treat arbitrary free—surface
configurations in a loglcally simple way. It can simultaneously treat any number of discon-—
nected free surfaces, and automatically handles surfaces that are computed to coalesce or
break apart. For example, no special logic is required when the air bubble generated at the
end of the submerged vent breaks through the top pool surface, To accomplish this generali-
ty, SOLA-VOF employs a function representing the local fluld volume fraction. Within the
fluid this function has a value of unity, while in void regions its value 1s zero. A free
surface 1s defined at locations where the function has a value of 1/2. Derivatives of the
function are used to define normal directions to the free surfaces. Knowing these normal
directions and function magnitudes in the finite-—difference mesh allows us to easily recon-
struct fluid interfaces for the application of free surface boundary conditions.

To make this method work, special care must be taken in the manner in which the kine-
matic equation describing the evolution of the volume function is numerically approximated.
SOLA-VOF uses a Donor-Acceptor convective flux approximation [6] that keeps 1nterfaces
sharply defined.

In addition, SOLA-VOF uses a mesh of variable rectangular cells, which provides some
flexibility to increase local spatial resolution without the need for an excesslvely large
mesh. Because it also has a compressible fluid capability, 1t could be used to investigate
the consequences of steam bubble collapse, chugging, or other phenomena involving high fre-
quency pressure pulses.

Further code details and illustrations of SOLA-VOF can be found in Refs, [7-9].
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III, Applications to Vent Clearing Phenomena

There have been several experimental programs conducted using single vent geometries to
gain an understanding of vent clearing hydrodynamics. SOLA-VOF has been used to computa-
tionally duplicate two of these studies [7-8]. One 1is the scaling study performed at MIT in
Massachusetts, which used a single axisymmetric vent in a cylindrical vessel [2], The MIT
device was roughly a 1/12 model of a G. E. MARK I suppression pool; it was not strictly a
scaled model, The othar study was conducted by SRI International in California, using a
1/13.3 scaled model of a G. E. MARK II pressure suppression system [3]. The relative sizes
and shapes of these experimental devices are shown in Fig, 1. It should be noted that the
SRI tests used a taller vessel and a deeper vent submergence. The SRI tests were also per-
formed using a ramped driving pressure in the dry well, while the MIT tests employed a con-
stant driving pressure. As we shall see, these differences do lead to some qualitative dif-
ferences in the hydrodynamic loading histories.

3.1 A Sample Vent Clearing Calculation

Figure 2 shows typical velocity and fluid configuration results obtained in a calcula-~
tion designed to simulate an MIT test using a 28 cm diameter vessel. A typical computed
floor pressure history is shown 1in Fig. 3 in comparison with the corresponding experimental
results. In this example the experimentally measured floor pressure has a small second peak
following the large first peak that occurs shortly after the vent pipe has cleared of
water. In some tests more secondary oscillations have been observed, often with relatively
low frequencies, like that in Fig. 3, or with much higher frequencles. At least two possi-
ble explanations for these oscillations have been suggested: They may be caused by a lack
of rigidity in the experimental apparatus [10], or by the presence of air bubbles suspended
in the pool water [2]. It seems likely that both effects have been present in many of the
tests reported. Calculations with the SOLA-VOF code offer a means of sorting out these ef-
fects and independently assessing their consequences as 1llustrated in the next two sec-
tions.

3.2 Influence of Vertical Vessel Motion on Floor Pressure

Let us assume that the model suppression pool is not rigidly tied down, but can execute
simple harmonic motion in the vertical direction with period 12.25 ms. Calculations of the
coupled fluid-structure system produce the floor pressure history shown in Fig. 4. Here the
results are shown 1in comparison with a calculation assuming a rigidly supported vessel,
These results are qualitatively similar to the results obtained in the 1/5 scale MARK I
tests conducted at Lawrence Livermore Laboratory [10] and to more recent tests at MIT that
used a flexible bottom plate in the vessel [11],

3.3 Influence of Air Bubbles on Floor Pressure

Alr bubbles can accumulate in the pool water, for example, by running repeated tests
with insufficient time between tests. When this happens the effective compressibility of
the water is significantly increased. The consequences of an increased compressibllity are
obvious from the calculated floor pressures shown in Fig. 5, which are compared to calcula-
tional results obtained assuming an incompressible fluid, 1In this example the sound speed
of the alr-water mixture was set to approximately 1/10 the speed of sound in pure water.

The observed pressure oscillations in this case are caused by a "bouncing” of the water

still resting on the floor. Cases 3.2 and 3.3 show that the introduction of a little soft-
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ness in either the vessel support or in the pool water leads to higher peak floor pres-
sures, If sufficlent softness is introduced into the system one would expect to eventually
see a reduction in the peak pressure. In any case, it 1s clear that experiments used to
measure peak loads must be carefully designed and their results carefully interpreted to
avold these kinds of errors.

3.4 Other Influences on Floor Pressure

The geometric differences between the MIT and SRI tests offer an interesting compari-
son. In the MIT tests and in the SOLA-VOF calculations of these tests it was observed that
the first peak in floor pressure was equal to the gas pressure in the vent plus the hydro-
statlc head of the water still resting on the floor. In the SRI tests this was not the
case, Calculations indicate that the peak floor pressure is approximately 9.47% higher than
the gas plus hydrostatic pressure because of local fluid accelerations. Apparently the ge-
ometric changes assocliated with a deeper vent submergence and smaller pool to vent area ra-
tio are responsible for this result.

Based on the above observation it should be possible to reduce the peak floor pressure
in the SRI apparatus, but not in the MIT apparatus, by lowering the initial level of water
in the vent. A lower water level means that vent clearing will occur sooner. Thus, in the
SRI case the vent pressure, which contributes most to the peak floor pressure, is less be-
cause 1t occurs earlier in the dry well pressurization history. In the MIT apparatus, how-
ever, the dry well is at a constant pressure and an earlier clearing of the vent does not
alter the vent pressure at the time of peak floor pressure. These speculations have been
verified by SOLA-VOF calculations, which also show that ceiling and wall pressures are like-—

wise reduced by lowering the initial water level in the vent.
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Fig. 1. Schematic comparison of the MIT and SRI test apparatus.
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