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SUMMARY 

Study of results from the full scale multivent pressure suppression 
experiment conducted by the GKSS Laboratory has developed an improved 
understanding of the dynamic, oscillatory steam condensation events and 
related loading functions which occur during the hypothetical loss-of-coolant 
accident in a boiling water nuclear reactor. Due to the unique measurements 
system which combines both cinematic and digital data, quantified correlation 
between the dynamic physical variables and the associated two-phase 
thermo-hydraulic phenomena has been obtained. 

This work was supported by the United States Nuclear Regulatory Commission 
under a Memorandum of Understanding with the United States Department of 
Energy. 

f 



Introduction 
The GKSS Research Center, in coordination with interested institutions of 

West Germany and the United States, is currently conducting a test program of 
applied research on a multivent BWR-related pressure suppression system. The 
Lawrence Livermore National Laboratory (LLNL) acts as the principal U.S. NRC 
liaison for this test program, with particular emphasis on development of 
GKSS data for theoretical understanding of the multivent steam condensation 
phenomena. The GKSS-PSS test facility,* placed in operation in February 
1979, is a three-pipe full-scale vent system modeling main features of both 
the West German KWU Type 69 and United States G.E. Hk II BWR pressure 
suppression systems. The time-correlated measurements system consists of 
approximately 190 test data transducers, three television cameras which view 
both the water surface and vent pipe outlets, and a high speed (1000 fps) 16mn 
camera which observes a single vent pipe outlet. This unique combination of 
visual data with vent pipe and wetwell pool pressure and temperature data 
forms the basis for identification and description of the three major stages 
of the LOCA and the related phenomena. 

Major advances in the development of safe nuclear power generation are 
invariably based on the results of large or full scale experiments. In the 
particular area of the boiling water reactor pressure suppression system (PSS) 
experimental research conducted at MARVIKEN, GKH, KARLSTEIN, GKSS, EPRI, GE, 
and LLNL have provided important understanding of both phenomena and loading 
functions associated with particular PSS functions during the postulated 
loss-of-coolant accident (LOCA). 

The GKSS-PSS tests provide a basis for a significant advance in this field 
because of the care with which the program was developed. This has allowed 
the experimental design, from both a facility and a measurements system 
viewpoint, to provide a sound arena in which to observe both cause and effect 
and to differentiate between a basic process and a facility dependence. The 
justification for these and similar full scale tests is clear: 

• the two-phase condensation phenomena has not been successfully scaled 
to allow prediction of full-scale effects. 

• the complex loading phenomena which occurs during the LOCA is 
strongly three dimensional in nature and no predictive computational 
procedure exists which can describe the involved multiphase, 
multicomponent condensation phenomena and the coupled PSS structural 
response to the quite varied induced dynamic loading. 



The need for such extensive continuing work arises simply because the design 
evolution of the modern PSS, for sound economic and safety reasons, has 
introduced significant changes in both the character of dynamic loading and in 
the containment structures which must therefore be assessed anew. 

System Phenomena 
The pressure suppression system consists of a drywell into which the 

primary coolant break-discharge initially flows and a wetwell where the 
two-phase effluent can condense. Multiple vertical vent pipes, connecting 
these components, direct the condensible break flow below the wetwell pool 
surface for efficient condensation. 

Tests to date have investigated effects due to steam-break flow rate, 
initial wetwell temperature, and wetwell overpressure. All tests have 
consistently yielded a close coupling of events throughout the drywell, 
wetwell, and vent pipes as well as a strong correlation between physical and 
high-speed visual data obtained from the tests. From these tests, the LOCA 
can be separated into three distinct stages as the transition from initiation 
of break flow to completion of blowdown proceeds: 

• clearing of the initial water leg in the vent pipes by steam-driven 
wetwell air, results in a single strong impulsive loading cycle on 
the pool boundary coupled with a strong pool swell; resolution of 
this transients and subsequent load function has been successfully 
accomplished largely due to the ease of scaling such phenomena 
(e.g., ref. 2). 

• an extended period of quasi-steady state steam condensation termed 
condensation oscillation (CO), which is periodic and accompanied by 
regular pressure variations on the pool boundaries. 

• lean suppression or chugging, which occurs under conditions of low 
air content and depleted steam flow and gives rise to impulsive 
pressure transients of variable magnitude. Because of the strong and 
cyclic nature of this chugging stage, its quantification is of 
considerable importance to safe containment design. 

The separate stages of the LOCA and the strong event coupling are 
identified in Fig. 1 which shows an entire test history as measured by 
pressure in the wetwell and drywell and by temperature in the drywell. 

It is of particular interest and usefulness that this facility provides 
strong similarities to, rather than replication of, particular containment 
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designs. By its divergence from faithful modeling of a particular system, 
which is due entirely to its designed function rather than any misadventure, 
the facility provides for improved understanding of processes not otherwise 
available in a full-scale containment representation. In particular, one of 
its three vent pipes is of significantly different length than the other two. 
As will be further discussed, this feature allows identification of important 
vent-unique signatures of condensation events. 

Condensation Oscillation (CO) 
The second stage of the LOCA begins with introduction of steam entrained 

air into the pool following the initial air surge. This air-rich flow rapidly 
changes character as the air content reduces to a few percent and an extended 
period of quasi-steady state steam condensation ensues. Because of the strong 
temperature gradients in the wetwell pool and the nature of the vent pipe, 
this condensation is of a periodic nature and accompanied by regular low level 
pressure variations on the pool boundaries. It has been termed the stage of 
condensation oscillation (CO). 

Study of pressure data taken during CO indicates the phenomena produces a 
sinusoidal pressure disturbance readily identified with the quarter-wave 
frequency of the vent pipe. For the 10.9m long vent pipe A this acoustic 
frequency is about 11 Hz and for the 6.7m long vent pipes B and C about 
18 Hz a. Sound speed changes due to steam-air mixture 
evolution in the vents as well as effective length changes due to vent-pipe 
reflood change these values somewhat. The developed continuous series of 
periodic oscillations are not, in general, synchronous between the three vent 
pipes. Principle frequencies of the pressure oscillations observed at the 
boundary below a particular vent pipe can be characterized in one of two ways: 

• the acoustic frequency of that vent. 
• the acoustic frequency of an adjacent vent. 
Examples of typical behavior are shown in Fig. 2. Sequence (a) provides a 

case where vent A is the driver (at c.12 Hz) and only a sympathetic 
synchronous response appears below vents B and C. Slightly later, as shown in 
sequence 
(b) both vent B and vent C are driving with the vent A floor position simply 
responding. In this case, however, the sources at B and C are c. 180° out 
of phase so that the boundary region under vent A experiences significantly 
weakened pressure amplitudes. In sequence (c), which occurs still later, vent 

sound speed of steam-air mix in pipe approx. 485m/s. 
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B has begun its strong acoustic oscillation (at C.17H ) to which fragmented 
response is felt below vents A and C. As stated earlier, a high value has 
been placed in the artifact of separate vent pipe lengths in the GKSS-PSS 
facility. The demonstrated ability of the measurements during CO to identify 
the source clarifies this value; this usefulness also arises when studying the 
chug phenomena. 

Observation of the CO process using the video records indicates a periodic 
flow and ebb of steam into the pool which is accompanied by a vent clearing 
and partial reflood of pool water. The frequency of this phenomena is not at 
all the frequency of the observed CO pressure oscillations; rather it is lower 
and of order 1 Hz. This is also clearly indicated by the temperature measured 
below the vent exits. As shown in Fig. 3, selected for particular vent pipes 
but at the same time as the sequences shown in Fig. 2 it is seen that the CO 
phenomena of (a) occurs during the transition from full steam penetration to 
reflood; chat of (b) occurs at reflood conditions; and that of (c) occurs at 
full steam flow penetration into the pool. A key point to be made here is 
that the wetwell boundary loading function is not represented by the 
oscillatory behavior of the steam plume which periodically penetrates the pool 
during CO. 

Chugging 
A chugging event is identified with an apparent starvation of steam flow 

and is accompanied by a strong high frequency pressure oscillation observable 
throughout the wetwell, drywell, and vent exits. As a typical train of 
pressure or temperature pulses shows (Fig, 4), the individual dynamic events 
occur throughout the facility in a periodic and highly coupled manner. 
Examination of a single pulse (Fig. 5) shows that the chug event is 
characterized by an initial pressure decrease leading into a series of 
relatively low frequency oscillations.3 These oscillations end with a sharp 
rarefaction followed by a second series of oscillations of higher frequency0 

whose amplitude oscillations gradually decay; the rarefaction,0 

characteristic of all chug events, is often but not always preceeded by the 
low frequency vent acoustic oscillation. 

identified with the vent acoustic frequency as in CO 
identified with wetwell poo!-boundary system response (c. 38H_) 
characterized here as the time of maximum rarefaction 
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The observation of dynamic system coupling during chug events (Fig. 4) is 
important since it implies that: 

• the behavior of a multivent system is essentially synchronous so that 
the dynamic character of measurements and visual observations made at 
any vent pipe are qualitatively representative of the behavior at all 
vent pipes. 

f the chugging process at least is not significantly dependent on the 
facility; indeed examination of transducer response in structurally 
active regions show essentially the same dynamic behavior as those 
directly beneath or adjacent to a vent pipe. 

• a pool bottom transducer directly beneath a vent pipe may be used 
with confidence to correlate numerical data with visual observations 
at the vent exit. 

Intercomparison of the pool bottom response below all the vents shows both 
an effective simultaneity of rarefaction occurrence and subsequent damped 
ring-down. As discussed earlier with regard to CO behavior, initial or 
prechug low frequency oscillations are, however, different; that of vents B 
and C being of higher frequency than observed below vent A precisely in 
accordance with the first mode acoustic frequency of these different length 
vents. 

As mentioned earlier, test data includes high speed filming of a vent 
exit. Extensive examination of the high speed film data for chugging events 
has been highly useful to show that the retreating condensation front in the 
pool terminates with the formation of the steam annulus inside the rim of the 
vent pipe exit. This annulus remains stable while the water reenters the vent 
pipe, but suddenly collapses at the indicated time of maximum rarefaction. It 
thus seems that it is the collapse of this annulus that initiates the 
subsequent high frequency pressure response which is characteristic of the 
lean suppression process. Again, as in the case of CO, it is not the sudden 
condensation of the steam plume in the pool which initiates the dynamic event 
of chugging but rather a separate, if related, phenomena. 

In completing this work, vent reflood and clearing behavior was studied 
using both high speed films and the temperature data available from radial and 
axial thermocouple arrays near the vent exits. From these data it was 
concluded there is strong reason to believe that the steam plume which enters 
the pool prior to each chug is partially hollow so that its passage from vent 
to pool occurs as a steam annulus at the vent walls rather than a piston which 
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truly "cleared" the vent. Such a configuration is consistent with the last 
observed stage of steam flow from the vent prior to the chug: formation of a 
steam ring in the vent pipe exit. Similar behavior of such annular vent 
clearing has been documented during the air clearing transient in the HKI 
containment.^ 

Discussion of Results 
From study of the tests to date, the condensation oscillation (CO) 

pressure loads have been identified as unsynchronized among the vents and as a 
facility dependent effect correlated to the quarter wave frequency of the vent 
pipe. The oscillatory steam delivery to the wetwell pool during this stage 
occurs at a much lower frequency and does not contribute significantly to 
boundary loading. 

The third stage of LOCA, chugging, consists o f distinct dynamic events 
whose mixed oscillatory character is facility dependent and identified with 
both the vent pipe acoustic (as in CO) and with the frequency of the 
wetwell-pool system. The chug event appears to be a facility independent 
process initiated by the collapse of a steam ring inside the vent exit at the 
end of the periodic steam flow rather than by the rapid condensation of the 
in-pool steam plume. Unlike the CO, the chug process appears to be 
essentially synchronous among all vent pipes. 
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Figure 2: Pool Boundary Pressure Response During the Condensation Oscillation 
Stage 
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Figure 4: Systea Pressure and Teaperature Coupling During the Chugging Stage 
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DISCLAIMER 

This document was prepared as an account of work sponsored by an agency 
of the United States Government. Neither the United States Government 
nor any agency thereof, nor any of their employees, makes any warranty, 
expressed or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government 
or any agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States Government 
or any agency thereof. 
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