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ABSTRACT
CA9800153

NUPEC (NUclear Power Engineering Corporation) ran a series of hydrogen mixing and
distribution tests which were completed in April 1992. These tests were performed in a 1/4
linearly scaled model containment and were specifically designed to be used for computer code
validation.

The results of test M-4-3, along with predictions from several computer codes, were presented
to the participants of ISP-35 (a blind test comparison of code calculated results with data from
NUPEC test M-7-1) at a meeting in March 1993. Test M-4-3, which was similar to test M-7-1,
released a mixture of steam and helium into a steam generator compartment located on the lower
level of containment. The majority of codes did well at predicting the global pressure and
temperature trends, however, some typical lumped parameter modeling problems were identified
at that time. In particular, the models had difficulty predicting the temperature and helium
concentrations in the so called "dead ended volumes" (pressurizer compartment and in-core chase
region). Modeling of the dead-ended compartments using a single lumped parameter volume did
not yield the appropriate temperature and helium response within that volume.

The Westinghouse-GOTHIC (WGOTHIC) computer code is capable of modeling in one, two or
three dimensions (or any combination thereof). This paper describes the WGOTHIC modeling
of the dead-ended compartments for NUPEC test M-4-3 and gives comparisons to the test data.

The in-core chase region was originally modeled using 2 lumped parameter volumes. This gave
acceptable results during the injection phase (forced circulation), however failed to accurately
model the ingress of helium during the equilibration (natural circulation) phase. A 2-D finite
difference model of the in-core chase gave good results through the entire transient.

The pressurizer compartment was originally modeled using 2 lumped parameter volumes. The
calculated helium concentration in the upper volume was much higher than measured because
the flow passing through the upper volume from the dome mixed with the entire upper volume.
The calculated helium concentration in the lower volume was lower than measured because the
calculated flow between the 2 lumped parameter pressurizer volumes was too low. The lumped
parameter model was not sufficiently detailed to resolve actual flow patterns into and out of the
pressurizer. A 3-D finite difference model of both of the original pressurizer compartment
lumped parameter volumes improved the predictions within this dead-ended region.
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Nuclear and Advanced Technology Division, Pittsburgh, PA



WESTINGHOUSE-GOTHIC MODELING OF
NUPEC'S HYDROGEN MIXING AND DISTRIBUTION TEST M-4-3

R. P. Ofstun, J. Woodcock, D. L. Paulsen

1.0 WESTINGHOUSE-GOTHIC (WGOTHIC) CODE DESCRIPTION

The WGOTHIC code is an enhanced version of the GOTHIC code purchased from Numerical
Applications, Inc. in late 1990. The modifications made by Westinghouse to the GOTHIC code
are related to providing additional heat and mass transfer packages suitable for modeling natural
convection within large volumes and annuli. The modifications include models for mixed
convection heat transfer, evaporative heat and mass transfer, wall-to-wall radiation, condensate
layer liquid film tracking and application of subcooled liquid films. These modifications were
made to facilitate the analysis of advanced plant designs, but can be applied to other suitable
modelling situations.

The WGOTHIC code is a state-of-the-art program for modelling multiphase flow. WGOTHIC
actually consists of three separate programs. The preprocessor allows the user to rapidly create
and modify an input model. The solver performs the numerical solution for the problem. The
postprocessor, in conjunction with the preprocessor, allows the user to rapidly create graphical
and tabular outputs for virtually any parameter in the model.

WGOTHIC solves the integral form of the conservation equations for mass, momentum, and
energy for multicomponent, two-phase flow. The conservation equations are solved for three
fields; continuous liquid, liquid drops, and the steam/gas phase. The three fields may be in
thermal nonequilibrium within the same computational cell. This would allow the modelling of
subcooled drops (e.g., containment spray) falling through an atmosphere of saturated steam. The
gas component of the steam/gas field can be comprised of up to eight different noncondensable
gases with mass balances performed for each component. Relative velocities are calculated for
each field as well as the effects of two-phase slip on pressure drop. Heat transfer between the
phases, surfaces, and the fluid are also allowed.

The WGOTHIC code is capable of performing calculations in three modes. The code can be
used in the lumped parameter nodal network mode, the two-dimensional finite difference mode,
and the three-dimensional finite difference mode. Each of these modes may be used within the
same model. The capability of multi-dimensional analyses greatly enhances the ability to study
noncondensables and stratification as well as allowing the calculation of flow field details within
any given volume.

The WGOTHIC code also contains the options to model a large number of structures and
components. These include, but are not limited to, heated and unheated conductors, pumps, fans,
a variety of heat exchangers, and ice condensers. These components can be coupled to represent
the various systems found in any typical containment.



WGOTHIC has been used to study hydrogen distributions, containment pressure and temperature
transients, perform flow field calculations for particle transport purposes, and surge-line flooding
studies for loss of RHR cooling events during shutdown operations. The flexible noding and
conservation equation solutions in the code allow its application to a wide variety of problems,
not necessarily just containment pressure and temperature calculations.

The WGOTHIC code has undergone extensive review and validation against an impressive array
of tests. In addition to the AP600 small and large scale passive containment cooling tests, used
to validate the improvements to the heat and mass transfer models, the code has been validated
against a number of Battelle-Frankfurt tests performed to study steam blowdowns and hydrogen
releases. A selection of Hanford Engineering Development Laboratory (HEDL) tests were
modelled to simulate steam-hydrogen jets. The LACE tests were modelled to validate rapid
depressurization events with aerosols. A variety of the Heissdampfreaktor (HDR) full scale
containment tests were modelled to study steam and water blowdowns and hydrogen releases in
a full scale multi-compartment containment geometry.

Most recently WGOTHIC results were submitted for International Standard Problem (ISP) 35.
This problem was based on hydrogen mixing tests performed at the Nuclear Power Engineering
Corporation (NUPEC) quarter-scale test facility in Japan. The intent of the standard problem was
to validate various computer codes for use in predicting hydrogen mixing and distribution.

As part of their presentation to the ISP-35 participants in March 1993, NUPEC presented results
of their calculations for hydrogen distribution and mixing test M-4-3. These calculations were
performed with various lumped parameter codes. Along with a detailed description and
geometric data for the test facility, NUPEC made the M-4-3 test data available to the participants
of ISP-35 to help them verify their individual containment models.

2.0 DESCRIPTION OF THE NUPEC TEST FACILITY AND TEST M-4-3

The NUPEC model containment test facility is located at Tadotsu Engineering Laboratory in
Japan. An arrangement diagram provided by NUPEC is shown in Figure 1. The NUPEC model
containment is a linear 1/4 scale model of a typical 4 loop dry containment. It has a free volume
of 1300 m3, a height of 19.4 m, an inner diameter of 10.8 m. The exterior containment wall is
12 mm thick steel and is insulated. The insulation is between 1.2 and 1.5 m thick. The model
containment has a 16 mm thick steel floor located at 3.2 m, and two other 12 mm thick steel
floors located at 5.4 m and 7.3 m. A large sump is located below the lower floor. The major
compartments of a typical PWR containment are all modeled as boxes with relatively thin (4.5
mm) steel walls. The reactor cavity, pressurizer compartment and 4 separate steam generator
compartments are modeled. Note, with exception of the reactor cavity, all compartments are
empty, i.e. there are no steam generators, pumps, loops or pressurizer modeled. The test facility
has instrumentation to measure pressure at the top of the dome, temperature and helium
concentration at the center of each compartment and wall temperatures at various locations.



The NUPEC hydrogen mixing and distribution tests were designed to help understand the mixing
behavior of hydrogen gas which may be released following a hypothetical severe accident. In
test M-4-3, a mixture of steam and helium was released inside the model containment for 30
minutes from the lower D-loop steam generator compartment. During the injection phase the
flow through containment is driven by the bouyant rising plume. The test initial conditions are
listed in Table 1. The pressure, wall temperatures, compartment temperature and compartment
helium concentration data were recorded for at least 2 hours during the test.

The data from this test was used to examine the predictive capability for several computer codes.
The results of some of the code comparisons were presented to the participants of ISP-35 in
March 1993. Most of the lumped parameter codes were able to predict the system pressure and
the temperature and helium concentration in various compartments fairly well, but all of them
had difficulty predicting the temperature and helium concentration in the so called "dead end"
compartments (pressurizer and in-core chase). The presenters believed that these compartments
would require special modeling to be able to predict the temperature and helium concentrations
there.

Table 1 - M-4-3 Test Conditions

Helium Mass Flow Rate 0.027 kg/s
Helium Temperature 20 C
Helium Injection Period 30 minutes
Steam Mass Flow Rate 0.33 kg/s
Steam Temperature 140 C
Steam Injection Period 30 minutes
Injection Location Lower Compartment SG-D

Initial Containment Temperature 30 C
Initial Containment Pressure 101.35 kPa

3.0 WGOTHIC LUMPED PARAMETER MODEL

A lumped parameter containment model containing 26 nodes and 72 flow paths was built based
on the noding structure developed by NUPEC and the input data tables provided with ISP-35
(reference 1). The WGOTHIC lumped parameter noding structure is shown in Figure 2. Note,
an additional node was added to represent the in-core chase volume which is located below the
first floor of the containment building. This was an attempt to improve the mixing within this
region. Two additional flow paths were added to connect the upper and lower in-core chase
volumes. Also, flow path 27 (between volumes 8 and 10) and flow path 44 (between volumes
15 and 17) were split in half (horizontally) to allow counter current flow between the
corresponding volumes.



During the injection phase, a large temperature difference exists across the lower pressurizer
volume. Volume 15, which is directly above the injection location and adjacent to the lower
pressurizer compartment, is very hot and volumes 12 and 13, which are in the annulus adjacent
to the pressurizer compartment, are much cooler. The temperature difference across the lower
pressurizer compartment will induce a natural convection flow within this volume. To model
this, the pressurizer walls were modeled explicitly (5 walls in volume 16 and 5 walls in volume
22). The outer surfaces of all 5 walls were set to the connecting room temperatures (using data
from a previous run).

The M-4-3 test conditions shown in Table 1 were input and a 2 hour transient was run. The
calculated temperature and helium concentrations for the dead-end volumes, in-core chase
(volume 26) and pressurizer (nodes 16 and 22) are compared with the M-4-3 test data in Figures
3-8. The calculated lower in-core chase compartment temperature remains about 10 degrees
higher throughout the transient. The helium concentration matches the data during the injection
phase, but doesn't continue to increase during the equilibration phase as the data did. The
calculated lower pressurizer compartment temperature (node 16) matches the data fairly well, but
the helium concentration is about half the measured value throughout the transient. The
calculated upper pressurizer compartment temperature (node 22) is about 10 degrees higher than
measured, but the calculated helium concentration is about twice the measured value. Note, the
calculated upper pressurizer compartment temperature and helium concentration are about the
same as the calculated dome temperature and helium concentration, which indicates that the
lumped parameter model is predicting better mixing between these volumes than actually
occurred during the test.

The increase in the measured lower in-core chase helium concentration during the natural
circulation cooldown phase suggests that there should be some natural circulation flow through
this region during this period. The much lower measured helium concentration in the upper
pressurizer compartment suggests that the flow from the dome through the upper pressurizer
compartment did not mix perfectly within this region. The higher measured helium concentration
in the lower pressurizer compartment suggests that there also was more flow between the upper
and lower compartments than predicted by the lumped parameter model. Therefore, this simple
lumped parameter model could not predict the proper mixing within these dead-end
compartments.

A lumped parameter solution conserves mass and energy within a control volume. Mass, energy
and momentum are exchanged between volumes through the flowpaths which connect them to
one another. Momentum in the flowpaths connecting lumped parameter volumes is a sealer, not
a vector quantity. Perfect mixing is assumed for each component phase within a lumped
parameter control volume. Momentum of the incoming components is dissipated within a lumped
parameter control volume. Therefore, to calculate natural circulation flow within a given region
using lumped parameter volumes requires a specially designed set of volumes and flowpaths.
The creation of this noding structure may also require an a-priori knowledge of the expected flow
direction and magnitude; something which in general, is not known ahead of time.



The distributed parameter finite difference solution, which is used in 2-D and 3-D WGOTHIC
models, conserves mass, energy and momentum within each control volume and allows a finite
difference calculation to determine the detailed flow fields within the control volume. This type
of solution requires more computational time, however, the 2 or 3-D solution of the momentum
equation allows for a more accurate solution of the flow pattern within a volume. This is
important when modeling local effects as would occur during free convection heat transfer within
a dead-ended volume.

4.0 WGOTHIC DISTRIBUTED PARAMETER MODEL

A 3-D distributed parameter (or finite difference) model of the pressurizer compartments was
created. The upper pressurizer compartment was divided into 5 elevation planes, 3 in the top half
(where the windows provide a flow connection with the dome) and 2 in the lower half. The
lower pressurizer compartment was divided into 2 elevation planes. Both of the pressurizer
compartments were split into multiple vertical channels. The 2 pressurizer compartments were
connected with flow paths, one for each of the center channels. This simple 3-D model has a
total of 63 computational cells.

A 2-D model of the in-core chase was created. The in-core chase was divided into multiple
channels with 6 elevation planes, 4 in the lower section (below the floor) and 2 above. This
simple 2-D model has a total of 24 computational cells.

The M-4-3 test conditions shown in Table 1 were input and a 2 hour transient was run. The
calculated temperature and helium concentrations for the in-core chase and pressurizer
compartments are compared with the M-4-3 test data in Figures 9-14. The calculated lower in-
core chase compartment temperature increases about 15 degrees higher than the measured
temperature during the injection phase, but cools down during the equilibration phase and ends
up about 5 degrees higher than the measured temperature. The calculated in-core chase helium
concentration continues to match the data fairly well throughout the entire transient.

The subdivided, 2-D modeling of the in-core chase allows a natural circulation pattern to continue
during the equilibration period which draws helium down from above, while cooling the gas
mixture in the lower region. Better modeling of the heat sinks in this region could probably
improve the calculated temperature results.

The calculated upper pressurizer compartment temperature is about 5 degrees low at the end of
the injection phase, but increases slowly during the equilibration phase to match the measured
equilibrium temperature. The calculated helium concentration is about 2% higher at the end of
the injection phase and continues to increase slowly during the equilibration phase. The
calculated helium concentration was about 1 % higher and still slowly increasing at the end of the
transient. The calculated lower pressurizer compartment temperature and helium concentration
match the data very well throughout the transient.



The subdivided, 3-D modeling of the pressurizer compartments allows most of the flow coming
from the dome to pass through the upper part of the upper compartment without mixing with the
entire volume. A natural circulation flow pattern develops in the lower pressurizer compartment
(due to the temperature difference between the inner and outer walls) which draws helium, air
and steam from the compartment above.

5.0 CONCLUSIONS

The subdivided model does a much better job of calculating the temperature and helium
concentration within the dead-ended volumes than the original lumped parameter model, allowing
a reasonably accurate prediction of helium in those regions. This demonstrates the importance
of resolving flow field details within a volume for scenarios with natural circulation flows driven
by buoyant plumes. This analytical capability can be used to address hydrogen distribution
phenomena that are intractable with purely lumped parameter nodal network solution schemes.
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Figure 1 - NUPEC Model Containment General Arrangement



Figure 2 - WGOTHIC Model Noding Diagram
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