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ABSTRACT

The Westinghouse-GOTHIC (WGOTHIC) code is a sophisticated mathematical computer code
designed specifically for the thermal hydraulic analysis of nuclear power plant containment and
auxiliary buildings. The code is capable of sophisticated flow analysis via the solution of mass,
momentum, and energy conservation equations.

Traditional computer codes have employed a lumped parameter noding scheme. This approach
is appropriate when conditions within a volume are homogeneous. The benefit of this approach
is that the computation time is kept relatively short. However, complex flow patterns may not
be accurately modeled in this method, since the multidimensional form of the momentum
equation is not solved. The WGOTHIC code allows for distributed parameter modeling, in
addition to the traditional lumped parameter approach. This approach allows for the one-, two-,
or three-dimensional subdivision of each volume within the containment model. Through use of
vectored momentum equations, the subdivided volumes allow for accurate representation of flow
patterns within each room.

^~-
Westinghouse has investigated the use of subdivided noding to model the flow patterns of
hydrogen following its release into a containment atmosphere. For the investigation, several
simple models were constructed to represent a scale similar to the German HDR containment.
The calculational models were simplified to test the basic capability of the plume modeling
methods to predict stratification while minimizing the number of parameters. A large empty
volume was modeled, with the same volume and height as HDR. A scenario was selected that
would be expected to stably stratify, and the effects of noding on the prediction of stratification
was studied. A single phase hot gas was injected into the volume at a height similar to that of
HDR test El 1.2, and there were no heat sinks modeled. Helium was released into the
calculational models, and the resulting flow patterns were judged relative to the expected results.
For each model, only the number of subdivisions within the containment volume was varied.

The resultant helium flow within the containment showed significant sensitivity to the
containment model used. For a very simple model, using only a sparing number of nodes,
helium was mixed throughout the entire containment. The small number of nodes resulted in
WGOTHIC calculating a helium flow pattern which encompassed the entire containment.
However, more complex noding schemes showed very different results. The increased number
of subdivided nodes resulted in high velocity helium flow above the injection point. However,
below this point, the containment atmosphere remained relatively undisturbed. The increased
noding resulted in prediction of helium stratification within the containment atmosphere.

The results of this investigation of noding schemes has provided evidence of the capability of



subdivided (distributed parameter) noding. The results also showed that highly inaccurate flow
patterns could be obtained by using an insufficient number of subdivided nodes. This presents
a significant challenge to the containment analyst, who must weigh the benefits of increased
noding with the penalties the noding may incur on computational efficiency. Clearly, however,
an incorrect noding choice may yield erroneous results even if great care has been taken in
modeling accurately all other characteristics of containments.
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1.0 Introduction

Following a loss-of-coolant accident (LOCA) in a nuclear power reactor, assumptions beyond
the design basis may lead to a postulated hydrogen release due to the interaction of water with
nuclear fuel cladding. In this severe accident scenario, the distribution of hydrogen within
containment remains a key question related to the design of active and passive mixing
mechanisms for the containment building. High local concentrations of hydrogen can be a
significant concern for severe accident containment integrity related issues due to the possibility
of hydrogen burn.

The ability of containment codes to predict hydrogen distribution in severe accident scenarios has
been under investigation. Containment codes generally incorporate either lumped or distributed
parameter noding schemes, or a combination of both. Typical lumped parameter noding schemes
use the scalar form of the momentum equations. Here, momentum flow into each volume is
parallel to the junction and the terms perpendicular to the junction are discarded while junction
momentum is dissipated within the volume. Distributed parameter models utilize finite
difference forms of the vectored momentum equations and typically include more terms, such as
the convective momentum transport terms.

The lumped parameter technique has been traditionally used by most containment analysis
computer codes, partially due to the high computational speeds afforded by this approach. The
lumped parameter approach, however, is most appropriate for analysis of problems of a global
nature, and for containment systems that exhibit a homogeneous environment [1]. Wolf has
indicated that lumped parameter noding models may not be appropriate for problems requiring
the computation of detailed distribution of hydrogen within the containment atmosphere. More
accurate hydrogen distribution predictions may be calculated using distributed parameter
modelling techniques. At the present time, however, no determination has been made of the level
of detail required to predict hydrogen stratification with the distributed parameter methods. This
paper presents the results of two simple distributed parameter Westinghouse-GOTHIC
(WGOTHIC) models of an open volume similar in scale to the HDR hydrogen distribution
experiments. The two models vary only in the number of subdivisions, and attempt to determine
the effect of subdivision detail on the hydrogen distribution predictions from WGOTHIC. A
comparison is made to correlations for buoyant jet entrainment to gain insight into requirements
for successfully modelling hydrogen distribution.

2.0 THE WGOTHIC CODE

WGOTHIC is a computer code designed for thermal hydraulic analysis for nuclear power plant



and containment buildings. WGOTHIC is a descendant of the GOTHIC computer code developed
by Numerical Applications, Inc. for the Electric Power Research Institute. GOTHIC has been
selected by EPRI as a reference containment code. Westinghouse has tailored the GOTHIC code
by the addition of mechanistic heat and mass transfer correlations. These correlations also
include wall-to-wall radiant heat transfer. The resulting code is named Westinghouse-GOTHIC
(WGOTHIC). These enhancements to the code were made to provide an accurate model of heat
and mass transfer on the exterior of passively cooled reactor containments, such as the AP600
containment [2]. A significant addition is a liquid film tracking model for internal condensing
films or external evaporative films. The alteration has left the basic GOTHIC portion of the code
intact, giving WGOTHIC the full capabilities of its predecessor.

The WGOTHIC code is a sophisticated thermal hydraulics code. It solves the conservation
equations for mass, momentum, and energy for each of the subcompartments modelled within
the code. The conservation equations are solved for three separate fields: the steam/gas phase,
the liquid phase, and the droplet phase. The code is very general in nature, allowing the user to
design appropriate noding methods to fit the requirements of the problem. The noding method
allows a node-network solution for lumped parameter volumes connected by flowpaths. Any one
of the lumped volumes may also be subdivided into a one, two, or three dimensional finite
difference mesh, which allows flow field details within a volume to be calculated simultaneously
with the node-network solution.

The construction of the WGOTHIC models and analysis of the results is simplified through a
graphical pre- and postprocessor, included with the WGOTHIC package. The preprocessor is a
"point and click" type graphical interface for use in constructing WGOTHIC models. The
preprocessor simplifies the process of model construction and alteration. In addition, the
preprocessor verifies that all the required data has been included within the model. The user is
alerted to any inconsistency in the input parameters. The graphical postprocessor eases the
analysis of volumes of data that is generated with each WGOTHIC run. The postprocessor
provides a menu driven system for selecting the appropriate data for graphical viewing. In
addition, the postprocessor has the ability to perform mathematical manipulation of the output
data prior to graphical viewing.

3.0 THE TEST DATA

Test data has indicated that the hydrogen released from a postulated LOCA (as well as
noncondensibles present at accident initiation) may tend to stratify within the containment
building in the presence of a steam release. For example, HDR Test El 1.2 simulated a release
of steam and hydrogen into the containment atmosphere, and measured the resulting
concentrations.

The German HDR was a 100 MW^ experimental reactor built in the 1960's. It was shut down
after a short period of operation, and the fuel and other highly radioactive components were
removed thereafter. The facility, however, remains available for experimental investigations
related nuclear plants. Among other investigations, full scale hydrogen experiments were
conducted within the HDR facility. Specifically, eight tests were performed during 1989 as part



of the four year HDR-Safety Program Phase m. The tests represented a broad spectrum of
hydrogen dispersion and mitigation scenarios. These included small and large break LOCA
conditions, single and multiple steam injection points, various hydrogen injection positions,
internal and external spray, and containment venting [3].

Of the different tests performed, test El 1.2 was conducted to simulate the hydrogen release
following the beginning of a postulated core melt scenario. The test examined the effect of
hydrogen release from the upper part of containment using an 85% volume helium and 15%
volume hydrogen mixture (for safety reasons). Test El 1.2 was selected for the OECD-
Intemational Standard Problem No. 29 for hydrogen distribution. The results of the experiment
clearly show stratification within the HDR containment atmosphere following the helium-
hydrogen-steam release.

It is postulated that the ability of containment codes to predict the observed stratification is
strongly dependant on the ability to predict the entrainment into the plume of break releases
flowing upward into an open volume. This paper looks at the buoyant plume in detail. As
indicated in previous work, it may be possible to improve code predictions of HDR test El 1.2
by using distributed parameter, or finite difference, models [1]. Such improvement has been
shown for computer modelling of the Battelle Model Containment [4]. The purpose of the
current work is to examine some of the requirements to improve predictions of the stratified
atmosphere observed in the HDR El 1.2.

As part of International Standard Problem 35 for containment analyses [5] NUPEC provided test
data for test M-4-3. Based on measurements during the preheating phase, it can be concluded
that

0 the atmosphere will tend to stratify above the release point into an open volume
O the release point may be considered to be the break room elevation if a horizontal

flow path into the room is available

If the node size above the buoyant jet entry is larger than the real plume existing in a test, then
an artificial expansion to the node cross sectional flow area inherently occurs in the code
calculations. This artificial expansion may lead to excess entrainment into the plume, sometimes
called numerical entrainment because of its non-physical basis. Efforts to counter the effects of
numerical entrainment while maintaining relatively large nodes may include increasing loss
coefficients in horizontally connecting flow paths, such as sensitivity analyses presented at
International Standard Problem No. 35 workshops. There are inherent limitations in such an
approach which lead to difficulties in determining appropriate loss coefficients for general
geometries. A simple comparison between typical real plume and code calculated plume
dynamics can be performed as shown in Figures la and lb.

In Figure la, an approximation of the real situation is shown. The break flow enters the room
from cross sectional area, \ , at static pressure Pb with velocity Vb. The plume expands as it
entrains and rises through the open ceiling. To demonstrate the concept, an approximate average
plume flow area, A,,, is considered here with a corresponding static pressure and velocity.
Entrainment flow enters the room from a surrounding containment volume at a static pressure,



Po, with a velocity, Vo. K,oss is the classical loss coefficient for flow through the opening, and
has a typical value of about 1.5 based on Vo.

In Figure lb, the situation as modelled in a coarsely noded computer representation is shown.
Because velocity and properties are uniform over the height and cross-section of a node, the
plume is numerically assumed to expand from \ to A'. It is desired to determine an equivalent
loss coefficient, K,quiv, which would provide additional resistance such that the correct
entrainment flow, Vo, would be calculated for the same Po.

Using continuity and energy conservation equations for the two cases, along with a simplifying
assumption that the entrained flow enters the room but is not added to the plume allows solving
for an equivalent loss coefficient, Kequiv, to be used in the computer code. The resulting equation
is

^ o .

(1)

This shows that an appropriate modified loss coefficient is not only a function of area ratios, but
also of the flow rates. The correction adder varies from zero, when the node vertical cross
sectional flow area equals the plume area, to large values if the node size is greater than the
plume size. It would also be necessary to know a priori the ratio of break to entrainment flow.
Thus the approach of using a constant K ^ could only meet with limited success. Therefore, one
must either choose very small node sizes which greatly impacts computational time, or one must
develop a strategy to account for the anticipated overmixing in the computer analysis. This paper
examines the effect of node size in a large open volume similar in scale to the HDR facility.

4.0 BUOYANT PLUMES

Empirical relauonships have been developed for the treatment of buoyant plumes, relating to the
injection of a buoyant fluid into a heavier fluid. Peterson [6] indicates that the buoyancy flux
B of the injected fluid is linked to the densities of the injected and ambient fluid, p, and p,,
respectively, and the volume flow rate of the source Qj, by

B=g

where g is the gravitational constant. The local momentum flux is given by List [7], for round



plumes, as

2zi/* (3)

and the volume flux is given as _i_ 1/3 s/3 (4)

where z is the height above the injection point and k,,, and k,, are entrainment constants given as
0.35 and 0.15, respectively.

The local diametral lateral spread of the plume is given as

Using equation (5), and the constants k,,, and k,, given above, the angular spread of the buoyant
plume is determined to be 7.2°.

5.0 THE WGOTHIC MODEL

A simple WGOTHIC model was developed to simulate a situation similar to HDR test El 1.2.
The purpose of this investigation was to ascertain the effect of noding on the WGOTHIC
stratification prediction. Therefore, the HDR containment was represented by a single node
model which was further subdivided, as discussed below, to exercise the finite difference option.
All internal structures such as walls, floors, piping, etc. were neglected for this simple analysis.

Two separate three dimensional finite difference noding schemes were used to model the HDR
containment The first model consisted of a simple twelve nodes model (see Figure 2). Each
of the nodes were equally sized with subdivisions of the HDR containment into

2 layers in the x-direction
3 layers in the ̂ -direction
3 layers in the z-direction

The second model was similar to the first except the number of subdivisions were increased. The
subdivisions were increased to 2816 equally sized nodes (Figure 3) as follows:

16 layers in the x-direction
16 layers in the y-direction
11 layers in the z-direction



The containment volume was initially assumed to be 120°C and at a pressure of 200 kPa.For both
models, helium was injected at a temperature of 120°C and a pressure of 250 kPa. The helium
was injected at a height of 30 meters from the bottom of the containment. The helium was
injected near a frictionless containment wall and allowed to disperse through the containment
building. Figure 4 shows the helium injection rate profile assumed.

The WGOTHIC model developed for this analysis assumed an injection of buoyant fluid which
was injected into a node near one of the containment walls. A buoyant plume then generated
along the side of the containment wall from the point of injection. No friction was considered
along the wall of the containment. Under these conditions, considering the symmetry of the
round plume, the volumetric entrainment can be assumed to be half the value of equation (4).

6.0 RESULTS

WGOTHIC Twelve Node HDR Model

Figure 5 shows the velocity profile predicted within the volume during the helium injection for
the twelve node case. The figure shown is ten seconds into the transient. The flow patters for
this case encompass the entire containment. This case also tends to entrain a great deal of fluid
from the containment volume below the injection point. As a result, this case tended to overmix
the containment building by predicting very little stratification of the helium release.

WGOTHIC 2816 Node HDR Model

The 2816 node WGOTHIC model predicted containment results significantly different from the
twelve node model. Figure 6 shows the velocity profile predicted within the volume. The
increased number of subdivided nodes resulted in a high velocity helium flow above the injection
point. Below this point, however, the containment atmosphere remained relatively undisturbed.
The increased noding enabled WGOTHIC to accurately predict a containment with a significant
stratification of helium. Figure 7 shows a concentration profile of the containment volume. The
figure shows helium pressure ratios, where the lines represent helium pressure ratio isograms.
The figure shows that helium clearly stratifies within the containment volume.

Figure 8 shows the predicted directions of the velocity vectors within the containment volume.
Here, the scaling factor has been adjusted to increase the size of smaller velocity vectors relative
to the larger ones from Figure 5. The predicted plume expansion angle from the Peterson-List
relations is also shown to scale on Figure 8. The results show that the WGOTHIC predicted
buoyant plume that reasonably approximates the expected plume dimensions. The directional plot
shows that WGOTHIC draws fluid from several layers below the injection point However, the
velocity plot (Figure 5), indicated that, except for the first layer, the flow from layers below the
injection point is very small and directed downward due to the pressurization of the nodes above.

Finally, Figure 9 shows the expected entrainment versus height from Peterson-List Also shown
in Figure 9 is the code calculated entrainment versus height. The figure shows that this noding



tends to somewhat overpredict entrainment over the lower portion of the plume, and underpredict
entrainment at higher elevations. The underprediction at higher elevations may be a result of the
upper boundary which would cause a deviation from the infinite volume solution. It is expected
that finer nodes near the injection point could improve the model, but current computational
limits prevented further investigation

7.0 CONCLUSIONS

The results show a strong correlation between subdivision detail and the calculated flow patterns.
Clearly, the mesh size for any containment problem should be related to the expected results and
the characteristics of the problem. In many situations requiring detailed flow distributions in
non-homogenous environments, fine mesh size may be required to obtain realistic results. In this
case, mesh size may play a highly critical role. Incorrect mesh size may reduce the accuracy of
the results, despite a highly accurate containment model in all other aspects. A full
understanding of requirements to accurately represent relevant physical phenomena could
theoretically lead to a return to simpler models once the impact of simplification is fully
understood.
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Figure 1a: Simple Model of Open-Top Room with Expanding Plume and
Entraining Flow Through an Opening
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Figure 1b: Simple Coarse Node Computer Code Model of Open-Top Room With
Numerically Expanded Plume
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Figure 2: Coarsely Noded
Containment Volume

_i i i I_I_I ( i i i i i t i i j

£kSSSSS

r«r ~ TOrn nan "tirr - i

IZZ

IT

1

Figure 3: Finely Noded Containment
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Figure 4: Helium Injection Profile Figure 5: Twelve Node Containment
Volume Velocity Profile at 10
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Figure 6: 2816 Node Containment
Volume Velocity Profile at 10
Seconds

Figure 7: 2816 Node Containment
Volume Helium Pressure Ratios at 40
Seconds
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Figure 8: 2816 Node Containment
Volume Flow Direction Profile at 10
Seconds with Expected Plume
Location

Figure 9: Expected and Code
Calculated Entrainment Versus
Height from Injection Point


