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GOTHIC CODE EVALUATION OF
ALTERNATIVE PASSIVE CONTAINMENT COOLING FEATURES

Mirela Gavrilas, Pavel Hejzlar, Neil E. Todreas, Michael J. Driscoll

ABSTRACT

The GOTHIC code was employed to assess the effectiveness of several original heat
rejection features that make it possible to cool large rating containments. The code was first
verified and modified for specific containment cooling applications; optimal mesh sizes,
computational time steps, and applicable heat transfer correlations were examined. The
effect of the break location on circulation patterns that develop inside the containment was
also evaluated.
GOTHIC was then used to obtain preformance predictions for two containment concepts: a
1200 MWe new pressure tube light water reactor, and a 1300 MWC pressurized water
reactor. The effectiveness of various containment configurations that include specific
pressure-limiting features have been predicted. For the 1200 MWe pressure tube light
water reactor, the evaluated pressure-limiting features are: a large water pool connected to
the calandria, large containment free volume and an air-convection annulus. For the 1300
MW e pressurized water reactor, an external moat, an internal water pool, and an air-
convection annulus were evaluated. The performance of the proposed containment
configurations is dependent on the extent of thermal stratification inside the containment.
The best-performance configurations/worst-case-accident scenarios that were examined
yielded peak pressures of less than 0.30 MPa for the 1200 MWe pressure tube light water
reactor, and less than 0.45 MPa for the 1300 MWe pressurized water reactor. The low
peak pressure predicted for the 1200 MWe pressure tube light water reactor can be in part

attributed to its relatively large free volume, while the relatively high peak pressure
predicted for the 1300 MWe pressurized water reactor can be attributed to its relatively
small free volume (i.e., the size used was that of a pressurized water reactor containment
designed with active heat removal features).
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Nomenclature:
Dh — hydraulic diameter (m),
h-mix -- heat transfer coefficient for duct convection (W/m^K),

" radiative heat transfer contribution to annulus heat transfer (W/m^K),
-- effective radiative heat transfer coefficient (W/m^K),

Re - Reynolds number,
Pr - Prandl number,
^mix ~ conductivity of the air-steam mixture (W/mK),
T w o - wall temperature (K),
Tjujx - air-steam mixture temperature (K),
L ~ distance from inlet (m),
S — gap width (m),
e ~ wall emissivity, and

a ~ Stefan-Bolzman constant (W/m2K4).

1. INTRODUCTION

The reactor containment is defined as the controlled leakage enclosure that surrounds the
nuclear steam supply system (NSSS), and which includes any associated systems that
enable this enclosure to maintain its leak tightness. Its purpose is to mitigate the
consequences of an accident by preventing the release of radiation to the environment. The
preservation of this ultimate barrier against the release of radioactive materials to the
environment has become a very important research objective within the last decade. The
current goals for containment design are to achieve entirely passive cooling in case of any
postulated accident, including those that are classified as beyond design bases.

Several reactors are already being offered that include passively cooled containments; a
series of other passively cooled containment designs are currently being developed. The
most notable passively cooled containments are those designed by Westinghouse for the
Advanced Plant 600 MWe (AP600) and by General Electric for the Simplified Boiling
Water Reactor (SBWR). Entirely passive heat rejection from both these reactors can only
be attained because of their small power rating.

To maintain consistency of passive decay heat removal throughout the overall plant design,
it is highly desirable that the containment shell cooling in the accidents leading to
containment pressurization can be achieved by natural phenomena only. The thick
prestressed-concrete containments can be readily excluded from further consideration
because of the inherently low thermal conductivity of the concrete and their large wall



thickness (around 1 m). These lead to marginal heat transport rates through the wall. A
free standing cylindrical steel containment was thus chosen for both the pressure tube light
water reactor (PTLWR)1 and the large rating pressurized water reactor (PWR). A concrete
shield building was also included in both these containment designs. Its main purpose is to
protect the primary steel shell from external events, e.g., tornado or aircraft impact. It also
provides radiation shielding if fission products are released into the containment. An
important advantage of this design is that there is experience with currently operating
reactors that have a free standing cylindrical steel shell containment surrounded by a
concrete shield building. The principle difference is that the shield building proposed for
the current designs has to allow for natural circulation of air, and thus the annulus between
the steel shell and the shield building has to be equipped with air intakes and air outlets to
permit flow of ambient air. Furthermore, the large rating PWR containment design
includes an external water pool that floods the lower portion of the annulus.

An important consideration associated with passive cooling is stratification of the
containment atmosphere. The in-containment layout should provide pathways promoting
natural circulation of the hot containment atmosphere to the air-cooled containment walls.
The current analysis identifies accident scenarios that lead to the development of a thermally
stratified containment atmosphere and means of breaking the stratification.

The purpose of both the PTLWR and the large rating PWR analyses is to show that the
containment pressures in the limiting accidents remain below the design limits using only
passive cooling. Note that active systems such as containment sprays and fans may be
available, but no credit for the functioning of these systems is taken.

2. GOTHIC CODE VERIFICATION AND CHANGES

The computational tools currently available for the study of containment atmosphere
behavior under accident conditions employ mainly lumped parameter models. GOTHIC
[Ref. 1] is a subdivided volume code and is thus one of the available computational tools
that is suitable for predicting thermal stratification and, consequently, properly evaluating
the heat rejection capability of containment cooling features and systems. Since the
principle use in the industry of the code version available at M.I.T. has been limited to
specific in-containment analyses and lumped-model short term heat rejection analyses, a
series of verification steps were necessary before the GOTHIC code was used for the
required heat rejection analyses of subdivided volumes during long term transients.

2a. GOTHIC Input Variables and Run Parameters

Several early runs were made to determine the necessary run parameters. The principle
reason for making these runs was to optimize prediction accuracy and code run time. In
each case a PWR containment model was used and a large break LOCA transient was
simulated. It is important to note that the size and compartmentalization of the PWR
containment that was used in all these runs is that of the Waterford 3 containment, which is
a steel shell surrounded by a concrete shield building. Since Waterford 3 was designed
with active systems for post-accident heat removal, its size is significantly smaller than that

'The PTLWR is an innovative passive pressure tube LWR concept proposed by Hejzlar, eL al. (see P.
Hejzlar, N.E. Todreas and M J. Driscoil, "Conceptual Design of a Large, Passive Pressure-tube Light Water
Reactor", DOE/ER^757854, June 1994))



foreseen for passively cooled large rating LWRs. This results in large peak pressure
predictions from all these runs.

Optimizing Computational Time Steps

The most important of these preliminary runs were those related to the computational time-
steps. The predictions obtained from the GOTHIC runs are highly sensitive to
computational time steps. The importance of proper time step choice is especially clear in
transients that involve blowdowns. Once a proper series of time intervals and
corresponding time steps was selected for a specific configuration and transient, the validity
of the prediction can be verified by halving the time steps in a subsequent run. It is
important to note that during the current work this was found to be an absolutely necessary
verification.

Exploiting Geometric Symmetry

One of the most significant limitations of the GOTHIC code is the run time. A typical large
break LOCA transient requires a three day real-time simulation. Depending on the
nodalization of the containment such a transient can take more than six days run time on a
486 DX2 machine. GOTHIC run times were reduced by modeling only a pie sector of the
containment; the quarter and eighth pie sector models yielded results very close to a full
containment model. Run times were significantly reduced (by more than 30% in most
cases) by using the eighth containment model for routine runs. Figure 1 shows the meshed
full- and eighth-containment models used for input into GOTHIC. The pressure histories
for the central lower containment cell for the full-containment lumped model (i.e., the
reference model) and the full-containment meshed model (3x3x3 nodalization of the lower
and upper containment subvolumes), and the eighth-containment lumped model are shown
in Figure 2. The close overlap of all the curves indicates that the eighth-containment
lumped model can be used reliably.

Choosing the Subvolume Nodalization

Figure 3 shows the effect of changing the nodalization of the eighth-containment model on
the prediction of in-containment behavior. The predicted pressure histories for the lumped
and meshed (both 2x2x3 and 3x3x3 meshing of the lower and upper containment
subvolumes) models are very close. This indicates that lumped models can be used for
preliminary calculations in certain cases. In this case, for example, the nodalization had
little effect because the model was that of a dry containment cooled by air convection alone.
Lumped models should be used with great care for models that contain water bodies.

2b. GOTHIC Heat Transfer Correlations

The initial version 3.4 of GOTHIC had several air convection heat transfer correlations that
were inadequate for the annular geometry proposed for the PTLWR and the large rating
PWR containments. The flat plate turbulent natural convection correlation was used to
evaluate the performance of a bare steel shell containment. The heat transfer coefficient for
flat plate turbulent convection was found unsuitable for forced convection flow in an
annulus, which led to the examination of several possible alternative correlations. Among
the suitable correlations examined were Gang Fu's correlation [Ref. 2], the Sohn and
Cheung correlation, and the modified Sparrow correlation. The forced convection duct-
flow correlation developed at Argonne National Laboratory (ANL) [Ref. 3] was found to
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Figure 1. The full- and eighth-containment models used in GOTHIC
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Figure 3. Comparison of predictions obtained for the eighth-containment model with
different nodalizations

be the most appropriate because it contains all relevant fluid-, geometry- and regime-
dependent properties, and because it has been tested experimentally for conditions similar
to those in large containments.

An addition to the code was effected that allows the use of the ANL duct-flow heat transfer
correlation. The ANL correlation is:
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This correlation has been verified experimentally at M.I.T. in 1994 [Ref. 4] and was
proven suitable for a 0.25m gap width. The ANL duct-flow correlation was later expanded
to account for the contribution of radiative heat transfer in the annulus by defining an
effective heat transfer coefficient that uses the emissivities of the steel shell and the concrete
shield:

(2.2)

where:
rad

", and (2.3)
h . -i-h

mix rad



h = 4 e o T .
rad wo

(2.4)

Three GOTHIC runs were done that show the relative effect of using different air heat
transfer coefficient correlations on predicted pressure transients. Run #1 employs the flat-
plate turbulent convection correlation. This model thus corresponds to a bare steel shell
containment in which heat rejection to the environment occurs only through buoyancy
driven air flow along the shell (i.e., there is no external baffle). Run #2 employs the ANL
duct flow correlation. This second model thus corresponds to a steel shell containment
surrounded by a concrete shield building, in which radiative heat transfer in the annulus is
suppressed. Run #3 employs the effective heat transfer coefficient correlation which was
obtained by modifying the ANL duct-flow correlation to include the contribution of
radiative heat transfer. This model thus closely approximates the heat rejection to the air in
a containment configuration that consists of a steel shell and a concrete shield building.

Figure 4 shows the pressure history for the central lower containment cell for the three runs
(and the reference case run, which employs the lumped full containment model). As
expected, duct convection is more efficient than flat plate convection, which results in a
drop in maximum pressure from 195 psia to 173 psia. The most realistic prediction is
obtained using the modified ANL heat transfer correlation that includes the contribution of
radiative heat transfer. The contribution of radiative heat exchange is significant in the peak
pressure region, which materializes in a reduction of the peak pressure to 145 psia.

The conclusions from these runs is that performance is improved by the transition from a
bare steel shell containment to a double-enclosure containment. The improvement in
performance is achieved because duct-flow is more effective in removing heat from the
containment boundary than flat plate flow, and because radiative heat exchange in the
annulus augments the heat removal rate from the containment boundary.
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Figure 4. Comparison of GOTHIC predictions obtained for different heat transfer
mechanisms at the steel shell boundary



2c. Comparison Between GOTHIC and CONTAIN

This analysis was part of the PTLWR studies. The pressure histories for the double-ended
rupture of a hot header at the surge line connection combined with isolation valve failure
scenario calculated by GOTHIC and CONTAIN 1-cell models are compared in Figure 5.
Three main differences can be observed - the difference in magnitude of the blowdown
peak, the time difference in the initiation of long-term pressurization and the absence of the
tertiary peak.

First, the blowdown peak (and consequently the maximum pressure peak) calculated by
GOTHIC is about 15% less than the peak obtained by CONTAIN. The reason for this
discrepancy lies in the different condensation heat transfer coefficients used. The
CONTAIN condensation heat transfer is based on basic condensation processes given by
Collier [Ref. 5]. GOTHIC employs Uchida's correlation [Ref. 6], which has been
experimentally verified on typical PWR blowdown scenarios. However, the PTLWR
blowdown scenario for this accident scenario differs from a typical LWR scenario in that it
exhibits a fast blowdown phase of the affected loop (see first subpeak) and a prolonged
blowdown phase at a slower rate from the unaffected loop. This second phase is
responsible for the main blowdown peak, and it is here where the discrepancy occurs.
Since the CONTAIN condensation heat transfer model incorporates the physics of the
phenomena, while Uchida's correlation is based on experiments with a limited range of
validity (not verified on a double-peak blowdown case) the CONTAIN results may be
better suited for this scenario. CONTAIN also gives more conservative results.

The GOTHIC model predicts a later time (800 versus 500 seconds) for the long-term
pressurization initiation. This difference is the consequence of simplifying assumptions in
the CONTAIN model for generation of steam mass flow rate from calandria, which
assumes constant saturation temperature of the water in the calandria, i.e., the increase of
saturation temperature due to a pressure increase is not included. Therefore, evaporation
begins conservatively earlier in the CONTAIN model.
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Figure 5. Comparison of pressure histories predicted by GOTHIC and CONTAIN for the
double ended rupture of a hot header at the surge line connection combined with isolation
valve failure



The CONTAIN tertiary peak at 4xlO5 seconds is not observed in the GOTHIC results.
This is also the consequence of the simplifying assumption of constant saturation
temperature of the pool water employed in the model. Also, the higher pressure in the pool
(as compared to the pressure of the containment atmosphere) due to the water head was not
introduced in CONTAIN calculations. Because of these assumptions introduced into
CONTAIN input data, the pool reaches the saturation state earlier. The sensible heat of the
pool above a temperature of 100'C, for pressure above atmospheric pressure, is therefore
not taken into account, which results in a tertiary pressure peak from the increased steam
generation. A more exact treatment of the integrated pool-calandria-containment system
using GOTHIC shows that the pool will reach saturation at a later time. Thus the
CONTAIN results are conservative.

2d. GOTHIC Evaluation of Factors Affecting Thermal Stratification

For the PTLWR concept, the following factors having influence on thermal stratification
inside a passively cooled containment have been identified:

• elevation of the long-term steam release,
• break elevation,
• presence of crane walls or baffles, and
• form of long-term steam release (e.g., plume or jet).

To investigate the effects of these individual factors, five GOTHIC runs, shown
schematically in Figure 6, were performed.

Run #1 is a reference case with the break in the primary system located at a low elevation,
low-elevation long-term steam release in the form of a plume2 and with crane walls to
promote natural circulation along the containment walls. Release of steam in the form of a
plume is achieved by discharging the steam into the one-volume calandria space, and
turning-off the option of momentum transport for junctions connecting the calandria space
and upper meshed containment. Figure 7 shows the history of atmosphere temperatures in
the calandria space, "T-cal.space," and three axial levels, "T-levell," "T-level4," and "T-
level 7," where levels 1 and 7 designate the bottom and top level, respectively. It can be
observed, that after blowdown, the atmosphere in the upper containment is well mixed.
Figure 8 shows the axial inner-wall temperature profile along the containment height at
1.95x10^ seconds (time of the maximum pressure peak). The temperature difference
between the top and the bottom of the containment shell is small. The reason for such a
uniform temperature profile can be deduced from the velocity vectors of vapor; hot steam
from decay heat rises from the calandria space through the center of the upper containment
to the top and returns down along the air-cooled containment walls, thus exposing the
entire steel shell to high temperature. Circulation behind the crane wall seems to be more
pronounced than near the containment wall without the neighboring crane wall.

Run #2 explores the effect of the location of the break. It assumes that a steam line break is
located 40m above the main deck. Long-term steam release is assumed at low-elevation in
the form of a jet directed upward and located in a near-central channel. The configuration
of crane walls is the same as for Run #1. Following the blowdown at high elevation,
thermal stratification was established to some extent,^ but broken by the long-term hot

2Note that in the PTLWR, the location of the long term steam release differs from the location of the break.
^The extent of thermal stratification at the end of blowdown from the steam line break was very small since
the violent discharge of the steam from the break promotes mixing of the entire containment atmosphere.
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Figure 6. GOTHIC runs and factors affecting thermal stratification
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steam arising from the jet. The steam velocity vectors at 1805 seconds show that
significant natural circulation patterns can be observed with vapor entrained by a jet stream
rising from the jet to the top and returning down along the wall. Once the natural
circulation patterns are established, a state of well-mixed containment atmosphere is
retained beyond 1805 seconds (the scenario was not calculated further to save computer
time). The conclusions to be drawn from this run are twofold. First, thermal stratification
resulting from the blowdown at high elevation is not significant due to very high steam
velocities from the break, which promote atmosphere mixing in the whole containment.
Second, the low-level location of the long-term decay heat release breaks the thermal
stratification that may eventually result from the high level break.

Run #3 is a hypothetical case which assumes that the steam from decay heat is released at
the top of the upper containment. The steam jet was directed upward and placed in the
central volume of the highest layer of nodes (under the roof). The break location and the
crane walls are the same as those described for Run #2. Figure 9 shows the time
development of the inner-wall temperature profile. Significant axial nonuniformities can be
observed as the wall heats up. At 12,000 seconds, the upper half of the containment wall
is hot, while the lower portion remains substantially cooler, with its first 10 meters 50*C
cooler than the upper half. The hot front moves very slowly downward as time
progresses, but a large temperature difference between the top and the bottom remains.
The reason for this situation is observed on Figure 10. The hot steam cannot reach low
elevations since the atmosphere in the containment creates circulation cells in the upper
portion of the containment. The location of long-term steam release is thus a very
important factor in containment pressurization events.

Velocity vectors on Figure 10 suggest that the crane wall may impair the development of
circulation cells between the cooled containment wall and the center, and thus make the
situation worse once thermal stratification has been established. To evaluate the effect of
crane walls, Run #4, which uses the same configuration as Run #3 but without the crane
walls was run. The results, presented in Figure 11, show that the crane wall used in the
proposed concept does not have any significant impact on the scenario once thermal
stratification has been established. Note, however, that this conclusion is not general,
since a higher crane wall may have a more pronounced effect.

A more realistic location of a high-elevation long-term release point in an LWR containment
would be somewhere in the midplane, depending on the break location. Run #5 gives the
assessment of such a scenario. The steam is released in the form of a jet directed upward
and placed in the axial center of the subdivided upper containment. Velocity patterns in
Figure 12 show significant natural circulation. No thermal stratification is evident for this
case, however, caution should be exercised regarding the generalization of these results
because different containment arrangements with obstructions preventing communication
between the space below and above the jet may yield a quite different situation.

It can be concluded from these runs that the elevation of the long-term steam release is the
dominant factor with respect to thermal stratification. A high-elevation release results in
significant thermal stratification, while a low-elevation release leads to stratification breakup
and ensures a well-mixed containment atmosphere. In the PTLWR concept, long-term
steam release at low elevation is guaranteed by the design. Consequently, the atmosphere
should be well-mixed in the long term. Mid-elevation release leads also to good
atmospheric mixing, but one needs to consider the details of in-containment arrangement.
Note that containment arrangement in relation to the location of long-term steam release can
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also affect thermal stratification. If the steam release from decay heat occurs in the upper
portion of the containment and the communication between the upper and lower part is
restricted by internal structures, thermal stratification can result. This factor was not
evaluated since it depends on the particular details of a containment design.

Blowdown elevation is of minor importance for two reasons. First, the passive cooling of
the containment shell does not play any significant role during the short blowdown period;
hence, cooling cannot be impaired by thermal stratification. Second, the high velocity of
the coolant escaping from the break leads to relatively good atmosphere mixing in the entire
volume. However, this conclusion may not be true for all containment configurations, as it
also depends on the arrangement of rooms and structures inside the containment.

The crane wall is used in the proposed PTLWR design to promote natural circulation.
Calculations showed that it can enhance circulation if the long-term heat source is located at
low elevation. If the long-term steam release is at high elevation, a crane wall or other
baffle-like constructions do not improve natural circulation. They can even have the
reverse effect, because they can break up circulation cells between the center of the volume
and the cold walls. In any case, crane walls or baffles cannot be used as the only means to
break up thermal stratification. In the PTLWR design, the use of crane walls is warranted
as it enhances the already established natural circulation pattern in the desired direction.

Two forms of steam release have been investigated — a plume and a jet. An upward-
directed jet of steam located in the lower portion of the containment significantly enhances
natural circulation and mixing. The contribution of the jet located at high elevation to
stratification breakup is negligible. Releasing the steam in the form of a plume at the
bottom is sufficient to establish natural circulation and to attain a mixed atmosphere.

3. GOTHIC CODE PREDICTIONS FOR
A PASSIVE PRESSURE TUBE LIGHT WATER REACTOR

The containment proposed for the PTLWR concept is a free standing cylindrical steel
containment with a concrete shield building; Figure 13 shows its configuration. The in-
containment arrangement of primary system components for the conceptual PTLWR design
is very similar to that of CANDU reactors. Since the power of the CE-CANDU is uprated
to 1260 MWe, as compared to the typical 600 MWe of conventional CANDUs, the size or
the number of primary system components were scaled up.

The resulting containment has a steel shell with an inner diameter of 60m, total height of
81m, and thickness of 4 cm. It has an ellipsoidal shell at the base embedded in the
reinforced concrete foundation mat. Part of the vertical cylindrical portion of the steel shell
is also embedded in the reinforced concrete mat.

An important characteristic of this containment design involves the location of primary
system components relative to the air-cooled portion of the containment. Figure 13 shows
the calandria and, especially, the entire pool with flood water located below ground level
and not cooled by air. The purpose of this arrangement is twofold. First, it prevents rapid
loss of flood water, should a severe seismic event disrupt the steel shell. Second, all
primary system components and piping are located in the lower region of the containment,
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which limits the locations of potential breaks to the lower region. This assures good
mixing of the containment atmosphere following primary system blowdown.

To prevent potential stratification, two features are designed into the containment. First, a
crane wall supporting a polar crane creates a passage for promoting natural circulation in
the passive cooling mode. The crane wall also provides protection against missiles and
fluid jets. A second important feature which would play a key role in eliminating eventual
stratification is the low-elevation location of the steam exhaust lines from the calandria.
Upon opening of a passive valve, which is followed by calandria flooding, all decay heat is
removed in the form of steam released from the calandria. This steam will establish
circulation patterns by entrainment of stagnant containment atmosphere in turbulent buoyant
plumes rising from the valve exhaust piping to the top of the building.

Another important characteristic of the PTLWR containment is the flooding pool. Its
primary purpose is to flood the calandria and to provide a heat sink for the fuel. In the long
term, it also absorbs significant energy as sensible heat and decreases heat load on the
containment shell. The volume of the flooding pool is sized (4200 m^) to release its
sensible heat gradually during the long-term pressurization period until the pressure peak is
passed, thus decreasing both the rate of pressure rise and the magnitude of the peak. This
approach has the advantage of allowing early steam release (after the flood water in the
calandria, not the whole pool, reaches the saturation temperature) from the calandria in the
form of a jet, thus promoting containment atmosphere mixing.

The GOTHIC code was used to analyze the typical accident scenario for the proposed
PTLWR-- the double-ended rupture of a hot header at the surge line connection combined
with isolation valve failure. The pressure history predicted by GOTHIC has been
discussed in Section 2c, and shown in Figure 5. The other valuable predictions obtained
from GOTHIC for this accident scenario pertain to the temperatures of the calandria and
flooding pool throughout this transient, which could not have been obtained from
CONTAIN. In particular, the later time for the long-term pressurization initiation predicted
by GOTHIC is the consequence of the more exact treatment of integrated pool-calandria-
containment system using GOTHIC. This treatment shows that the pool will reach
saturation at a later time than predicted by CONTAIN. The temperature histories of the
flooding water in the calandria and the pool are shown in Figure 14. Water in the calandria
reaches the saturation temperature at about 1000 seconds; afterwards the temperature is
maintained at the saturation temperature corresponding to the partial steam pressure. The
temperature of the pool remains below saturation temperature during the entire transient.

It should be noted that, recently, considerable attention has been paid to containment
performance in severe accident sequences resulting in core melt. This is very unlikely in
the PTLWR design because:

• the system is passive, works at low pressure and does not depend on electric power,
• there are several redundant and diverse valves, and
• there is a long time available for the operator to initiate flooding manually, if
everything else fails.
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Figure 14. GOTHIC predicted histories of liquid temperature in the flooding pool and the
calandria for the double ended rupture of a hot header at the surge line connection combined
with isolation valve failure

4. GOTHIC CODE PREDICTIONS FOR
A LARGE RATING LIGHT WATER REACTOR

Passive heat rejection can be achieved by significantly enhancing the heat transfer from the
containment boundary to the environment. This can be done by increasing the surface area
and free volume of the containment building, and/or by increasing the effective heat transfer
coefficient at the interface between the containment and the environment. An increase in
surface area and free volume of the containment results in increased construction costs, and
also posses some problems in the manufacturing and assembly of the shell (if a steel shell
enclosure is selected). Steel is the preferred shell material because of its high conductivity,
which facilitates the transfer of heat from the inside of the containment to the exterior of the
shell. The increase in effective heat transfer coefficient has been achieved by exploiting
phase change phenomena. For example, the AP600 is designed with a passive spray
system that delivers water on the top of the containment shell; the heat transfer is thus
increased by more than an order of magnitude on the wetted area relative to that achieved by
the convection of air alone. To get similar performance in a large rating reactor, the heat
transfer increase needs to be significant if the size of the containment is maintained
comparable to that of currently operating light water reactors, which include active heat
removal systems.

The selection of a containment configuration for the passively cooled large rating PWR was
made based on pre-existing PWR containments, and their suitability to having specific heat
rejection features incorporated into the design. The EBASCO-designed free standing
cylindrical steel shell with a concrete shield building was chosen. The advantages of using
a proven containment concept as a starting point for the proposed design are twofold; first,
the technology to construct such a design is readily available, and the cost effectiveness
(excluding implementation of exceptional heat rejection features/systems) is proven.



The main scope of GOTHIC runs for the large rating PWR is to evaluate the heat rejection
capability of a containment equipped with specific features such as an external moat. To
incorporate this feature into the design without significant increase in construction cost, this
pool has to be located at the bottom of the containment shell. For such a low-lying pool to
maintain its effectiveness, it is necessary to prevent significant thermal stratification inside
the containment. This means that other systems/features (e.g., a baffle wall that enhances
convection inside the containment) may need to be added to get proper mixing of the
atmosphere.

From the standpoint of adaptability to specific heat rejection features, the EBASCO-
designed containment can easily be adapted for convection of air in the annulus formed
between the steel shell and the concrete shield. Furthermore, the steel shell provides a path
of little thermal resistance to a water body that surrounds the containment. The
combination between enhanced convection to the air (due to the transition from flat plate
convection to duct flow) and rejection of heat to an external water body significantly
augments the heat rejection capability of this proposed large rating PWR containment
design.

Figure 15 shows the schematic of the proposed large rating PWR containment design.
Figure 16 illustrates the corresponding modeling of subvolumes in GOTHIC. The
containment used as a base for the design is the Waterford 3 PWR containment, i.e., the
dimensions and compartmentalization of volumes, the size and location of heat sinks, and
the modeled accident scenarios were tailored from Waterford 3 FSAR information [Ref. 7].
The design-pressure-setting accident for currently operating reactors is the double-ended
large break LOCA. For all runs discussed in this paper, the large break LOCA accident
scenario was input into GOTHIC. Note that beyond design basis accidents will be
evaluated once a more definitive design is set forth. Also, the main steam line break
accident scenario has to be analyzed, since a high break is expected to lead to thermal
stratification in the containment, which decreases the efficacy of low-lying heat rejection
features.

The containment has a 60m diameter and is approximately 60m high4. The concrete shield
building is 1.75m thick. The gap between the steel shell and the concrete shield is 0.25m.
The concrete shield is equipped with air-intake vents in the middle (i.e., 30m above ground
level). The lower half of the steel shell is covered by water. The external water body can
have either of two forms: it can be a pool that is confined by the steel shell on one side and
by the concrete shell building on the other, or it can be a large moat.

The external pool configuration that has been studied to date is the moat, i.e., the lower half
of the steel shell was submerged in a large body of water5. The moat modeled in GOTHIC
is very large and thus remains at ambient temperature throughout the transient. Heat
transfer from the steel shell to this moat thus occurs through free convection, and the steel
shell area covered by water remains constant throughout the transient. Furthermore, a
large internal water pool was added to the design. The internal pool covers the lower 10m

4Note that other large rating LWR containment configurations proposed for entirely passive cooling are 20
to 35% larger in volume than that used for the current analyses.
5In the case of an external moat, the submerged portion of the concrete shield building has to allow for
significant fluid flow between the annular region of the pool and the region of the pool outside the concrete
shield.
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of the containment. The large volume of this internal pool adds a significant in-containment
heat sink. Furthermore, the surface area of this pool (which does not reach saturation
during the 3 day transient modeled in the current study) provides a very effective
condensation surface for containment atmosphere vapor.

The principal heat rejection features proposed for the large rating PWR containment were
evaluated individually and as groups; Figure 17 illustrates the containment configurations
that were modeled in GOTHIC. Figure 17a corresponds to a containment that consists of
only a steel shell that is exposed to the atmosphere; in this case, heat rejection to
environment occurs through flat plate convection to the air. Figure 17b corresponds to a
containment that consists of a free standing steel shell surrounded by a concrete shield; in
this case heat rejection to the environment occurs through convection to the air flowing
through the annulus, which is effectively duct-flow. Figure 17c shows a configuration
similar to that of 17b, but to which an internal baffle has been added; the baffle enhances
circulation inside the containment and thus increases the rate of heat transfer to that steel
shell. Figure 17d shows a configuration also similar to that of 17b, but to which an
internal pool has been added; the internal pool occupies the lower 10m of the containment,
and thus its surface is available for very effective steam condensation, and the body of
water is available as an additional in-containment heat sink. Figure 17e shows a
configuration that corresponds to a containment such as that of 17b, but in which the lower
half of the containment is submerged in a large moat; in this configuration heat is rejected
through the steel shell directly to the moat in the lower part of the containment, and to the
air-steam mixture flowing through the annulus on the upper pan of the containment.
Finally, Figure 17f shows a configuration that combines the internal pool and external pool
features; in this case, heat steam condensation inside the containment is augmented by the
availability of the large surface of the internal pool, and heat rejection to the environment
occurs through heat transfer to both the external pool and the convecting air.

Figure 18 shows the pressure history in the lower containment central cell for a large break
LOCA accident predicted by GOTHIC for each of the containment configurations described
above. This figure allows a preliminary rating of containment features according to their
effectiveness. All curves show two pressure peaks. The first one occurs during the
blowdown period, and its magnitude is largely insensitive to the incorporation of heat
rejection features. The second one (which is the peak pressure for the three day transient
modeled in these runs) occurs due to decay heat release and is strongly dependent on the
heat rejection features incorporated in each containment configuration.

As expected, the shell containment cooled by air convection alone yields the highest peak
pressure. Duct-convection of air has a larger heat transfer coefficient, and consequently the
peak pressure is lower in the configuration that has an air-only annulus. The addition of a
baffle, which increases circulation inside the containment, to an air-only annulus
configuration (as shown in Figure 17c) has practically no effect on the overall performance
of the containment.

A significant effect is however observed when a water body is modeled as a containment
cooling feature. The peak pressure is significantly decreased when an internal water pool is
added. The internal water pool (as shown in Figure 17d) covers the lower 10m of the
containment and thus decreases the interior containment surface area available for steam
condensation. However, the pool surface area, which is larger than the containment
surface area occupied by the pool, becomes an additional steam condensation surface. The
net effect is a significant reduction in peak pressure.
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The most effective heat removal feature is the external pool. The GOTHIC model that
includes a moat (as shown in Figure 17e) yields the lowest peak pressures. For the
reference containment used for input into GOTHIC, the relatively small size of the
containment limits the peak pressure reduction that can be attained with any heat rejection
feature or combination of heat rejection features. However, even for such a small
containment, the combination of an air-annulus, an external moat, and an internal pool
yields a peak pressure of less than 65 psia. Note that for the moat to be effective,
condensation must occur on the adjacent inner containment wall; heat transfer would be
significantly curtailed by an inner water pool.

The heat rejection and storage rates predicted by GOTHIC for the internal pool
configuration (Figure 17d) and the external moat configuration (Figure 17e) were plotted
separately on Figure 19 and 20, respectively. As can be seen from both figures, the heat
rejection to the water body constitutes the principal heat sink in either case. Furthermore,
the water bodies provide additional driving force for the convection of the air-steam mixture
inside the containment. The fact that proper mixing of the containment atmosphere occurs
is essential since thermal stratification inside the containment would decrease the rate of
heat transfer to the water heat sinks by effectively lowering the temperature difference
between the water body and the adjacent air-steam mixture.

5. CONCLUSIONS

The GOTHIC code is a valuable tool for containment analysis because of the soundness of
the physical models employed and because of its relative ease of use. However, run times
can be significant when detailed analyses are required. The optimization of computational
time steps according to fundamental physical principles that dominate specific time intervals
of a transient can shorten the total duration of a run. Caution has to be exercised in
verifying the choice of time steps. Furthermore, total run times can be reduced if only
sections of a system are modeled. Given the inherent symmetry in containment design, a
quarter- or even an eighth-section will yield results equivalent to those obtained when a full
containment is modeled (provided that mesh dimensions remain the same, and that all
necessary input data is proportionally down-scaled).

The GOTHIC code predictions also compare favorably with predictions obtained using
CONTAIN, which is a widely used containment analysis tool. The discrepancies between
the results obtained from CONTAIN and GOTHIC are expected because of the simplifying
assumptions employed in both codes. Furthermore, obtaining detailed spatial information
from CONTAIN requires tedious input preparation, while the multi-dimensionality of
GOTHIC readily yields the required data. This becomes very important when thermal
stratification considerations are present, as in the case of the PTLWR and the large rating
PWR containment designs.

The detail of the physical models employed in GOTHIC also make it easily adaptable for
specific applications. This is a very important characteristic when innovative features have
to be modeled. In this work for example, the proper treatment of annulus heat transfer is
essential, because any approximations have significant impact on the results obtained.

Analyses presented in this paper confirm that the maximum pressures reached in the
proposed containments with passive cooling remain within the range of design pressures
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for large dry containments of currently operating PWRs (less than 0.3 MPa for the PTLWR
containment and 0.45 MPa for the large rating PWR containment). In the PTLWR
concept, the main reasons for the feasibility of air cooling only is the large free volume, the
large heat capacity of the water pool, and the large heat storage capability of internal heat
structures, primarily concrete. In the large rating PWR concept, the addition of large
external and internal water bodies, and the increase in heat transfer to convecting air make
passive cooling feasible even for a relatively small containment. However, further studies
have to be carried out to ensure that the proposed large rating PWR containment design can
be passively cooled during main steam line break accidents and during beyond design bases
accidents (including those involving hydrogen generation and steam explosions).
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