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Abstract

The ability of the CONTAIN code to predict the thermal hydraulics of five experiments per-
formed in the NUPEC 1/4-scale model containment was assessed. These experiments simu-
lated severe accident conditions in a nuclear power plant in which helium (as a nonflammable
substitute for hydrogen) and steam were coinjected at different locations in the facility with
and without the concurrent injection of water sprays in the dome. Helium concentrations, gas
temperatures and pressures, and wall temperatures were predicted and compared with the

data. The use of different flow solvers, nodalization schemes, and analysis methods for the
treatment of water sprays was emphasized. As a result, a general procedure was suggested for
lumped-parameter code analyses of problems in which the thermal hydraulics are dominated

by water sprays.
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Sandia National Laboratories, which is operated for the U.S. Department of Energy under
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EXECUTIVE SUMMARY

The thermal hydraulic modeling capabilities of the CONTAIN code were assessed with five
tests performed in the NUPEC 1/4-scale model containment. The tests were intended to simu-
late the thermal hydraulics of a severe accident in a nuclear power plant when helium (as a
nonflammable substitute for hydrogen) and steam are injected into a containment with water
sprays. The NUPEC model containment somewhat resembles U.S. pressurized water reactors
(PWR) in terms of overall geometry and internal configuration although there are some
important differences. For example, the NUPEC facility does not contain any concrete.

The five NUPEC tests that were assessed included tests M-4-3, M-5-5, M-7-1, M-8-1, and M-
8-2. Test M-4-3 had a low-point injection of helium and steam, no water sprays, and the con-
tainment was initially at ambient temperature. Test M-5-5 had a low-point injection of helium
only, water sprays, and the entire test was conducted at ambient temperature. Test M-7-1 had a
low-point injection of helium and steam, water sprays, and was preheated by steam injection
prior to the conduct of the test. Test M-7-1 was designated as International Standard Problem
35 (ISP-35). Test M-8-1 had a midpoint injection of helium and steam, no water sprays, and
the containment was initially at ambient temperature when the test began. Test M-8-2 had a
midpoint injection, water sprays, and was preheated by steam injection prior to the test.

Two different flow solvers and two different nodalization schemes were assessed. One flow
solver, part of the CONTAIN 1.12 W version, assumes the flow path density is the average of
the density in the upstream and downstream cells. The other flow solver, part of the CON-
TAIN 1.12 XBG version, is a hybrid formulation. The hybrid flow solver interpolates between
the average density formulation and a formulation which assumes the flow path density is
equal to the upstream, or donor, cell density. These two flow solvers were each assessed using
two different nodalization schemes. In the 28-node scheme, each physical room in the model
containment was represented by a computational node. The 35-node scheme was similar to
the 28-node scheme except that the dome and pressurizer were subdivided. The dome was
subdivided into 7 volumes, including central and annular cells, to allow circulation in the
dome. The pressurizer was subdivided into 2 volumes to allow gases to circulate with a dead-
end compartment connected to it.

CONTAIN predicted the helium concentrations well in most of the compartments. The most
difficult compartments to predict were the in-core chase, which is an irregularly shaped room
at the bottom of the facility; the pressurizer rooms, which include the dead-end compartment;
and the source rooms. CONTAIN also predicted the gas temperatures well in most rooms.
Similar to the helium concentration predictions, it was often difficult to predict gas tempera-
tures in the in-core chase, the pressurizer rooms, and the source rooms. In addition, for tests
with water sprays, it was difficult to predict the gas temperature in the lower outer rooms. This
was because CONTAIN could not model the forced flow through these rooms owing to the
spray-induced air convection loop. CONTAIN always overpredicted the gas pressure except
for the nearly perfect agreement in the isothermal test when helium only was added. CON-
TAIN generally predicted the wall temperatures well except for the lower outer compart-
ments. A detailed discussion of the difference between the calculations and the data is given in
Section 3. '
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The discrepancies between the predicted and measured values in test M-7-1 were analyzed as
part of the ISP-35 exercise. For the preheat phase, no single source was identified that could
account for all of the discrepancies. Some of the difference could be attributed to the nodaliza-
tion scheme. The state of the injected steam was another possible source. The water sprays
dominated the thermal hydraulics in the test phase. Because of their importance, three differ-
ent methods for treating the water sprays were considered. One approach was the simple
application of the CONTAIN spray model. The sprays had an effect only in the cell in which
they were used: droplets did not automatically fall into the compartment below but collected
in a pool on the floor of the room. The sprays interacted thermally with the gas only in the cell
and not with the cell’s walls or structures. The second approach assumed the water spray pat-
tern was the same as in an unconfined geometry. The amount of spray impingement on the
containment walls was estimated by simple geometrical considerations. The third approach
was based on numerical simulations of water sprays in a confined geometry. In this approach,
the sprays drove large air convection loops. The air pattern concentrated the sprays in the cen-
ter of the dome until they fell to the bottom of the containment. CONTAIN could not model
the hydrodynamics of the air convection loop per se but could account for the increased heat
transfer to the surfaces. In the third approach, the effect of the sprays falling down the center
of the containment was modeled by having a pump draw water from the pool of an upper
room to feed the spray water into a lower room. This approach gave the best results and is
therefore recommended for lumped parameter code analyses of problems where water sprays
dominate the thermal hydraulics.

The two different flow solvers were assessed with the NUPEC tests. Results were quite simi-
lar when the helium was well mixed throughout the facility. Significant differences existed
between the two flow solvers for test M-8-1, which had stratified conditions. For test M-8-1,
the donor cell method (XBG version) produced superior results but only when the 35-node
scheme was used, which allowed mixing to occur above the injection location.

xii




1.0 OVERVIEW

1.1 Introduction

Several series of tests were performed in the NUPEC 1/4-scale model containment to investi-
gate the thermal hydraulics of coinjecting helium and steam into a containment with and with-
out the operation of water sprays. The tests simulated severe accident conditions in a nuclear
power plant under simplified conditions in which helium (as a nonflammable substitute for
hydrogen) and steam were released into a containment. The NUPEC model containment was a
1/4 linearly scaled model of a 4-loop PWR containment as shown in Figure 1.1. The test series
were conducted to determine the mixing behavior of helium throughout the containment,
determine the thermal hydraulics, and to produce data to assess analysis codes. The effects of
mixing from natural convection as a result of density differences, forced convection as a result
of the steam release and water sprays, and break location, were tested.

The main objective of this work was to assess the CONTAIN code using the data from the
NUPEC tests. CONTAIN has models to predict the thermal hydraulic conditions tested in the
NUPEC facility and its lumped-parameter formulation is well suited for analyzing simulta-
neous physical effects in complicated multiple-compartment geometries. In particular, the
ability of the CONTAIN code to predict gas temperature and pressure, wall temperature, and
helium mixing throughout the containment was assessed. Different flow solvers, nodalization
schemes, and analysis methods for the treatment of water sprays were emphasized in the
assessment. Another objective was to develop a procedure for lumped-parameter codes to cal-
culate the thermal hydraulics in a containment under conditions dominated by water sprays.

1.2 Description of NUPEC Facility and Tests

The NUPEC facility is a domed cylinder, approximately 10.8 m in diameter, 17.4 m high, and
1310 m? in volume [1]. The facility contains 28 compartments of which only 25 are intercon-
nected. The dome compartment constitutes approximately 71% of the total containment vol-
ume. The containment is constructed entirely of carbon steel. The containment shell and floors
are 12 mm thick except for the first floor, which is 16 mm thick. The compartment walls are
4.5 mm thick. The outside of the containment is covered with a layer of insulation, which is
covered by a thin metal sheet to protect the insulation from weather damage. The insulation
around the cylinder and hemisphere is 125 mm and 150 mm thick, respectively. A water stor-
age tank is located below the first floor of the containment so that condensate and spray water
can drain. The tank is separated from the rest of the containment by 100 mm of insulation.
Water is pumped from the tank to 21 spray nozzles in the dome. The stored water could be
heated. The facility is equipped with a remote boiler to supply saturated steam, a helium sup-
ply system, and a mixing chamber for coinjecting steam and helium.

Nine different series of tests were performed to determine the effect of mixing as a result of
density differences due to differences in molecular weights and temperature, forced convec-
tion due to water sprays, and different release locations. Tests were performed injecting
helium and steam individually as well as together, injecting helium with water sprays, and
injecting helium and steam with water sprays. The gases were injected in either a steam gener-




ator room or pressurizer relief tank at the bottom of the containment or in the pressurizer com-
partment in the middle of the containment.

Selected tests from series M-4, M-5, M-7, and M-8 were used in the current assessment.
Helium and steam were coinjected into a room in the bottom of the containment in series M-4.
Typically the containment was initially at room temperature. Helium was injected into a room
in the bottom of the containment concurrent with the injection of water sprays in the dome in
series M-5. The containment, helium, and water sprays were all at room temperature (approx-
imately 10°C). Series M-7 were integral effects tests and included all of the separate effects
tested in series M-1 through M-6. Helium and steam were coinjected into a room at the bottom
of a preheated containment at the same time the water sprays were operating. Series M-8
repeated selected tests in Series M-4 and M-7 except the gases were released in the pressurizer
compartment in the middle of the containment.

Two nodalization schemes were used to analyze the NUPEC tests. In one scheme based on a
35-node representation of the facility, each room was represented by a computational node
except for the dome and pressurizer rooms, which were subdivided. A schematic of the 35-
cell representation of the facility is shown in Figure 1.2. The cell volumes and flow paths were
represented by the boxes and the interconnected lines, respectively. The dome was subdivided
into central and annular cells. This nodalization scheme allowed convection loops to form
during the calculation and was motivated by the ring vortices that were predicted when water
sprays were injected into an unobstructed confined container [2]. The pressurizer room (Cells
22 and 35) was also subdivided to allow circulation of gases from the pressurizer room to the
pressurizer compartment (Cell 16), which is a dead-end room. Figure 1.2 also illustrates the
other scheme, a 28-node representation of the facility, except that the dome (Cells 25 and 29-
34) is a single computational cell (identified only as Cell 25) and the pressurizer (Cells 22 and
35) is a single computational cell (identified only as Cell 22). Except for the subdivided
rooms, the 35-cell representation and the 28-cell representation were identical.

In tests M-4-3, M-5-5, and M-7-1, helium and steam were coinjected into the steam generator
foundation (D loop) compartment (Cell 8). In tests M-8-1 and M-8-2, the gases were injected
into the pressurizer compartment (Cell 22 in the 28-node scheme and Cells 22 and 35 in the
35-node scheme). In the 35-node scheme, the mass flow rates of the coinjected gases were
equally split between Cells 22 and 35. In all tests in which sprays were operated, the sprays
were injected into the top of the dome in Cell 25. Source tables giving mass flow rates and
enthalpies as a function of time were used to input the injected gases and spray water into their
respective computational cells.

Except for the subdivided rooms, the numbering system shown in Figure 1.2 is the same as
specified in [1]. Figure 1.3 shows the numbering system for the flow paths and rooms used by
NUPEC [1]. The closed rooms, which included the water storage tank, the reactor vessel, and
the primary shield, were represented by Cells 26-28, respectively. The closed rooms were
included to account for the thermal effects of structures in those rooms and are not shown in
Figures 1.2 and 1.3.

The helium concentrations were sampled from the center of 24 rooms and at 5 locations in the
dome. Samples were drawn through tubes, cooled, dried by passing through a desiccant, and
analyzed by gas chromatography. Because of the gas sampling technique, the predicted results




were normalized to the volume percentage of helium at 1 atmosphere and 0°C in dry air to
compare with the data. Actual volume percentages of helium on a wet basis were less owing
to the presence of steam. The sample tubes were at the center of each room and the specific
locations of each of the helium sample tubes are shown in Figure 1.4. The sample tubes were
different lengths but the lag time was compensated for in the analysis of the helium data. The
dome sample tube elevations were all above the two different source elevations. However, at
these sample locations, the dome region was fairly well mixed since the helium concentration
at each location was within approximately +5 % of the average for each of the tests at the end
of the injection period. Since CONTAIN predicted well-mixed values for each node, the
CONTAIN predictions provided a fair representation for those rooms, or sections of rooms
represented by nodes, that were fairly well-mixed. Except for the dome, variations in the
helium concentration within each room were not measured. It would be difficult, if not impos-
sible, to estimate the uncertainty between a CONTAIN prediction, which represented a well-
mixed condition, and the data measured at the center of a room that may contain helium con-
centration gradients. However, in general, there is no reason to believe that strong concentra-
tion gradients existed in any of the rooms, with the possible exception of the source room and
any interconnected rooms directly above it. With this understanding, it is sufficient to note that
CONTAIN may have underpredicted the concentration of helium measured at the center of
these rooms, although it may have fairly represented an average helium concentration, which
was not measured.

The gas temperatures, wall temperatures, and stored water temperature were measured with
approximately 200 Cr-Al thermocouples. Thermocouple locations are shown in Figure 1.5.
Because of the large number of locations, a limited number of temperature measurements
were selected to illustrate CONTAIN’s temperature predictions. The largest gas temperature
gradients were measured in the vertical direction. Radial and azimuthal gas temperature varia-
tions were not that large at a given elevation. Exceptions to this include the source room and
rooms above it, dead-ended compartments, and the in-core chase compartment. Because of
this, the predicted gas temperature trends were illustrated for three vertical columns of rooms:
inner, middle, and outer. The choice of each column of rooms was not critical. The set of
rooms along a radius from the center of the facility to the rooms above D loop lower general
compartment (compartment 4) was chosen since it included the source rooms. Predicted wall
temperatures were compared with measured values in rooms diametrically opposed to the
rooms selected for gas temperature comparisons. This was done to emphasize any asymmetri-
cal trends that may have been predicted. The predicted wall temperatures were compared with
the containment wall temperatures in the B loop lower general compartment (compartment 6)
and all of the rooms above it. When comparing predicted dome wall temperatures with mea-
sured values, the wall temperature measurement in the “B” quadrant at an elevation of 16.704
m was used. The predicted value for this comparison was based on an average wall tempera-
ture in the spherical dome region above the 14.036-m elevation. The gas pressure was mea-
sured by a pressure gauge in the top of the dome. The steam and helium flow rates were
measured by a differential pressure transducer across a venturi.
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2.0 SOLUTION METHOD

CONTAIN has models to predict the thermal-hydraulic conditions inside a containment, such
as in the event of an accident in a nuclear power plant. A detailed description of CONTAIN’s
architecture and models is beyond the scope of this report but can be found in Reference 3.
This chapter briefly describes the key models in the analyses of the NUPEC tests.

Owing to CONTAIN’s lumped-parameter formulation, momentum is not treated in the com-
putational cells but rather the conservation of momentum equation is solved for the flow
paths. Because of this formulation, quantities inside the computational cell are assumed to be
well mixed. A first-order implicit method is used to solve the inertial flow model for intercell
flow. The integration time step is selected automatically by the code but cannot exceed a user-
specified maximum time step, which was 1 second for this calculation. The inertial flow
model takes into account the inertia of the fluid and the flow losses at cell junctions when cal-
culating flows due to pressure differences between cells. A flow loss coefficient equal to one
was assumed for all junctions. The equations for the conservation of mass and energy and the
equation of state are solved for each computational cell.

CONTAIN Versions 1.12 W and 1.12 XBG were assessed using the data from tests M-4-3, M-
5-5, M-7-1, M-8-1, and M-8-2. Test M-7-1 was designated as the International Standard Prob-
lem 35 (ISP-35). Test M-7-1 calculation was initially performed without any knowledge of the
results followed by subsequent open calculations. The flow solver in CONTAIN 1.12 W,
which is the current default flow solver, connects the ends of the flow paths to cell centers.
The flow path density is assumed to be the average of the upstream and downstream cells.
This flow solver will be referred to as the default flow solver throughout this report. The
default flow solver tends to overpredict the rate and extent of mixing. The other flow solver
assessed, which will be referred to as the hybrid flow solver (1.12 XBG), interpolates between
the average-density formulation and a formulation which assumes the flow path density is
equal to the upstream cell density.

The calculational procedure for the spray model is for CONTAIN to first determine the num-
ber of droplets introduced into a cell time step using a user-supplied initial average droplet
diameter and spray mass flux rate. The equations for heat and mass transfer to the drop are
solved for the entire fall of a single droplet and then multiplied by the total number of drops.
The diameter of the water spray droplets can change as a result of condensation or evapora-
tion. The water spray heat and mass transfer models account for the total heat flux between the
drop and the atmosphere. The total heat flux includes the convective heat transport across the
boundary layer and the heat transported by the mass flux. The convective heat flux is calcu-
lated by using the temperature difference between a drop and the bulk gas temperature and a
heat transfer coefficient based on a Nusselt correlation for forced convection around a spheri-
cal drop. The heat transported by mass flux is calculated by using the mass flux and the differ-
ence in specific enthalpies between the bulk atmosphere vapor and the liquid water in the
drop. The mass flux is proportional to the difference in partial pressure of water vapor
between the drop and the atmosphere. The mass transfer coefficient is determined using the
heat-mass transfer analogy. The effects on the atmosphere are assumed to be instantaneous.
The spray model does not include the hydrodynamic drag on the atmospheric gases created by
the drops. The spray drops accumulate in a pool at the bottom of each computational cell and



the passage of the spray drops from one compartment to another is not automatic. Except for
the dome, sprays in a compartment are fed by water from the pool in the immediate compart-
ment above.

The spray model does not account for any effects from the impact of the spray drops on the
containment wall or internal structures. These effects, such as evaporation and condensation,
can be included using the film tracking model. This model allows a water film to flow down a
series of structures and the heat and mass transfer to or from the film to be approximated.
Depending on whether the film flow 1s laminar or turbulent based on the film Reynolds num-
ber, the film thickness and velocity are determined using one-dimensional steady-state film
flow equations assuming no shear at the film-atmosphere interface. The outflow from one
structure during one time step is applied as a constant inflow for the recipient structure during
the next time step. Heat and mass transfer between the film and the atmosphere are accounted
for as well as sensible heat from the incoming water.

Liquid water from condensate or the sprays is handled in one of three ways. In the current
analysis, the “cell overflow” keyword is used to divert condensate runoff from structures in
each cell in the facility to a cell in the bottom of the containment that contains a pool. For cells
that contain pools, any water in excess of a pool depth of 5 cm is eventually transferred to the
water storage tank automatically by the engineered systems “overflow” keyword. Every cell
that has sprays also has a pool. When spray impingement is included, the liquid water on the
containment shell is accounted for with the film tracking model. The water flows down the
entire shell from the dome to the rooms at the bottom of the facility, where it is eventually
diverted to a cell’s pool.

Convection, radiation, and mass transfer are accounted for in the heat and mass transfer
between the atmosphere and the structures. A one-dimensional finite-difference representation
of the conduction heat transfer equations within the structures is used to account for the tran-
sient response of the containment wall and internal structures.

The convective heat flux between the atmosphere and a surface is determined by an appropri-
ate heat transfer coefficient and the difference between the bulk atmosphere temperature and
the atmosphere-liquid film interface temperature. The heat transfer coefficient is determined
from a Nusselt number correlation for either laminar natural convection, turbulent natural
convection, or forced convection.

Radiant heat transfer between the atmosphere and the structures, the atmosphere and the water
pool, and the pool and the structures is accounted for in a simple radiant heat transfer model.
The radiation model also accounts for the optical properties of the atmosphere, such as the

total gas mixture emissivity and absorptivity, that are affected by steam and other nontranspar-
ent gases.

Mass flux caused by evaporation or condensation of water vapor is determined by the mass
transfer coefficient and the difference in the water vapor partial pressures between the bulk
gas and the water on the structural surface or the water droplets in the atmosphere. CON-
TAIN’s aerosol model must be activated for liquid water, however, before steam condensation
can occur in the atmosphere. This is accomplished by specifying an initial median particle
diameter and particle distribution. The mass transfer coefficient is based on Nusselt number
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correlations and the heat-mass transfer analogy. The heat transfer caused by evaporation or
condensation is calculated using the mass flux and the difference in specific enthalpxes of the
water vapor at the film interface and the bulk gas.

Conduction within structures is modeled using a fully implicit finite-difference representation
of the heat conduction equations. Structures can be modeled as one-dimensional slabs, half-
cylinders, or hemispheres. Composite structures, such as insulation covering the containment
metal wall, may be specified and the noding within the structure may be arbitrarily spaced.
The lower part of the cell can be composed of a water pool, steel plates, insulation, or other
materials. The heat transfer model in CONTAIN for the lower cell materials allows one of
these materials to be nodalized for one-dimensional heat conduction. The other materials,
such as the pool, are assumed to have a uniform temperature. In the analysis of this experi-
ment, the lower part of the computational cells with water sprays was modeled as a pool over-
lying a metal floor, except for the bottom floor. The water was insulated from the steel floor. In
this case, the lower part of the computational cell was modeled as three overlying layers: the
water pool on top, the metal floor below, and the insulation on the bottom. In all cases, the
lower materials were assumed to have a uniform temperature. The boundary conditions for
internal structures and the inside of the containment wall are determined by the heat and mass
transfer to the atmosphere. Several different boundary conditions are available for the external
wall exposed to the environment, such as an adiabatic surface, constant temperature surface,
or a constant heat transfer coefficient, among others. For the analysis of this experiment, a
constant heat transfer coefficient was specified for the surface of the exterior insulation to
account for the heat transfer between the outside of the containment wall and the environment.
Since the facility was a domed cylinder, a Nusselt number correlation for flow across a cylin-
der was used to estimate the heat transfer coefficient. Correlations for other geometries, such
as for a vertical wall, could also have been used. However, as will be shown from sensitivity
studies discussed in Section 4.2.1, the external heat transfer coefficient makes a small contri-
bution to the total thermal resistance of the containment shell. Thus variations in the value of
the external heat transfer coefficient based on different correlations are not critical.
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3.0 RESULTS

The results of the CONTAIN assessment of the five NUPEC tests, M-4-3, M-5-5, M-7-1, M-
8-1, and M-8-2, are presented in this section. Calculations were performed using two different
versions of CONTAIN and two different nodalization schemes. The results for each of the
four variables of interest (gas and wall temperatures, helium concentration, and gas pressure)
in each of the 25 compartments for the four different calculations of each test were too volu-
minous to include in this report. As a result, the “best estimate” prediction for each test is
reported in this section and selected comparisons of the predictions using different flow solv-
ers and nodalization schemes are given in Section 4. The selection of the “best” prediction for
each test was subjective.

A procedure was recently introduced to remove the subjectivity when assessing thermal
hydraulic system codes [4]. As part of the assessment of test M-7-1 (ISP-35), a methodology
based on the fast Fourier transform (FFT) was applied for the first time to containment ther-
mal hydraulics. The amplitude and frequency of the differences in the code predictions in the
frequency domain were displayed for each variable in each compartment and reduced to a sin-
gle value for the entire calculation. Although it was beyond the scope of this work to apply
this methodology to the current assessment, it is recommended that such an approach be eval-
uated for future CONTAIN assessment activities. This methodology allows the user to quan-
tify the improvement in a prediction associated with different modeling approaches or the
“best” prediction using different code versions or nodalization schemes.

The helium concentration, gas temperature and pressure, and wall temperature were predicted
for each room in the facility and compared with the data. Because of the large number of
rooms in the facility and because there was little change in the variables in the azimuthal
direction, the results for helium concentrations and gas temperatures of three vertical columns
of rooms are presented and are representative of the results for the inner, middle, and outer
rooms in the facility.

There are some general comments that are applicable to all of the experiments analyzed.
These are discussed in the rest of this section and pertain to experimental conditions or data
acquisition.

Saturated steam at 165°C was produced in a boiler 24.5 m from the containment. The steam
was injected into a steam generator foundation compartment in the lower part of the contain-
ment. The temperature of the injected steam was approximately 110°C. Based on heat loss
calculations for the flow of steam through the 24.5-m pipe, the NUPEC organization estimated
that the steam injected into the containment was saturated. Except for a limited number of cal-
culations for sensitivity studies, the injected steam was assumed to be saturated in the calcula-
tions.

Because of the gas sampling technique, the predicted results were normalized to the volume
percentage of helium at 1 atmosphere and 0°C in dry air to compare with the data. Actual vol-
ume percentages of helium on a wet basis were less, owing to the steam. The source compart-
ment (Cell 8) wall temperature and the temperature of the inner surface of the containment
wall in the lower general compartment (Cell 4) were measured at-an elevation of 4.312 m. The
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containment wall temperatures of the upper general compartment (Cell 12), lower region of
the dome (Cell 33), and the ceiling of the dome (Cell 25) were measured at elevations of 6.375
m, 8.010 m, and 16.704 m, respectively. Compartment 1 was the lowest room in the facility
and filled with water during the experiment. Helium concentration and gas temperature mea-
surements in Compartment 1 were affected by water that accumulates in this room. A sudden
change in these variables in Compartment 1 during the test indicated that the measurements
were affected by the accumulation of water. Comparisons between the prediction and data for
this room should not be made after this time.

3.1 CONTAIN Assessment of NUPEC Test M-4-3

The gas pressure at the beginning of test M-4-3 was approximately 101 kPa and the structure
and gas temperatures were at room temperature (approximately 27°C to 32°C). At the begin-
ning of the experiment, helium and steam were coinjected into the steam generator foundation
(D Loop) compartment (Cell 8). Water sprays were not operated during this experiment. The
helium and steam mass flow rates were constant at 0.027 kg/s and 0.33 kg/s, respectively, dur-
ing the 30-minute injection period. It was assumed that helium and saturated steam were
injected into the containment at 20°C and 110°C, respectively.

The models discussed in Section 2 were used in the calculations for test M-4-3 except for
those models pertaining to water sprays. The results using different flow solvers and nodaliza-
tion schemes were nearly identical so that the selection of the “best” prediction was somewhat
arbitrary. Since the calculation using the XBG version and the 28-node scheme predicted the
concentration and temperature gradients slightly better in some rooms, the results of this cal-
culation will be presented in this section.

The results for the best-estimate predictions of the helium concentrations and their compari-
son with the data are shown in Figures 3.1-3.3. Figure 3.1 shows the results for the steam gen-
erator foundation room (Cell 8), which is the source compartment, and all of the rooms
directly above it. Figure 3.2 shows the results for a vertical column of outer rooms: the lower
general compartment (Cell 4) and the rooms directly above it. Figure 3.3 shows results for a
number of rooms in the center of the containment, including the pressurizer compartment
(Cell 16).

In general, the trends of the predicted results agreed with the data. Typically, the difference
between the final predicted and measured concentrations was less than 12% although the dis-
crepancies were larger in the source room (Compartment 8) and the steam generator rooms
above it during the injection phase. The final predicted concentration in the dome was approx-
imately 4% lower than the measured value. Except for Compartments 1, 16, and 22, the
helium was fairly well mixed throughout the containment which was due, in part, to the low
elevation of the release point and the relatively open geometry of the facility. It seems reason-
able that the pressurizer room (Compartment 22) and the dead-end room connected to it
(Compartment 16) would have low helium concentrations. The small openings to these rooms
are located high in the dome and there was no means of strong mixing, such as water sprays,
at that location. The code predicted the helium concentrations in these compartments reason-
ably well.



Low helium concentrations were also measured in the in-core chase (Compartment 1), which
is a reasonably complicated geometry: two vertical sections of the room are connected by a
horizontal section, as shown in Figure 2.2. One of the vertical sections was an annular region
and had small square connections (0.241 m on a side) at an elevation of 4.53 m to the source
room (steam generator foundation, Compartment 8) as well as the other steam generator foun-
dation rooms. The elevation of the horizontal room was 2.097 m and was below the operating
deck and the source room, which were at 3.200 m. The horizontal section protruded into the
water storage tank room below the operating deck. The helium gas sample tube and the ther-
mocouple in Compartment 1 were located in the horizontal section at an elevation of approxi-
mately 2.64 m. As shown in Figure 3.6, the gas temperature at this location was
approximately 30°C and was similar to the water temperature. There are two possible reasons
for the low helium concentration measurements in the horizontal section of the in-core chase
room. The horizontal section was below the source and typically mixing does not occur below
the source. Also, the openings into the in-core chase were approximately 1.3 m above the top
of the horizontal section. Its reasonable to assume that it would be easier for the gases coming
from the source compartment to flow into other steam generator compartments at the same
elevation rather than to push the cooler, denser gases in the horizontal section through the
vents in the other vertical section.

The results for the best-estimate predictions of the gas temperatures and their comparison with
the data are shown in Figures 3.4-3.6. The results are for the same set of rooms used to illus-
trate the helium results in Figures 3.1-3.3. In general, CONTAIN predicted the correct trends
for the temperature histories as well as the vertical temperature gradients. The difference
between predicted and measured final gas temperatures was typically less than 2% on an abso-
lute basis although it was as large as 17% based on the change in gas temperature. The only
significant deviation was the overprediction of the gas temperature in the in-core chase (Com-
partment 1). In this case, the gas temperature measured in Compartment 1 was significantly
lower than the temperatures measured in other rooms on the same floor.

The results for the wall temperatures and their comparison with the data are shown in Figure
3.7. The predictions showed the general trends of the data but did not show as large a vertical
temperature gradient along the outer wall. For example, a difference of 26°C was measured in
the final temperature along the containment wall between the ceiling of the dome (Compart-
ment 25) and the lower general room (Compartment 6). The predicted difference was only
13°C. The difference between the predicted and measured final wall temperatures was less
than 3% on an absolute basis although the difference based on the change in wall temperature
was much larger. In the worst case, for example, the predicted change in the wall temperature
of Cell 6 was approximately 60% greater than the measured change. These large discrepancies
on a relative basis were due, in part, to the relatively small changes measured in the wall tem-
peratures.

The results for gas pressure in the dome and its comparison with the data are shown in Figure
3.8. The pressure was slightly overpredicted although the general trends were correct. On an
absolute basis, the final pressure was approximately 4% greater than the data. On a relative
basis, the predicted change in pressure was approximately 10% greater than the measured
change. :
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3.2 CONTAIN Assessment of NUPEC Test M-5-5

The gas pressure at the beginning of test M-5-5 was approximately 101 kPa and the structure
and gas temperatures were approximately 7°C to 17°C. At the beginning of the experiment,
helium was injected into the steam generator foundation (D Loop) compartment (Cell 8) while
water sprays were injected into the hemisphere region of the dome (Cell 25). The helium and
spray water were injected at a constant mass flow rate of 0.027 kg/s and 19.4 kg/s, respec-
tively, during the 30-minute injection period. It was assumed that both the helium and water
sprays were injected into the containment at 19°C. The spray water was injected through 21
hollow-cone nozzles located in the hemispherical region of the dome. The average droplet
diameter was assumed to be 0.75 mm.

The models discussed in Section 2 were used in the calculations for test M-5-5. In the calcula-
tions, sprays were considered in the dome (Compartment 25) only. Because the test was
nearly isothermal, the effect of increased forced convection produced by the water sprays on
the heat transfer coefficients was not modeled. Only the 28-node scheme was used, but with
both code versions. The results for test M-5-5 using different flow solvers were nearly identi-
cal so that the selection of the “best” prediction was somewhat arbitrary. Since the calculation
using the XBG version predicted the concentration and temperature gradients slightly better in
some rooms, the results of this calculation will be presented in this section.

The results for the best-estimate predictions of the helium concentrations and their compari-
son with the data are shown in Figures 3.9-3.11. Figure 3.9 shows the results for the steam
generator foundation room (Cell 8), which is the source compartment, and all of the rooms
directly above it. Figure 3.10 shows results for a vertical column of outer rooms: the lower
general compartment (Cell 4) and the rooms directly above it. Figure 3.11 shows results for a
number of rooms in the center of the containment.

In general, the trends of the predicted results agreed with the data. With the exception of three
of the central rooms, the difference between the final predicted and measured concentrations
was less than 28% and typically much better. For example, the final predicted concentration in
the dome was nearly equal to the measured value. However, CONTAIN poorly predicted the
helium concentration in three of the rooms in the center of the containment (Compartments 1,
16, and 22). Except for Compartment 1, the helium was fairly well mixed throughout the con-
tainment which was due, in part, to the mixing by water sprays, the low elevation of the
release point, and the relatively open geometry of the facility. The measured helium concen-
trations in the pressurizer compartments (Compartments 16 and 22) were significantly higher
in test M-5-5 than in test M-4-3 due to the enhanced mixing from the water sprays. However,
CONTAIN does not model the hydrodynamics of this enhanced mixing so that the predicted
results were nearly equal to those for test M-4-3. As in test M-4-3, low helium concentrations
were measured in the in-core chase (Compartment 1). CONTAIN substantially overpredicted
the measured helium concentration in this room. As discussed in Section 3.1, it is not clear
why the discrepancy between the predicted and measured helium concentrations was so large
for this room.

The results for the best-estimate predictions of the gas temperatures and their comparison with
the data are shown in Figures 3.12-3.14. The gas temperature results are shown for the same
set of rooms used to illustrate the helium results in Figures 3.9-3.11. Because the test was
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nearly isothermal, differences between the measured and predicted gas temperatures will not
be emphasized for this test. This is especially true on a relative basis, which has less meaning
since the changes in the temperature were so small. At the time these calculations were per-
formed, detailed information on the individual room temperatures was not available. In gen-
eral, the predicted final temperatures are within 2°C of the measured value. Similar statements
can be made about the wall temperatures. The results for the wall temperatures and their com-
parison with the data are shown in Figure 3.15. It is likely that the slight increase in the mea-
sured wall temperatures was not predicted because the enhanced heat transfer from the spray-
driven convection loops was not modeled.

The results for the gas pressure in the dome and its comparison with the data are shown in Fig-
ure 3.16. The predicted pressure was in nearly perfect agreement with the measured values.
Because the test was nearly isothermal, the pressure increase was due to the addition of the
noncondensible gas. Because of the good agreement for this test, deviations between the pre-
dicted and measured pressures in other tests are most likely due to the inability to model the
heat transfer processes correctly.
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Figure 3.9. Comparison between the CONTAIN predictions and data of the NUPEC Test M-35-
5 helium concentrations for Compartments 8, 15, 21, and 25.
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3.3 CONTAIN Assessment of NUPEC Test M-7-1

The containment was preheated by injecting steam into the steam generator foundation com-
partment D loop (Cell 8) for 210 minutes before the start of the test. The steam was injected at
approximately 110°C and a flow rate of 0.10 kg/s for the first 188 minutes, and then 0.08 kg/s
for the next 15 minutes. The test was started 7 minutes later.

The data for gas pressure in the dome (Cell 25) and gas temperatures in the containment vol-
ume sump pump room (Cell 2), the cavity (Cell 19), and the dome (Cell 25) during the pre-
heat phase are shown as the symbols in Figures 3.17 and 3.18, respectively. The peak pressure
was 143.3 kPa and the peak gas temperatures ranged from 63°C at the bottom of the contain-
ment to 68°C at the top.

CONTAIN was used to predict the thermal hydraulics for the preheat phase. The best-estimate
prediction for the gas pressure is shown as the thick continuous line in Figure 3.17. This pre-
diction was made using the 35-cell nodalization scheme. Material properties and source con-
ditions specified by the NUPEC organization were used in the calculation. The predicted peak
pressure of 151.1 kPa was 7.8 kPa, or 5.4%, greater than the measured peak pressure. The
uncertainty in the pressure measurement was +3 kPa based on a 3¢ confidence level [1]. The
change in pressure from the beginning of the preheat phase to the time at peak pressure was
predicted to be 51.1 kPa, or 18%, greater than the measured value of 43.3 kPa. Possible rea-
sons for this discrepancy are discussed in Section 4.2.1. The best-estimate predictions of the
gas temperatures are shown in Figure 3.18. Predicted peak gas temperatures were approxi-
mately 5°C, or 1.5%, greater than the measured peak gas temperatures. The uncertainty in the
temperature measurement was +0.6 °C based on a 3¢ confidence level [1]. The change
between the initial gas temperature and the peak value was predicted to be approximately 11%
greater than the actual change in gas temperatures.

Test M-7-1 began at the end of the preheat phase. The gas pressure at the beginning of the test
was 139.7 kPa and the structure and gas temperatures were approximately 65°C to 70°C. At
the beginning of the experiment, helium and steam were coinjected into the steam generator
foundation (D Loop) compartment (Cell 8) while water sprays were injected into the hemi-
sphere region of the dome (Cell 25). The helium mass flow rate was increased linearly from
0.0 kg/s to 0.03 kg/s for the first 15 minutes of the experiment and then was decreased linearly
to 0.0 kg/s during the next 15 minutes. The steam mass flow rate was decreased linearly from
0.08 kg/s to 0.03 kg/s during the same 30-minute period. It was assumed that helium and satu-
rated steam were injected into the containment at 14°C and 110°C, respectively. The helium
and steam were mixed in a chamber outside of the containment. Water sprays were injected at
a constant mass flow rate of 19.4 kg/s for the same 30-minute period at a constant temperature
of 40°C. The spray water was injected through 21 hollow-cone nozzles located in the hemi-
spherical region of the dome. The average droplet diameter was 0.75 mm.

The models discussed in Section 2 were used in the calculation for test M-7-1. Results for the
35-node scheme were generally better than the 28-node scheme. The results for test M-7-1
using different flow solvers, however, were nearly identical for the 35-node scheme so that the
selection of the “best” prediction was somewhat arbitrary. Since the calculation using the W
version predicted slightly better results, those results will be presented. Furthermore, test M-7-
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1 was also the ISP-35 and the results using the W version of CONTAIN were submitted for
this exercise [1].

An analysis and numerical simulation of water sprays in an unobstructed confined geometry
showed that a large air convection loop formed in the containment [2]. The numerical calcula-
tion using the CONCHAS-SPRAY code simulated the operation of water sprays in a nuclear
power plant, and the spray drop distribution in the simulation was similar to that of the water
sprays used in the NUPEC facility. The CONCHAS-SPRAY code calculation showed that a
large air vortex formed as a result of the hydrodynamic drag created by the drops falling
through the air. The air flowed down the center and up the walls of the containment. This air
current concentrated the spray drops into the center of the containment so that the water drops
did not hit the walls. These results are shown in Figure 3.19. Heat transfer between the con-
tainment wall and the gas was aided by the increased forced convection from the air current.
The magnitude of the spray-induced air current velocity can be estimated using the simple
equation « = 2gh where u is a representative air velocity, g is the acceleration due to gravity,
and & is the average spray head height above the floor [2]. This equation was obtained by
equating the power added to the air current by the drag force to the power removed as the air
current initially accelerated the drops [2]. Using this equation and a mass flow rate, weighted,
average spray head height of approximately 10 m for the NUPEC facility, the representative
air current velocity was estimated to be 14 m/s. It was estimated that the water drops fell at a
terminal velocity of approximately 3-4 m/s relative to the air current. Although the free-fall
velocity of the drops is not required for the CONTAIN spray model, this information is given
to show the significance of the spray-driven air current.

The procedure used to model test M-7-1 with CONTAIN was to nodalize the NUPEC facility
with a central core and annular region of cells using the 35-cell nodalization scheme. The
dome was subdivided into seven cells. The upper hemispherical region of the dome was one
computational cell and the lower cylindrical part of the dome was divided into three annular
compartments and three inner compartments in the center of the containment. Water sprays
were injected into the upper hemispherical region of the dome (Cell 25) and each subsequent
central cell in the dome (Cells 30, 32, and 34, respectively). The spray water in each subse-
quent lower cell was supplied with water from the pool in the cell immediately above it. The
spray mass flow rate was assumed to be equal to the injected rate, in spite of the reduction in
cross-sectional area from Cell 25 to Cell 30, because it was assumed that the air current con-
centrated the water drops in the center of the containment. No water was assumed to impinge
on the containment wall. Spray water was introduced into all of the lower compartments with
direct vertical connections to Cell 34 and all subsequent compartments below it. The spray
mass flux was scaled according to the reduction in area between two vertically connected
rooms. Any spray that did not fall into the lower rooms was collected in a pool and eventually
drained into the water storage area under the bottom floor. In all cases, the spray mass flux was
assumed to be uniform over the cross-sectional area. The outer rooms in the facility (Cells 3-
6, 12-13, 29, 31, and 33) did not receive any spray water. Since CONTAIN cannot model the
hydrodynamic drag between the drops and the air, the hydrodynamics of the large air current
was not modeled in any of the tests. However, the enhanced heat transfer due to this air cur-
rent was accounted for by imposing a 14 m/s air velocity in the heat transfer correlations for
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the containment wall and all structures inside the containment. A best-estimate calculation
was made using this procedure.

The results for the best-estimate predictions of the helium concentrations and their compari-

son with the data are shown in Figures 3.20-3.22. Figure 3.20 shows the results for the steam
generator foundation room (Cell 8), and all of the rooms directly above it. Figure 3.21 shows
results for a vertical column of outer rooms: the lower general compartment (Cell 4) and the

rooms directly above it. Figure 3.22 shows results for a number of rooms in the center of the
containment, including the source room (Compartments 22 and 35) and the pressurizer com-
partment (Cell 16), which is a dead-end compartment.

In general, the trends of the predicted results agreed with the data. Typically the difference
between the predicted and measured concentrations was less than 15% and, as shown in Fig-
ures 3.20-3.22, was generally much better than that. The helium concentrations in one column
of steam generator rooms (Cells 10, 17, and 23) were overpredicted by a factor of 2 at one
point during the transient due to a predicted branching flow from the source compartment that
did not actually exist. However, the predicted final concentrations in these rooms were within
10% of the data. The results for Cells 10, 17, and 23 are not illustrated in Figures 3.20-3.22
but are cited to illustrate an exception to the error estimates. The predicted concentration in
the dome was in nearly perfect agreement with the data. The helium was fairly well mixed
throughout the containment, which was primarily a result of the water sprays, but was also
due to the low elevation of the release point and the relatively open geometry of the facility.
Even the pressurizer compartments, Cells 22 and 16, had helium concentrations of 11.9% and
11.3%, respectively, which were similar to those of the rest of the containment. Cell 16 results
were predicted reasonably well using the 35-node representation, in which the pressurizer
compartment (Cell 22) was subdivided, but the results were not predicted well using the 28-
node representation, in which Cell 22 was not subdivided. In fact, using the 28-node represen-
tation, the final helium concentrations were approximately 1% and nearly 0% in Cell 22 and
Cell 16, respectively. This compared with approximately 12.3% and 12.0% for these two cells
using the 35-node representation. This example illustrates the large effect that different nodal-
ization schemes can have on predicted mixing behavior of a light gas, such as helium or
hydrogen, in local regions and has important implications when using lumped-parameter
codes to design hydrogen control schemes for containments.

The results for the best-estimate predictions of the gas temperatures and their comparison with
the data are shown in Figures 3.23-3.25. The gas temperature results are shown for the same
set of rooms used to illustrate the helium results in Figures 3.20-3.22. The difference between
the predicted and measured final gas temperatures was less than 4% on an absolute basis
although the discrepancy was much larger based on the change in gas temperature. Because
the water spray temperature was only 30°C less than the initial gas temperature, the drop in
gas temperature during the 30-minute period the sprays were operating was relatively small at
only about 18-23°C. In the outer rooms, especially, the predicted change in temperature was
only about one third of the actual change. In the experiment, it would be expected that the
large air current driven by the sprays would force cooler air from the center of the containment
up through the outside rooms. This was not predicted by CONTAIN since the code does not
model the hydrodynamic drag of the water droplets on the air and CONTAIN overpredicted




the gas temperature in the outer rooms. Likewise, the rate at which the temperature dropped in
the dome would have been slower if the energy in the outer rooms could have been convected
upward into the dome in the predictions. This might explain why CONTAIN overpredicted
the rate of temperature decrease in the dome early in the experiment. A calculation that used a
gas velocity of 14 m/s to simulate this forced flow through the horizontal flow paths from the
middle to the outer rooms yielded better agreement between the dome gas temperature and the
data.

The results for the wall temperatures and their comparison with the data are shown in Figure
3.26. The predictions were reasonably good except for the outer compartments below the
dome. The wall temperatures in the lower outer compartments, such as Cells 6 and 13, were
overpredicted. Based on numerical calculations [2], it is expected that a spray-driven air con-
vection loop would circulate cooler air through these rooms and cool the walls. However,
since CONTAIN did not model this effect, the wall temperatures in these rooms were overpre-
dicted. In terms of absolute wall temperatures, the difference between the predicted and mea-
sured values was typically less than 5% although the difference based on the change in wall
temperature was much larger. In the worst case, for example, the predicted change in the wall
temperature of Cell 4 was only one fourth of the measured change. The wall temperature in
the outer compartments, however, was the most difficult to predict. In contrast, the predicted
changes in the containment wall temperatures of the dome were within 3-15% of the mea-
sured values at the end of the test.

The predicted gas pressure in the dome and its comparison with the data are shown in Figure
3.27. The general trend was predicted. Initially the pressure dropped as the gas was cooled by
the water sprays. Eventually the continuous addition of the noncondensible gas (helium)
caused the pressure to increase again. Similar to the prediction for the gas temperatures, the
rate at which the pressure dropped was overpredicted early in the experiment. On an absolute
basis, the final pressure was approximately 2% greater than the data. On a relative basis, how-
ever, the predicted drop in pressure was only 72% of the measured change. The final predicted
pressure was 3 kPa greater than the measured pressure, which was within the experimental
uncertainty of approximately +3 kPa.

28



160 I 1 1 ] ] I 1 ] 1 1 1{ ¥ I
CONTAIN 1.12.w Predictions

——  Dome (25)
1501~  NUPEC M=7-1 Pre—heat Phase Data
¢ ¢ Dome (25)

140

130

120

Atmosphere Pressure (kPa)

(@)

100 ] 1 1 1 1 1 1 I 1 i ] i 1
0 156 30 45 60 75 90 105 120 135 150 165 180 195 210
Time (min)
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Figure 3.18.Comparison between the CONTAIN predictions and data of the preheat phase of
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Figure 3.19.Numerical simulation of the water droplet and air velocity patterns for water
sprays in an unobstructed containment [2].
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Figure 3.20.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
7-1 helium concentrations for Compartments 8, 15, 21, and 25.
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Figure 3.21.Comparison between the CONTAIN predictions and data of the NUPEC Test M-

7-1 helium concentrations for Compartments 4, 12, and 25.
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Figure 3.24.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
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Figure 3.25.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
7-1 gas temperatures for Compartments 2, 16, 19, and 22.
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Figure 3.26.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
7-1 wall temperatures for Compartments 4, 8, 12, and 25.
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3.4 CONTAIN Assessment of NUPEC Test M-8-1

The gas pressure in the facility at the beginning of test M-8-1 was approximately 101 kPa and
the structure and gas temperatures were at room temperature (approximately 7°C to 10°C). At
the beginning of the experiment, helium and steam were coinjected into the pressurizer (Cells
22 and 35). Water sprays were not operated during this experiment. The helium and steam
mass flow rates were constant at 0.027 kg/s and 0.33 kg/s, respectively, during the 30-minute
injection period. It was assumed that helium and saturated steam were injected into the con-
tainment at 10°C and108°C, respectively. The helium and steam were mixed in a chamber
outside of the containment.

The models discussed in Section 2 were used in the calculations for test M-8-1 except for
those models pertaining to water sprays. The results for test M-8-1 using the hybrid flow
solver (XBG version) and the 35-node scheme were clearly better than the other calculations.
This is because the hybrid flow solver (XBG version) has the potential to predict stratified
mixtures better than the default flow solver (W version). However, as will be shown in Section
4.1, the strengths of the hybrid flow solver cannot be capitalized on without proper nodaliza-
tion.

The results for the best-estimate predictions of the helium concentrations and their compari-

son with the data are shown in Figures 3.28-3.30. Figure 3.28 shows the results for the steam
generator foundation room (Cell 8) and all of the rooms directly above it. Figure 3.29 shows

the results for a vertical column of outer rooms: the lower general compartment (Cell 4) and

the rooms directly above it. Figure 3.30 shows results for a number of rooms in the center of
the containment, including the pressurizer compartment (Cell 16), which is a dead-end com-

partment, and the pressurizer (Cells 22 and 35), which is the source compartment.

In general, the trends of the predicted results agreed with the data. Because the helium was
quite stratified, concentrations below the dome were low. Predicted helium concentrations
were up to a factor of three greater in this region than measured values. However, because the
absolute values of helium concentrations were so low, the magnitude of such discrepancy can
be put into better perspective when actual deviations in helium concentrations are reported.
For example, the predicted helium concentration in Compartment 15 at the end of the injec-
tion phase was three times larger than the measured value. Even though this discrepancy
appears large on a relative basis, the actual difference between predicted and measured helium
concentrations was not that large. In this case, the predicted helium concentration was 5%
compared with a measured value of 1.5%. The helium concentration at the end of the injection
phase in the dome, which constituted 71% of the containment, was approximately 10% lower
than the measured value. There were also significant deviations in the source room and the
dead-end room connected to it.

The results for the best-estimate predictions of the gas temperatures and their comparison with
the data are shown in Figures 3.31-3.33. The gas temperature results are shown for the same
set of rooms used to illustrate the results for the helium concentrations in Figures 3.28-3.30.
Except for some of the center rooms, CONTAIN predicted the temperature histories fairly
well. The difference between the predicted and measured final gas temperatures was typically
less than 2% on an absolute basis, although for rooms that had small temperature changes, the
difference was as large as 30% on a relative basis. Significant deviations between the pre-
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dicted and measured gas temperatures occurred in the in-core chase (Compartment 1) and the
pressurizer rooms (Compartments 16, 22, and 35), which is similar to the difficulty in predict-
ing the helium concentrations in these rooms. The predicted final gas temperature in the dome
deviated less than 1% from the measured value on an absolute basis and CONTAIN predicted
the change in gas temperature within approximately 4%.

The results for the wall temperatures and their comparison with the data are shown in Figure
3.34. Because CONTAIN tended to overpredict the rate of mixing in the facility, the predicted
results did not show the strong stratification that was measured. Therefore, the dome ceiling
temperature was slightly underpredicted and the dome wall temperature was overpredicted.
The predictions showed the general trends of the data but did not show as large a vertical tem-
perature gradient along the outer wall. For example, a difference of 61°C was measured in the
final temperature along the containment wall between the ceiling of the dome (Compartment
25) and the lower general room (Compartment 6). The predicted difference was 10% lower at
approximately 55 °C. The difference in the predicted final wall temperatures was approxi-
mately 4% or less on an absolute basis although the difference in the change in wall tempera-
ture for some rooms was much larger. In the worst case, for example, the predicted change in
the wall temperature of the dome (Compartment 33) just below the source point was over a
factor of two greater than the measured change. These large differences on a relative basis are
due, in part, to the relatively small changes measured in the wall temperatures.

The results for the gas pressure in the dome and its comparison with the data are shown in Fig-
ure 3.35. The pressure was slightly overpredicted although the general trends were correct. On
an absolute basis, the final pressure was approximately 4% greater than the data. On a relative

basis, the predicted change in pressure was approximately 12% greater than the measured
change.
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8-1 helium concentrations for Compartments 1, 2, 16, 19, and 22.
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Figure 3.33.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
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Figure 3.34.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
8-1 wall temperatures for Compartments 6, 8, 13, and 25.

170 ! T T T |
CONTAIN 1.12.xbg 35—Nodes Predictions

160 — Dome (25) o4
© o © ©
% o
X 150 © © Dome (25) 000 _
o NUPEC M—8-1 Data L0
3
o 140 o© 0 -
g <
o o © <
o - o .
bt <
< o ©
o o9
o 120 % —
£ o
< o °

110+ < —

<
100 ° 1 1 1 1 1
0 5 10 15 20 25 30
Time (min)
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3.5 CONTAIN Assessment of NUPEC Test M-8-2

The gas pressure at the beginning of test M-8-2 was 142.4 kPa and the structure and gas tem-
peratures were approximately 67°C to 72°C. At the beginning of the experiment, helium and
steam were coinjected into the pressurizer (Cells 22 and 35) while water sprays were injected
into the hemisphere region of the dome (Cell 25). The helium mass flow rate was increased
linearly from 0.0 kg/s to 0.03 kg/s for the first 15 minutes and then was decreased linearly to
0.0 kg/s during the next 15 minutes. The steamn mass flow rate was decreased linearly from
0.08 kg/s to 0.03 kg/s during the same 30-minute period. It was assumed that helium and satu-
rated steam were injected at 10°C and 104°C, respectively. The helium and steam were mixed
in a chamber outside of the containment. Water sprays were injected at a constant mass flow
rate of 19.4 kg/s for the same 30-minute period at a constant temperature of 40°C. The spray
water was injected through 21 hollow-cone nozzles located in the hemispherical region of the
dome. The average droplet diameter was assumed to be 0.75 mm.

The models discussed in Section 2 were used in the calculations for test M-8-2. The same
models and procedures used in test M-7-1 were also used in this test. Results for the 35-node
scheme were generally better than those for the 28-node scheme for the prediction of helium
concentrations but not for the gas pressure. Similar results were predicted for the gas and wall
temperatures using both schemes. For a given nodalization scheme, the results for test M-8-2
using different flow solvers were very similar. As a result, the selection of the “best” predic-
tion was somewhat arbitrary. The results of the XBG version using the 35-node scheme were
chosen mainly so that M-8-2 results could be compared with M-8-1. Both tests had midpoint
injection of helium but M-8-2 had water sprays while M-8-1 did not. This comparison will be
discussed in Section 4.1.

The results for the best-estimate predictions of the helium concentrations and their compari-
son with the data are shown in Figures 3.36-3.38. Figure 3.36 shows the results for the steam
generator foundation room (Cell 8), and all of the rooms directly above it. Figure 3.37 shows
the results for a vertical column of outer rooms: the lower general compartment (Cell 4) and
the rooms directly above it. Figure 3.38 shows the results for a number of rooms in the center
of the containment, including the source room (Compartments 22 and 35) and the pressurizer
compartment (Cell 16), which is a dead-end compartment.

In general, the trend of the predicted results agreed with the data. Typically the difference
between the predicted and measured final concentrations was less than 14% and was generally
much better than that, as shown in Figures 3.36-3.37. The predicted final concentration in the
dome was approximately 7% lower than the data. The helium was fairly well mixed through-
out the containment in spite of the midpoint release location, which was due largely to the
water sprays and the relatively open geometry of the facility. Significant deviations were
observed in Compartments 1, 16, and 22, which were difficult compartments to model in other
tests. Because of the complicated shape of these rooms (as in Compartment 1) or the dead-end
geometry (as in Compartment 16), any hope of improving the prediction in these rooms will
probably require special attention to nodalization.

The results for the best-estimate predictions of the gas temperatures and their comparison with
the data are shown in Figures 3.39-3.41. The results are shown for the same set of rooms used
to illustrate the helium results in Figures 3.36-3.38. The difference in the final gas tempera-
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tures was less than 3% on an absolute basis although the difference is much larger based on

the change in gas temperature. Because the water spray temperature was only 30°C less than

the initial gas temperature, the drop in gas temperature during the 30-minute period the sprays

were operating was relatively small at only about 20-25°C. In the outer rooms, especially, the

predicted change in temperature was only about one half of the actual change. In the experi- '
ment, it would be expected that the large air current driven by the sprays would force cooler
air from the center of the containment up through the outside rooms. This was not predicted
by CONTAIN since the code does not model the hydrodynamic drag of the water droplets on
the air and CONTAIN overpredicted the gas temperature in the outer rooms. CONTAIN also
overpredicted the rate of drop in temperature early in the test. This also would have been
slower if the energy in the outer rooms could have been convected upwards into the dome in
the predictions. :

The results for the wall temperatures and their comparison with the data are shown in Figure
3.42. The predictions were reasonably good except for the outer compartments below the
dome. The wall temperatures in the lower outer compartments, such as Cells 6 and 13, were
overpredicted since the flow of air in these rooms was not assisted by the spray-driven con-
vection loop in the calculation. In terms of absolute wall temperatures, the difference was typ-
ically less than 5% although the difference in the change in wall temperature was much larger.
In the worst case, for example, the predicted change in the wall temperature of Cell 6 was only
half of the measured change. The wall temperatures in the outer compartments, however, were
the most difficult to predict. In contrast, the predicted change in the containment wall temper-
atures of the dome were within 10-22% of the measured values at the end of the test.

The result for the gas pressure in the dome and its comparison with the data are shown in Fig-
ure 3.43. Initially the pressure dropped as a result of the cooling of the gas by the water sprays.
Eventually the continuous addition of the noncondensible gas (helium) caused the pressure to
increase again. On an absolute basis, the final pressure was approximately 11% greater than
the data. On a relative basis, however, the maximum predicted drop in pressure was only
about half of the measured change and the final pressure was overpredicted. The generally
poor prediction for the gas pressure was somewhat surprising considering the relatively good
prediction of the gas temperatures. A possible explanation, however, is that since the steam is
saturated, small errors in the predicted temperature of the mixture can result in large changes
in the steam partial pressure and, hence, total mixture pressure.
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Figure 3.36.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
8-2 helium concentrations for Compartments 8, 15, 21, and 25.
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Figure 3.38.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
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Figure 3.42.Comparison between the CONTAIN predictions and data of the NUPEC Test M-
8-2 wall temperatures for Compartments 6, 8, 13, and 25.

150 i i T i [

145~ CONTAIN 1.12.xbg 35-Node Predictions NUPEC M—-8-2 Dato —

;_O\ ——— Dome (25) ¢ © Dome (25)
X
o 140
5
[74]
[5]
[}
a 135
p
Q
T 130k .
é o
o o

£ o ooo°°°°° 000 ¢

125+ o c0° 1

o ©
®00600000°
120 1 I | i |
0 5 10 15 20 25 30

Time (min)

Figure 3.43.Comparison between the CONTAIN prediction and data of the NUPEC Test M-8-
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4.0 SENSITIVITY STUDIES

4.1 Flow Solvers and Nodalization Schemes

NUPEC tests M-4-3, M-7-1, M-8-1, and M-8-2 offer an interesting opportunity to compare
different flow solvers and nodalization schemes since typically only one main parameter that
strongly affects the thermal hydraulics is varied when any two of these tests are compared.
This allows potential strengths or weakness in the modelling approach to be isolated. Except
for the release location, tests M-4-3 and M-8-1 were nearly identical, as were tests M-7-1 and
M-8-2. Tests M-4-3 and M-7-1 both had low release locations while tests M-8-1 and M-8-2
had midpoint releases. The main difference between tests M-4-3 and M-7-1 was that water
sprays were operated in test M-7-1 but not in test M-4-3. Other smaller differences between
these two tests included different initial conditions in the facility and somewhat different flow
rates for the helium and steam. However, these differences had a smaller effect on the thermal
hydraulics than did the operation of water sprays or the change in elevation of the release
point. The differences between tests M-8-1 and M-8-2 are similar to those of tests M-4-3 and
M-7-1. The difference that created the biggest effect on the thermal hydraulics was that test
M-8-2 had water sprays and test M-8-1 did not.

At the risk of oversimplifying the comparison among the four tests, Table 4.1 lists the differ-

ences that had the largest impact on the thermal hydraulics in the facility among these tests. It
should be understood, however, that other differences existed, such as different initial condi-

tions or different flow rates for helium and steam.

Table 4.1 Comparison of the differences that had the largest effect on the thermal hydraulics
among the tests assessed by the CONTAIN code.

Release Location No Sprays Sprays
Low M-4-3 M-7-1
Midpoint M-8-1 M-8-2

When drawing conclusions from the results that are presented in the rest of this section, the
following points must be kept in mind. For a given nodalization scheme, any differences in the
results between different flow solvers can be attributed directly to the flow solvers’ capabili-
ties. This is because the same input deck was used for both flow solver calculations. However,
different nodalization schemes used different input decks. Because these decks were con-
structed independently of each other, it cannot be guaranteed that the input decks were identi-
cal in every way except for the different nodalization scheme. Therefore, for a given flow
solver, any conclusions drawn from results using different nodalization schemes should be
drawn with more caution unless there were obvious differences in the results. The best exam-
ple of this was for the M-7-1 input deck. The 28-node scheme did not include the effect of the
sprays in the lower compartments or the effects of the enhanced heat transfer that was due to
the spray-driven convection loops, which were included in the 35-node scheme. No such
major differences existed, however, in the input decks for the other tests.




Because of the voluminous results for the four tests, the comparison among different flow
solvers and nodalization schemes will be illustrated primarily for the dome compartment. In
some cases, such as in test M-8-1, the results from additional rooms will be shown to reinforce
the main points.

The results for test M-4-3 are shown in Figures 4.1-4.4. The differences in the results for the
different flow solvers and nodalization schemes were not significant enough to identify any
definitive trends. It is reasonable to expect that the differences would be minor, however, since
the release point was low and the gases were well mixed.

The results for test M-7-1 are shown in Figures 4.5-4.8. Similar to the results for test M-4-3,
the differences between the different flow solvers were not significant since the gases were
well mixed by the water sprays and because of the low release point. As discussed earlier, the
28-node input deck did not include all of the features that were in the 35-node input deck. For
example, it did not include the effect of the water sprays in the lower compartments or the
enhanced heat transfer due to the spray-driven convection loop. The lack of enhanced heat
transfer showed up most clearly in the predictions for the dome wall and, to some extent, the
dome gas temperature.

The results for test M-8-1 are shown in Figures 4.9-4.12. They clearly show the superiority of
the hybrid flow solver (XBG version) when used with the 35-node scheme. This is reasonable
to expect since the mixture was stratified by the midpoint injection. The use of the hybrid flow
solver, however, is a necessary but not sufficient condition for predicting stratified conditions.
The nodalization scheme must be constructed so that sufficient mixing can occur above the
source location. For example, the helium concentrations in a column of steam generator
rooms of the facility are shown in Figures 4.13 and 4.14 for the predictions of the W version
and XBG version, respectively, using the 28-node scheme. While there was a slight improve-
ment in the predicted concentration gradient with the XBG version, the strengths of this ver-
sion could not be capitalized on since the gases were well mixed in the dome as a result of the
single node representation. However, a significant improvement in the results was obtained
when the dome was subdivided, allowing the zases to circulate in the dome. This is illustrated
in Figures 4.15 and 4.16, which show the predictions for the W and XBG versions, respec-
tively, for the 35-node scheme. It should also be noted that the predictions for the helium con-
centration gradient using the 35-node scheme with the W version were not as good as those
using the 28-node scheme with this version. These results are shown in Figures 4.13 and 4.15.
It is probable that the 35-node scheme allowed better mixing throughout the entire contain-
ment than the 28-node scheme when the W version was used, which of course, was not desir-
able under stratified conditions. When the W version was used, this behavior was typical for
both helium and gas temperature gradients for most of the rooms.

The results for test M-8-2 are shown in Figures 4.17-4.20. There were few differences
between the different flow solvers for a given nodalization scheme. It would not have been
unreasonable to expect predictions based on the 35-node scheme with the XBG version to
have been substantially different than those of the W version for the same nodalization
scheme, similar to the predictions for test M-8-1. The helium was well mixed in test M-8-2
because of the water sprays. However, since CONTAIN does not model the hydrodynamic
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drag of the water sprays on the air, from this perspective alone, it does not recognize any dif-
ference between tests M-8-1 and M-8-2. It would be reasonable to assume that CONTAIN’s
predicted mixing behavior for test M-8-2 would be similar to the predicted behavior for M-8-
1 with some differences due to changes in the heat transfer. However, CONTAIN predicted
that the helium in test M-8-2 was nearly as well mixed in the XBG flow solver as in the W
version. Apparently the predicted natural convection induced by condensation as the gases in
the center of the facility were cooled by the water sprays was sufficient to allow thorough mix-
ing of the helium.
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Figure 4.1. Comparison between the dome helium concentration data of NUPEC Test M-4-3

and the CONTAIN predictions using the W and XBG code versions and the 28-
node and 35-node schemes.
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Figure 4.2. Comparison between the dome gas pressure data of NUPEC Test M-4-3 and the

CONTAIN predictions using the W and XBG code versions and the 28-node and
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Figure 4.14.Comparison between the CONTAIN predictions using the XBG version and the
28-node scheme and data of the NUPEC Test M-8-1 helium concentrations for
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Figure 4.20.Comparison between the dome wall temperature data of NUPEC Test M-8-2 and
the CONTAIN predictions using the W and XBG code versions and the 28-node
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4.2 Sensitivity Studies of NUPEC Test M-7-1

Test M-7-1 was designated as the International Standard Problem 35 (ISP-35). As such, a
more detailed study of this test was performed than for the other NUPEC tests. Many of the
ideas for the following sensitivity studies evolved from workshops on the ISP-35. Some of the
modeling approaches were used in other code calculations as well. The results of these calcu-
lations are given in Reference 1. Additional analyses were performed using the CONTAIN
code subsequent to the work reported in Reference 1. The results given in the present report
were obtained using improved modeling techniques and are the “best estimate” predictions.
The sensitivity studies were performed to better understand the differences between the pre-
dictions and the data. The preheat phase of test M-7-1 is discussed first and then the test phase.

4.2.1 Preheat Phase

The preheat phase of test M-7-1 was a relatively simple experiment: steam was injected into
an insulated steel containment. The final gas pressure was determined by the difference
between the energy added from the steam, energy absorbed by the structures, and the energy
lost though the containment shell. Uncertainties from the added energy could come from two
sources: the uncertainty in the steam mass flow rate and in the thermodynamic state of the
steam at the injection point. Uncertainties in the energy absorbed by the structures could result
from uncertainties in the heat capacity of the structures, such as in the density or specific heats
of the materials, the total mass of the structures, or in the material properties, such as the ther-
mal conductivity, that determine the rate at which energy is absorbed into the structures.
Uncertainties in the energy loss through the containment shell could result from uncertainties
in the heat transfer from the gas to the structures primarily through condensation, heat transfer
through the structures by conduction, and heat loss from the containment shell to the environ-
ment. The nodalization scheme also affected the transport of steam throughout the contain-
ment, which could affect the heat transfer to the structures. Each of these potential
contributors to the discrepancies in the predictions will be discussed in the rest of this section.

Energy was added to the containment by steam only. The uncertainty in the steam mass flow
rate is estimated at +2% [1]. Two calculations were performed by decreasing and increasing
the steam mass flow rate by 2% from that specified by NUPEC. Except for changes in the
steam mass flow rate, these calculations were identical to the best-estimate calculation dis-
cussed in Section 3.3. The uncertainty in the steam mass flow rate only accounted for +1.4 kPa
at the point of peak pressure, which is not enough to account for the discrepancy in the pre-
dicted results. The other possible uncertainty in the energy addition was in the thermodynamic
state of the steam at the injection point. The steam was specified as saturated at 165°C when it
left the boiler but energy was lost before it was injected into the containment. The temperature
of the steam at the injection point into the containment was measured at 110°C. The quality of
the steam was calculated to be saturated at the injection point based on heat loss estimates.
Saturated steam was assumed for the best-estimate calculation. However, since the quality of
the steam was estimated and not measured, uncertainty exists in the enthalpy of the steam. A
calculation was performed in which the enthalpy of the steam was reduced by 10%. The peak )
pressure for this calculation was 144.2 kPa, which was very close to the measured peak pres-

sure. Furthermore, as shown in Figure 4.21, the pressure history between the predicted and

measured results was quite similar.
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The total energy absorbed by the structures and the rate at which the energy was absorbed was
determined by the material properties and total mass of the structures. The facility was con-
structed of carbon steel and material properties specified by NUPEC were used in the best-
estimate calculation. Since these properties, especially the thermal conductivity, resembled
those of pure iron, a calculation was performed using the material properties of plain carbon
steel as specified in Reference [5]. The peak pressure was predicted to be 152.0 kPa, a differ-
ence of less than 1 kPa greater than the best-estimate calculation. In fact, as shown in Figure
4.21, the heat capacity (pc) of all structures and walls composed of steel would have to be
increased by 25% before agreement could be obtained between the predicted and measured
peak pressures. Although the pressure history is similar to the data, a 25% deviation in mate-
rial properties is well beyond any reasonable uncertainty. This result was obtained by increas-
ing both the density and heat capacity of the steel in equal percentages so that the total heat
capacity was 25% greater than that used in the best-estimate calculation. Likewise, a 25%
error in the mass of the steel could also account for the difference in heat capacity although
this appears to be beyond reasonable estimates of uncertainty. Of the ferrous materials, such
as carbon or stainless steels, iron has the largest thermal conductivity. Calculations using val-
ues of the thermal conductivity, from the largest value for pure iron to the lowest value for
stainless steel, yield only predicted peak pressures greater than the best-estimate prediction. In
other words, realistic variations in the thermal conductivity result only in larger deviations
between the predicted and measured peak pressures in the preheat phase. It does not appear
reasonable that uncertainty in material properties accounts for the discrepancy between the
predictions and the data.

There are three main thermal resistances to transferring energy from the gas to the environ-
ment through the containment shell: the heat transfer from the gas to the inside of the contain-
ment wall, heat transfer by conduction through the steel wall and insulation covering, and heat
transfer from the surface of the insulation to the environment. Of these three, the thermal
resistance of the insulation is the largest.

CONTAIN calculates the convective heat transfer from the gas to the structures using the tem-
perature difference between the bulk gas and film-atmosphere temperatures and a heat transfer
coefficient derived from a Nusselt correlation for either forced convection, laminar natural
convection, or turbulent natural convection. Heat transfer from steam condensation is calcu-
lated using these correlations as well via the heat-mass transfer analogy. A reasonable uncer-
tainty for the Nusselt correlations is approximately 30%. When the heat transfer coefficient
and the corresponding mass transfer coefficient based on these correlations were increased by
30%, however, the predicted peak pressure was only 1 kPa lower than the best-estimate pre-
diction. In fact, to get the predicted peak pressure to match the measured peak pressure, the
heat and mass transfer coefficients would have to be increased by a factor of more than 10, an
amount which is beyond any reasonable estimates of uncertainty for the heat and mass trans-
fer coefficients. The results for the calculation in which the heat transfer coefficient was
increased by a factor of ten are shown in Figure 4.21. Note that even though the predicted
peak pressure nearly matched the data, the pressure history was not similar to the data.

The insulation material covering the steel shell was the controlling thermal resistance for the
heat transfer through the containment shell. The thermal conductivity of the insulation must




be increased by approximately a factor of five before the predicted peak pressure matches the
data. This also appears to be beyond any reasonable range of uncertainty for the thermal con-
ductivity of the insulation. The results for the calculation in which the insulation thermal con-
ductivity was increased by a factor of five are shown in Figure 4.21.

The effect of the heat loss from the containment shell to the environment on the peak pressure :
inside the containment was determined by varying the exterior heat transfer coefficient. The

latter was determined using a Nusselt correlation for cross-flow over a cylinder (Eq. 7.32 in -
Reference 5). A wind speed of 2-3 m/s during the test was specified by NUPEC. A wind speed

of 3 m/s yielded a value of approximately 26.6 W/m2K for the exterior heat transfer coeffi-

cient which was used in the best-estimate calculation. When the wind speed was assumed to

be 10 m/s, a measurable difference over the NUPEC specification, the exterior heat transfer

coefficient was approximately 86.6 W/m?K. However, using this value yxelded a predicted

peak pressure that was nearly identical to that predicted with the 26.6 W/m?K value used in

the best-estimate calculation.

The nodalization scheme that was chosen to represent the facility also influenced the gas cir-
culation in the containment. This can have an impact on the heat transfer to the structures. For
example, a calculation was performed using the 28-cell representation. Except for the differ-
ences in nodalization schemes, this calculation was identical to the best estimate. The pre-
dicted peak pressure, shown in Figure 4.21, was 155.1 kPa, or 4 kPa larger than the peak
pressure from the best-estimate prediction. This would be expected since natural convection
was reduced by a single computational cell representing the dome. What this example illus-
trates, however, is that a nearly 8% difference in the total change in predicted peak pressure
resulted from a different nodalization scheme. While this difference was not large enough to
account for the 18% difference between the best-estimate prediction of the peak pressure and
the measured peak pressure, it illustrated that differences due to nodalization schemes can be a
contributing factor.

It is possible that a combination of factors, rather than a single factor, contributed to the dis-
crepancy between the predicted and measured variables. Certainly, no single factor identified
in this study could account for all of the discrepancy between the predicted and measured
peak pressure based on reasonable estimates of experimental errors or different calculational
methods. The nodalization scheme had the largest impact although the alternative 28-cell
scheme yielded a larger deviation from the data. It is possible that further subdivision of the
physical rooms may improve the predicted results, although this would not be practical for a
lumped-parameter analysis. Since the state of the injected steam was estimated rather than
measured, a 10% uncertainty in the enthalpy is not unreasonable. This correction produced
good agreement throughout the pressure history. All other calculations which yielded good
agreement with the peak pressure were based on unreasonable variations in material proper-
ties or heat and mass transfer coefficients.

4.2.2 Test Phase

Besides the procedure described in Section 3.3 to calculate the results shown in Figures 3.17- *
27, two other common approaches may be used when analyzing this experiment by a lumped-
parameter code such as CONTAIN. In both cases, the sprays are not assumed to create large
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convection loops in the air so that the enhanced heat transfer due to forced convection is not
imposed on the heat transfer from the wall to the gas. In one case, the spray pattern from a
nozzle operating in an unconfined geometry may be used to estimate the amount of spray
water that impinges on the containment walls. Information on the area of spray coverage as a
function of height may be obtained from the nozzle manufacturer. By assuming that the same
spray pattern exists in the containment, the fraction of spray water that impinges on the con-
tainment wall can be estimated by simple geometrical considerations. Another approach is to
simply activate the spray model in the code with no other modifications. In the CONTAIN
code, the spray drops are assumed to be uniformly distributed throughout the computational
cell and there is no direct interaction between the water sprays and the walls using the default
conditions in the CONTAIN spray model. Although the sprays are injected into the upper
dome (Cell 25), CONTAIN’s spray model does not automatically carry the drops over into the
lower compartments. Calculations were performed using both of the alternative methods and
the results for the helium concentration, gas temperature, gas pressure, and wall temperature
in the upper dome region are shown in Figures 4.22-25, respectively. The dome region was
selected as the room for comparison since the other rooms each represent only 0.2%-4% of the
total volume of the facility. In Figures 4.22-25, the best-estimate results using the procedure
outlined in Section 3.3 are designated as Case 1. The results obtained from assuming a spray
pattern identical to that obtained for the nozzles operating in an unconfined geometry are des-
ignated as Case 2. The simple application of the CONTAIN spray model is designated as Case
3. A final calculation was performed using the simple application of the CONTAIN spray
model with the 28-node representation and is designated as Case 4.

Based on nozzle specifications provided by NUPEC, it was estimated that 15% of the spray
water impinged on the containment wall in the dome. This estimate was obtained by assuming
that the spray pattern for each nozzle in the facility was the same as the spray pattern for a
nozzle operating in air at 1 atmosphere. According to NUPEC specifications, the nozzle spray
angle was 65° and, after a 12-m drop, the spray covered an area with a diameter equal to
approximately 6 m. The fraction of spray water that impinged on the wall was estimated by
superimposing this spray pattern for each nozzle onto the facility geometry. CONTAIN’s film
tracking model was then used to account for the heat and mass transfer of this liquid film
between the wall and the gas. The liquid film flowed down the containment shell to the bottom
of the facility.

It can be generally concluded from Figures 4.22-25 that the method based on the assumption
that the spray drops interacted with the air to form convection loops yielded the best results.
Except for the prediction of the wall temperature, however, all methods gave reasonable pre-
dictions of the gas temperature, pressure, and helium concentration. The main difference
among the methods appeared in the dome wall temperature prediction. Figure 4.25 clearly
shows that too much energy was extracted from the containment wall if spray water was
allowed to impinge on it (Case 2). Likewise, not enough energy was extracted from the wall if
the increased forced convection due to the spray-driven air convection loops was not
accounted for (Cases 3 and 4). Accurate prediction of the wall temperature is important to
account for the energy that will be released from the structures to the gas after the sprays stop.
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was increased by a factor of 5; Case 4--heat and mass transfer coefficients were
increased by a factor of 10; Case 5--heat capacity was increased by 25%; Case 6--
28-cell nodalization scheme. '
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Figure 4.22.Comparison of the predicted results for the dome helium concentration using
different methods for treating the water spray flow pattern in the facility: Case 1
(best estimate)--sprays were assumed to drive a large convection loop which
concentrated the water drops into the center of the facility and enhanced wall to
gas heat transfer; Case 2--spray pattern based on flow in unconfined geometries
and included impingement of water sprays on the containment wall; Case 3--
uniform spray pattern in the dome was assumed with no spray impingement or
forced convection; Case 4--same as Case 3 except 28-cell nodalization was used.
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methods for treating the water spray flow pattern in the facility. Refer to Figure
4.22 for a description of each case.
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Figure 4.24 Comparison of the predicted results for the dome gas pressure using different

methods for treating the water spray flow pattern in the facility. Refer to Figure
4.22 for a description of each case. '
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5.0 SUMMARY

The CONTAIN code was used to predict the thermal hydraulics of five experiments which
simulated the release of helium (as a nonflammable substitute for hydrogen) and steam in a
severe accident in a nuclear power plant with and without water sprays operating during the
time of helium injection. In some of the experiments, steam was injected to preheat the facil-
ity. CONTAIN’s ability to predict the helium concentration, gas temperature and pressure, and
wall temperature was assessed and the results of the “best estimate” calculations are summa-
rized in the rest of this section.

CONTAIN typically predicted the helium concentrations well in most of the compartments in
the facility. The good agreement was due, in part, to the helium being fairly well mixed
throughout the facility for one or more of the following reasons: (1) the effective mixing by
the water sprays, (2) the low point injection of helium, and (3) the relatively open geometry.
For example, in all of the tests, the final helium concentration in the dome was predicted to be
within 10% of the experimental value and typically was much better. The dome constituted
71% of the containment volume. In some special cases, such as dead-end rooms, rooms with
complicated geometries, and source rooms, large discrepancies were sometimes found
although this was not always the rule. Also, different nodalization schemes or flow solvers
yielded significantly different results in some of these compartments. These results may have
important implications when a lumped-parameter code, such as CONTAIN, is used to guide
the assessment of a hydrogen control system, for example, the total number and location of
thermal glowplugs for local regions or individual rooms in a containment. When predicting
stratified conditions, CONTAIN predicted helium concentrations reasonably well when the
hybrid flow solver was used with a nodalization scheme that allowed mixing to occur above
the source. The helium concentration was difficult to predict in the lowest compartments
although the helium concentrations were low in this region.

CONTAIN typically predicted the gas temperature well in most of the compartments in the
facility. For example, it predicted the change in the dome gas temperature to be within approx-
imately 4% or less of the measured values. In some special cases, CONTAIN had difficulty
predicting gas temperatures in the dead-end rooms, rooms with complicated geometries, and
source rooms. This was similar to the difficulties observed in the predictions for the helium
concentrations. In addition, for the tests with water sprays, CONTAIN did not predict the
change in gas temperature well in the lower outer compartments. It was particularly difficult
to predict the gas and wall temperatures in these rooms because the flow of gases through
these compartments that was due to the spray-driven convection could not be accounted for in
the code. To overcome this deficiency, the hydrodynamic drag between the spray drops and
the atmosphere would have to be included in the flow solver. The inability to convect suffi-
cient energy out of the outer lower compartments into the dome accounts, in part, for a greater
predicted rate of temperature drop early in the experiment than what was actually measured.

CONTAIN’s ability to predict the gas pressure was more dependent on individual tests. In
some cases, such as the isothermal test M-5-5, the prediction and the measured value were in
nearly perfect agreement. In other cases, such as the test M-8-2 with water sprays, the pre-
dicted change in pressure was only 16% of the actual change. For the other tests, CONTAIN
predicted the change in pressure to be within 10%-28% of the actual change. CONTAIN
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always overpredicted the final gas pressure although the reason for this could not be explained
fully using physically based sensitivity studies.

The predicted wall temperatures agreed reasonably well with the data. For example, the
change in the temperature of the top of the dome region, which constituted approximately
75% of the total surface area of the containment shell, was predicted within 3%-15% of the
measured change for all of the tests. The most difficult wall temperatures to predict were in
the lower outer compartments in tests with water sprays. In one test, the predicted change in
the wall temperature of one of the lower outer rooms was only one fourth of the measured
change. This was because CONTAIN did not predict the forced fiow of air through the lower
outer rooms due to the spray-induced air convection loop.

The CONTAIN assessment of the M-7-1 test was part of an international effort to assess
severe accident analysis codes. The possible reasons for the discrepancies between the pre-
dicted and measured values were examined in detail for both the preheat and test phases.

CONTAIN predicted the peak gas temperatures and pressure during the preheat phase of test
M-7-1 within less than 2% and 6%, respectively, on an absolute basis. The discrepancies in
the changes in temperature and pressure, from the initial values to the peak values, were
approximately 11% and 18%, respectively, compared with the data. In an attempt to under-
stand the source of these discrepancies, the values of parameters that controlled the energy
addition to the facility, energy absorption by the facility structures, and energy loss through
the facility shell were varied. No single source was identified that could account for all of the
difference between the predicted and measured values. Different nodalization schemes could
account for nearly half of the difference. A 10% reduction in the enthalpy of the steam at the
point it was injected into the facility yielded good agreement with the measured pressure his-
tory. Although the thermodynamic state of the steam was not measured, this reduction in
enthalpy was greater than the 1%-2% loss of enthalpy estimated by NUPEC [1] based on cal-
culations of heat loss through the steam supply line.

Because the water sprays dominated the thermal hydraulics of test M-7-1, different ways of
modelling the water sprays were assessed. The “best estimate” results were obtained assuming
the sprays created a convection loop which concentrated the droplets into the center of the
containment and enhanced the heat transfer from the walls to the atmosphere by the forced
convection of the spray-driven circulation. Other calculations were performed assuming dif-
ferent spray patterns, but the results for the predicted wall temperatures did not agree with the
data as well as the case assuming that the spray-driven convection loops formed. This proce-
dure is recommended for the analysis of severe accidents in nuclear power plants or experi-
ments in test facilities in which water sprays dominate the thermal hydraulic conditions.

The CONTAIN spray model predicted the thermal hydraulics of the tests with sprays reason-
ably well when the procedure described above was used; however, it was cumbersome to
implement the procedure. The procedure would be much easier if the spray model and associ-
ated heat transfer models were automated. This could be accomplished by having the water
sprays automatically fall from one compartment down to the next. Another improvement
would be to have the code calculate a representative air velocity driven by the water sprays
and impose this velocity in the form of a forced convection heat transfer coefficient on all of
the pertinent structures in the containment.
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Two versions of CONTAIN, each with a different flow solver, were assessed with the NUPEC
data. The flow solver in CONTAIN 1.12 W, which is the current default flow solver, connects
the ends of the flow paths to cell centers. The flow path density is assumed to be the average of
the upstream and downstream cells. This flow solver is referred to as the default flow solver.
The default flow solver tends to overpredict the rate and extent of mixing. The other flow
solver assessed, which is referred to as the hybrid flow solver, interpolates between the aver-
age density formulation and a formulation which assumes the flow path density is equal to the
upstream cell density. This flow solver is in CONTAIN 1.12 XBG. In all but one test, the dif-
ferent flow solvers predicted similar results. This was somewhat expected for tests with low
injection points, such as M-4-3 and M-7-1, since this condition created uniform helium con-
centrations throughout the containment. Well-mixed conditions were also observed in both the
predictions and the measurements for test M-8-2, which had a midpoint injection of helium
and water sprays in the dome. In the experiment, the water sprays were effective in mixing
gases because of the hydrodynamic drag between the water drops and the atmosphere. CON-
TAIN, however, does not model the hydrodynamic drag. Apparently, the predicted natural
convection induced by condensation from the cool gases in the center of the facility due to the
water sprays was sufficient to enable thorough mixing of the helium. As was expected, the
hybrid flow solver (XBG version) was superior to the default flow solver (W version) for test
M-8-1, which had stratified helium conditions. However, the use of the hybrid flow solver
without an appropriate nodalization scheme was not sufficient to guarantee good results. The
hybrid flow solver required a nodalization scheme that allowed mixing to occur above the
injection point to predict the stratified conditions well.

In summary, CONTAIN predicted the thermal hydraulic variables for five tests performed in
the NUPEC 1/4-scale model containment. The NUPEC facility’s overall geometry and inter-
nal configuration somewhat resemble U.S. pressurized water reactors, although as has been
pointed out elsewhere [1], there are important differences such as the fact that the NUPEC
facility does not contain any concrete. Different flow solvers and nodalization schemes were
assessed although no attempt was made to minimize the number of nodes used in the assess-
ment. If many calculations are required using a lumped parameter code, this is generally desir-
able. The performance of the different modeling approaches was discussed qualitatively. If
quantitative information on the relative performance of different assessment methods is
desired, a fast Fourier transform method such as that described in [4] should be used.
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