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ABSTRACT:

This paper compares the three-dimensional numerical simulation with the experimental data
of a steam blowdown event in a light water reactor containment building. The temperature and
pressure data of a steam blowdown event was measured at the Purdue University l@hi-Dimen-
sional Integrated Test &sembly (PUMA), a scaled model of the General Electric simplified ~oil-
ing water Reactor. A three step approach was used to analyze the steam jet behavior. First, a 1-
Dimensional, system level RELAP5/Mod3.2 model of the steam blowdown event was created and
the results used to set the initial conditions for the PUMA blowdown experiments. Second, 2-
Dimensional CFD models of the discharged steam jets were computed using PHOENICS, a com-
mercially available CFD package. Finally, 3-Dimensional model of the PUMA drywell was cre-
ated with the boundary conditions based on experimental measurements. The results of the 1-D
and 2-D models were reported in the previous meeting. This paper discusses in detail the formu-
lation and the results of the 3-Dimensional PHOENICS model of the PUMA drywell. It is found
that the 3-D CFD solutions compared extremely well with the measured data.
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1.0 INTRODUCTION

In the design and operation of a nuclear
power plant, the containment building is the
last line of defense against the release of radio-
active isotopes into the atmosphere. In some
Loss of Coolant Accident (LOCA) scenarios,
the high energy steam jet discharges could
raise the containment pressure beyond its
design limits. Therefore, to maintain contain-
ment integrity, current active containment
cooling systems use fans and sprays to
enhance mixing and cooling. Conversely, the
passive designs of the next generation reactors,
such as the General Electric simplified Boiling
Mater Beactor (SBWR), rely on natural con-
vection to move discharged steam through the
Passive Containment Cooling System (PCCS)
(see Figure 1). Ultimately, the PCCS rejects
the nuclear decay heat to the atmosphere
through the evaporation of the PCCS pool.

The Purdue university Multi-dimensional
Test ~ssembly (PUMA), a scaled model of
GE’s SBWR, was built to study the thermal
hydraulic phenomena related to the various
aspects of passively safe reactor design philos-
ophy. PUMA is capable of simulating both
system wide responses such as mass and
energy balances as well as local thermal
hydraulic phenomena such as single and two
phase flow regimes, flashing and choked flows,
steam convection and wall condensation of
operational transients as well as accident sce-
narios. In this present study, PUMA was con-
figured to simulate a steam blowdown event in
the containment similar to a Main Steam Line
Break (MSLB) accident. Before describing
the test results, this paper briefly discusses the
PUMA facility and the numerical models used
in this study.

The RELAP5/Mod3.2 code was used to
study the global behaviors and the systems
interactions. Conversely, detailed 2 and 3-
Dimensional steam jets behaviors in the con-
tainment were studied using PHOENICS, a
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commercially available Computational Fluid
Dynamics software package.

Globally, RELAP5 predictions compared
favorably with PUMA experimental results.
However, due to the code’s inherent l-Dimen-
sional structure, RELAP5 was not able to com-
pute the temperature distribution inside the
containment [5]. On the other hand, with sim-
ple modifications to the k-& turbulence model
constants, PHOENICS was able to accurately
reproduce the 2-Dimensional axisymmetric
turbulent jets behaviors [4].

Finally, by applying the boundary condi-
tions as measured from the steam blowdown
experiments, the 3-Dimensional PHOENICS
model was able to precisely predict the tem-
perature and velocity distributions of the dis-
charged steam jets.

2.0 EXPERIMENTAL FACILITY

The PUMA facility was designed to study
long-term low pressure performance and inter-
actions of the passive safety systems [2]. For
the purpose of the present work, PUMA was
configured to study the local thermal hydraulic
phenomena of individual components such as
the Drywell (DW) steam-air convection and
stratification pattern. Additionally, it can also
be used to assess plant-wide passively safe
system performance by running integral tests
such as the MSLB or Bottom Drain Line Break
(BDLB) accidents. Or coupled components
interactions such as one-phase and two-phase
natural circulation involving the RPV and Inte-
gral Cooling System (ICS).

2.1 PUMA SCALING

The scaling of the PUMA facility was
based on both top-down (system level), and
bottom up (local flow structure) principles [2,
3, 7]. The top-down approach preserves the
integral response functions, control volume
and boundary flows. The bottom up approach
preserves local phenomena such as flashing,

.. .. . . -
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Figure 1: SBWR System Layout

choking, condensation, mixing, and thermal power and other geometric scaling ratios were
stratification.

The integral system scaling requires single
and two-phase flow regimes and structures of
the scaled system to be consistent with the pro-
totype. To satisfy this requirement, the ratios
of the dimensionless numbers between the pro-
totype and scaled system must be as close to
unity as possible. Finally, to study long term,
low-pressure performance and interactions of
SBWR safety systems, PUMA was designed
to simulate reactor accidents after the RPV has
been depressurized to less than 1.03 MPa (150
psia). This allowed PUMA ex~riments to be
executed at prototypical pressure and ensured
that the most important thermal hydraulic phe-
nomena within the reactor as well as those in
the containment and other sub-systems are as
similar to the prototype’s as possible. From
these scaling requirements, the pressure, time,

3

determined as follows (PUMA/Prototype):

● Time: 2/1 ● Area 1/100

● Pressure: 1/1 ● Volume: 1/400
“ PoweC 1/200 c Height: 1/4

2.2 DRYWELL BLOWDOWNEXPERIMENTS

The PUMA steam blowdown event was
simulated by opening a break valve in one of
the main steam lines to discharge high energy
steam into the containment (Figure 1). Once
the reactor coolant level decreased to a preset
level above top-of-active-fuel, the Automatic
Depressurization System (ADS) activated
which sequentially opened the Repressuriza-
tion (DPV’S) and Safety Relief Valves (SRV’S)
to rapidly reduce RPV pressure (Figure 2).
The DPV’S discharged steam into the Drywell
(DW) while the SRV lines dumped steam

—.— --————- -. . .—
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Figure 2: PUMA System Layout

directly into the Suppression Pool (SP). Once
the RPV pressure was lower than the Gravity
Driven Condensate System (GDCS) pressure,
gravity drained cool water (=20”C) from the
GDCS into the RPV.

The SBWR emergency cooling design phi-
losophy was such that once ADS was acti-
vated, the reactor decay heat was immediately
discharged to the containment and ultimately
expelled to the atmosphere through evapora-
tion in the ICS and PCCS condenser pools.
Since the heat removal capacity of the ICS and
PCCS were designed to be greater than the
reactor decay heat, it was expected that long
term containment temperature and pressure
would either settle at a plateau or decrease
steadily.

2.3 EXPERIMENTAL RESULTS

The analysis presented here focused on the
long-term containment cooling or PCCS cool-
ing phase of the SBWR/PUMA system. The
DW temperature were measured at a number
of axial and wall locations inside the contain-
ment. Axial bulk steam temperature distribu-
tion was measured by thermocouples spaced
about 0.25 m apart.

2.3.1 Steam Condensation

The initial high energy steam discharge by
the ADS actuation heated up the containment
wall to about 130”C. Subsequent to GDCS
injection, the RPV was cooled and steam pro-
duction effectively halted. As decay heat built
up, steam production resumed and steam flow
to the upper drywell re-established. The steam
temperature of the PCCS phase was approxi-
mately 127”C. Therefore, wall condensation

4
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only took place during the period prior to
GDCS injection and not during the long-term
cooling phase.

2.3.2 Steam Quality

Since superheated and condensing steam
jets behave differently [1], in order to correctly
model the discharged steam jets, it was impor-
tant to ascertain the thermodynamic state of
the incoming steam. It was found that steam
entering the drywell after GDCS injection was
superheated. This is due to the fact that during
the SBWR long term cooling phase, boiling
took place at the core, which was under a tall
column of water. Thus steam exiting the RPV
was significantly superheated. Because homo-
geneous condensation was not possible for
superheated steam, the 2- and 3-Dimensional
jets modeled in the following sections were
one-phase, turbulent jets.

2.3.3 Temperature Stratification

Temperature measurements showed that
significant stratification existed in the upper
drywell. The measured temperature rise was
found to be approximately 1.15°C/m. Addi-
tionally, the stratification patterns were found
to be complex and persistent throughout the
long-term cooling phase. Near the top of the
containment dome, the stratified steam layers
were thin whereas at the lower portion of the
upper drywell, the steam layers were signifi-
cantly thicker.

3.0 3-DIMENSIONAL PHOENICS MODEL

Two different computational fluid dynam-
ics packages, RELAP5/Mod3.2 and PHOEN-
ICS, were used to analyze the steam blowdown
problem. RELAP5 is a l-Dimensional plant-
wide simulation and safety analysis code. Its
outputs were used to set PUMA initial test
conditions and to predict the overall trends of
the experiment. PHOENICS, a 3-Dimensional
two-phase CFD code was used to model the
detail thermal hydraulics phenomena in the
drywell.

5

3.1 BOUNDARYCONDITIONS

For simplicity, the 3-Dimensional model of
the PUMA drywell was modeled as a rectan-
gular box of 3m X 3m X 2m, with one steam
inlet from the RPV and one outlet to the PCCS
(see Figure 2). The PHOENICS model had
steam entering the upper drywell through a
horizontal pipe and impacting a deflector plate
that directed the steam up and downward.
Steam exited to the PCCS through an openings
at the top of the drywell.

For long-term containment cooling calcu-
lations, the boundary conditions were set as
follows: the wall temperatures were set to
130”C and inlet steam temperature was set to
127°C.

Figure 3: Boundary Conditions

3.2 GRID LAYOUTAND COPWERGENCE
CRITERIA

There are two types of convergence criteria
in computational fluid dynamics, iteration and
grid convergence. The iteration convergence
error is defined as the differences between suc-
cessive iterations. PHOENICS has two types
of iterations, “sweeps” and “iteration.”
Sweeps are whole field operations whereas
“iteration” is the number of times a set of cal-
culations is repeated within a slab. Iteration
convergence is said to be satisfactory when the
solutions are unchanged as the number of

---v— . . ——-—. — -.,,..
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sweeps is increased. For the 3-Dimensional
calculations, the solutions remained the same
after 300 sweeps.

Grid convergence can be to achieved by
doubling the number of grid points until the
solutions between successive doubling become
the same. However, due to limited computer
resources, this method is not always feasible.
The calculations presented here were per-
formed on a IBM Pentium 200 MHz computer
with 128 Megabyte of RAM and Microsoft
Windows NT 4.0 operating system. Therefore,
an alternative method of determining the dis-
cretization error is needed. The Richardson
extrapolation method [8] is a simple means of

“ estimating discretization errors. This extrapo-
lation technique assumes that the expected
error can be represented as:

(1)

with h being the grid spacing and that the error
can be expanded as a Taylor series:

E~ = ezh2 + e4h4 + e6he + . .. (2)

By doubling the grid spacing h, thus halv-
ing the number of grid points, the error
becomes:

‘2h = 4ezh2 + 16e4h4 + 64e6hG + . . . (3)

For small values of h, the succeeding terms
can be dropped and the discretization error
becomes:

(4)

For the three-dimensional temperature
stratification analysis shown in Figure 8, by
applying the Richardson extrapolation tech-
nique, the expected discretization error was

found to be approximately E~ = 0.2°C.

Figure 4: PUMA Drywell Grid Layout
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Figure 5: Grid Convergence

3.3 NUMERICAL vs. EXPERIMENTAL
RESULTS

Figures 6 and 7 show the velocity vectors
and the temperature contour in the upper con-
tainment. Figure 6 shows that the incoming
steam impacts on the deflector plate and
spreads around in all directions. As the steam
rises, a plume develops just above the deflector
plate (see Figure 7). The bulk of the steam,
however, stays stagnant near the center of the
drywell.

Since the drywell walls were hotter than
the incoming steam jets, the walls heated the
steam near the walls and cause a general
upward motion [5]. Figure 6 shows the

6
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streamlines rise along the walls and exits
through the PCCS outlets. It is also interesting
to note from the streamlines that the path of
exiting steam begins from the center of the
drywell, rises along the wall and eventually
exit the drywell through the PCCS inlets.

Figure 7 shows the temperature contour in
the upper containment. The plume of incom-
ing steam can be readily discerned as well as
the stratified layers at the top of the upper dry-
well. Note the non-uniform nature of the strat-
ification pattern in both vertical and horizontal
directions. The upward motion of the temper-
ature contour lines in Figure 7 denotes the

Figure 8 compares the axial steam temper-
ature distribution measured from three differ-
ent test dates versus PHOENICS predictions.
This plot shows that the PHOENICS predic-
tions agree extremely well with the PUMA
measured data. The numerical predictions also
confirmed that the temperature distribution
was non-uniform in the axial direction. That
is, the temperature rise is non-linear in the
axial direction. Also from Figure 8, it can be
seen clearly that the temperature differences.
among the highest layers are greater than those
of lower layers.

motion of steam exiting to the PCCS,
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Figure 8: Axial Temperature Comparisons

4.0 FUTURE RESEARCH

To better simulate the UDW under reactor
Figure 6: Velocity Vectors and Streamlines blowdown conditions, improvements in the

o
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experimental measurements as well as in the
numerical models are needed. Experimentally,
additional temperature measurements in the
upper drywell are needed in order to obtain a
more complete 3-Dimensional temperature
distribution.

Numerically, even though the PUMA
experiments showed that throughout the blow-
down event, homogeneous condensation was
not possible. However, Baskaya et. al. [1]
showed that although the condensation effect

Figure 7: Axial Temperature Contour does not significantly change the normalized
velocity profiles, it does affect the temperature
profiles, spread and decay rates substantially.

7
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Therefore, the effects of droplet formations
must be considered whenever homogeneous
condensation is a possibility. Additionally,
further studies on the effects and interactions
of turbulence and gravitational forces are also
needed. Finally, since most of the available
data on turbulent jets and buoyant plumes are
based on infinite media, care should be taken
when using this data to model the DW phe-
nomena.

5.0 CONCLUSIONS

The results of the PUMA experiments and
numerical calculations confirmed that vertical
and horizontal temperature distribution in the
upper @well was complex, and the stratifica-
tion patterns were stable and persistent. On
the other hand, it was surprising to learn that
neither homogeneous nor wall condensation
was significant following a BWR steam blow-
down event. These findings led to substantial
simplifications in the analyses of steam blow-
down events.

The numerical simulations showed that 3-
Dimensional PHOENICS model of the PUMA
drywell were satisfactory in predicting steam
flow and stratification patterns.
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