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CALCULATION OF THERMAL MIXING FOR THE BWR MARK I
CONTAINMENT PRESSURE SUPPRESSION POOL

D. H. Cook
Oak Ridge Gaseous Diffusion Plant

There are about 24 boiling water reactors (BWRs) now operating in
the United States. The overall safety of each of these nuclear power
plants depends on the performance of a pressure suppression pool (PSP),
which is designed to provide two key safety functions. The first and
most important safety function is to prevent any significant pressure
increase from occurring in the small primary containment that surrounds
the BWR reactor vessel. The second PSP safety function is to scrub and
contain any fission products that might be present in the reactor vessel
discharge.

Ordinarily, the PSP will function as designed. If the pressure in
the reactor vessel becomes too high, steam is piped to the PSP through
safety relief valves (SRVs) located on the main steam lines (Fig. 1).
The steam is condensed in the pool and the pressure increase in the
reactor vessel is mitigated. If fission products are present in the
discharge to the PSP (discharge from either the SRV or the vent system),
scrubbing of the fission products occurs as the steam is condensed in
the subcooled water. Most of the fission products remain in the water
and the primary containment walls isolate the radioactivity from the
secondary containment and environment.

Any reactor safety analysis that is performed on a BWR plant re-
quires a model of the pressure suppression pool. The model is used to
predict the temperature of the water that feeds the steam condensation
and to predict the evaporation rate from the water surface. The local
water temperature and pool evaporation are two key inputs for the pri-
mary containment integrity analysis.

In most of the current pool models, the PSP is treated as a single,
well-mixed node. * These models in essence treat the entire PSP as a
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large, well-mixed pot of water, which is adequate if the energy is added
to the pool at many locations or if the steam mass flux from a single
location is large enough to ensure thorough mixing throughout the pool.

Currently, steam that flows through the SRVs enters the PSP through
a T-quencher (Fig. 2). The T-quencher device at the relief valve
terminus consists of two horizontal pipes connected to the SRV discharge
line to form a "T". The horizontal pipes have arrays of holes in each
side through which the SRV steam discharges in a roughly horizontal fan
of small jets. The T-quenchers are distributed fairly evenly around the
torus, and during an accident when remote — manual operation of the
SRVs is needed, emergency operating instructions require the operator to
open oppositely located valves in a specific order, so that the energy
input to the PSP is evenly distributed. Thus, the well-mixed pool re-
quirements are met and a single node analysis of the PSP will suffice.

In many accident scenarios the well-mixed requirements are not
met. This is particularly true during many of the postulated severe
accidents.2'3 One such severe accident is the station blackout accident
(SBA).

A SBA is initiated by the loss of all offsite and onsite power ex-
cept for the unit batteries. During the early stages of the accident,
control power exists, and the reactor operator can follow the procedure
for controlling the reactor pressure by sequentially opening SRVs that
discharge to different locations around the PSP. The energy added to
the PSP is distributed uniformly, and local — to — bulk temperature \
differences remain small. A well-mixed pool model is adequate for the \
early stages of a station blackout. f

When control power fails due to battery exhaustion, a very dif-
ferent scenario unfolds. Instead of many SRVs opening and discharging
steam to different points around the pool, a single SRV would repeatly
cycle and deposit the decay-heat generated by the reactor into just one
part of the PSP. The bulk pool temperature would still increase slowly,
but the temperature of the water immediately surrounding the relief
valve tailpipe would rapidly increase.

As the SRV continued to open and close, more and more energy would
be deposited near the steam discharge, and the water temperature there
would monotonically increase. As the water temperature approached the
saturation temperature corresponding to the pressure in the containment,
steam bubbles would detach from the discharge device, rise, and break
through the pool surface, thus causing the containment pressure to in-
crease. If the scenario continued, the containment would eventually
reach the failure pressure.

The possibility exists (although it is extremely remote) for the
containment to fail due to overpressurization before any core damage oc-
curs and before the bulk pool temperature reaches saturation. Clearly,
a single-node analysis could not model the station blackout accident
correctly.



For the SBA and other situ itions in which the single node model is
inadequate, a model that produces more detailed information about space
and time dependent pool temperatures is needed. Currently, there is no
model available in the open literature for calculating detailed PSP
thermal mixing.

The purpose of this work is to develop and verify a model for cal-
culating PSP local temperature versus time. The emphasis in the work
is on the PSP temperature response to a single SRV discharging to the
pool. An important part of the model is to correctly predict the ve-
locity field in the PSP that is induced by a single safety relief valve
discharge. The resulting velocity distribution is then used to predict
the temperature distribution in the pool. The temperature distribution
in turn feeds back into the velocity field and affects the condensation
source.

Although the emphasis in this work is on the effects of a single
T-quencher discharging to a cold PSP, several extensions of the work
were performed. These extensions include

1. the capability of modeling an arbitrary number of SRVs discharging
steam through T-quenchers into the PSP,

2. the capability to model past the point in time when the water near
the T-quencher saturates,

3. the capability to model the PSP thermal mixing when a large circum-
ferential velocity is induced in the pool by the RHR systems, and

4. the capability to model a well mixed PSP.

The phenomena of importance during T-quencher discharge are sepa-
rated into two major categories: near field effects and far field
effects.

The near field is broadly defined as the region of the PSP con-
taining the T-quencher (Fig. 3). Since the T-quencher is about as long
as one bay of the suppression pool, the theta boundaries of the near
field are conveniently chosen to be the theta boundaries of the dis-
charge bay. The near field is assumed to be symmetric about the center
line of the T-quencher, and all of the near field analyses apply to one
half of the discharge bay.

When steam flow begins at the T-quencher, the hot water created by
the steam condensation moves toward the PSP surface in the form of tur-
bulent, buoyant, forced plumes (Fig. 3). The plumes are accelerated by
buoyancy and decelerated by entrainment of the surrounding cold water.
The entrainment also decreases the plume temperature. If the momentum

Local temperature for the purposes of this work is defined as the
temperature of a given node in the domain. That node can consist of the
small region near the steam discharge, or a region at the water surface,
or any other part of the domain for which an energy balance is written.



of the plume is large compared to the buoyancy, the plume will behave
very much like a jet: it will strike the torus wall and be deflected
upward. If the momentum is small compared to the buoyancy, the forced
plume will behave like a pure plume: it will flow vertically from the
T-quencher and move to the PSP surface.

Whether the forced plume behavior is jet-like, plume-like, or
somewhere in between, the heated water will reach the surface of the PSP
in the discharge bay. At the surface, or in a region near the surface,
the plume flow will split, and part of the hot water will flow downward
as the plume momentum reflects off the free surface. This downward flow
remains in the discharge bay and provides some of the water that feeds
steam condensation near the T-quencher and some of the water entrained
in the plumes above the T-quencher. The downflow of the hot water in
the near field is defined as the local recirculation flow.

The remainder of the heated plume reaching the PSP surface flows
out of the near field and moves around the circumference of the torus in
both directions. Since the water is hot relative to the PSP water
located away from the discharge bay, the outflow tends to remain on the
surface. The flow out of the near field and across the surface of the
far field takes the form of a density current (Fig. 4).

The far field region is the portion of the PSP located away from
the discharging T-quencher. For example, if a single T-quencher were
discharging into the PSP, the far field would include 15 of the 16 bays.

The purpose of the far field analysis is to determine the fluid ve-
locities in the far field region, and to use that velocity distribution
to construct the mass flows that cross the boundaries of each node in
the time dependent thermal model of the PSP.

The flow in the far field can be considered to be two dimen-
sional. The two dimensions are z, the elevation, and 9, the circumfer-
ential distance around the pool. The far field velocities to be deter-
mined are the horizontal (i.e., circumferential) velocity, u(z,8), and
the vertical velocity, w(z,9). The unknown velocity and the problem
geometry are shown in Fig. 4. The domain is bounded on the left by the
near field/far field interface, on the right by a symmetry plane, above
by the water surface, and below by the torus floor.

The BWR pressure suppression pool (PSP) thermal mixing model is not
an individual mathematical prescription or a single computational fluid
dynamics algorithm for determining the PSP thermal mixing. Rather, it
is an ensemble of four separate flow models and one thermal model for
the purpose of determining the transient temperature distribution
throughout the pool. The flow models are (1) a thermal convention cell
model, (2) a thermal stratification model, (3) a bulk pool circulation
model and (4) a well-mixed pool model.

All of the models have a common goal: to determine the PSP tem-
perature distribution at a new time t + At, given the temperature



distribution at time t and the total energy input to the pool. In addi-
tion, all of the models have a common approach to the temperature calcu-
lations , That approach is outlined in the steps below.

1. The PSP is broken into N user-determined lumped nodes (Fig. 5). The
nodes are defined by a grid in the vertical and circumferential
direction. There are arbitrary (user input) nodes in both direc-
tions .

2. Energy balances are written for all the nodes in the form of first
order ordinary differential equations (ODEs) for the rate of change
of the nodal temperature. The coefficients of the equations are
determined from the flow field.

3. The flow field (at the current time t) is determined by one of four
models for the PSP thermal mixing.,

4. The coupled set of N ODEs is solved for the temperature distribution
at the new time t + At.

The four modeling groups are designed to accommodate as broad a
range of PSP transients as possible. Group 1 consists of the flow
phenomena that exist when one or more SRVs is discharging through a
T-quencher. The flow field is characterized by large, alternating con-
vection cells that are formed by an outflow from the top of the dis-
charge bay (Bay D), a downflow in the region away from Bay D, and a
countercurrent inflow to the bottom of Bay D. The thermal convection
cell model applies to group 1. Group 2 consists of the flow phenomena
that exist when the SRVs are turned off or when energy is added to the
PSP with very small initial momentum. The flow field in this group is
characterized by complicated internal buoyancy effects that create a
thermal stratification in the pool. The thermal stratification model
applies to group 2. Group 3 consists of the mixing phenomena induced by
a bulk circumferential circulation in the PSP. The flow field in this
group is described by a ID, circumferential variation of velocity and
temperature. The bulk pool circulation model applies to group 3. Group
4 consists of uniform whole-pool mixing. The flow field in this group
is a highly turbulent, 3D motion. The well-mixed pool model applies to
group 4.

There are four models for the flow field in the PSP. Hence, four
separate model verifications were performed. The thermal convection
cell and thermal stratification models were verified by comparison to
the Monticello T-quencher thermal mixing test4 that had no RHR system
discharge to the pool. The bulk pool circulation model was verified by
comparison to the Monticello T-quencher test that had a RHR-induced bulk
circulation of the PSP. Finally, the well mixed pool model was verified
by comparison to the bulk pool average temperatures measured during the
Monticello test with RHR.

A typical plot from the model verification runs is shown in Fig.
6. Figure 6 is a comparison of the surface temperature measured during
a T-quencher discharge event to the temperature predicted by the PSP
models for a surface node in approximately the same position. For this
position, the T-quencher thermal convection cell model accurately



predicted the PSP surface temperature during the 11 minutes of steam
discharge. In addition, the thermal stratification model performed well
in predicting the pool temperatures for the approximately 20 minutes
following closure of the SRV.

The PSP model did not perform as well for all the temperature sen-
sor locations as it did for the surface node presented in Fig. ft. This
is to be expected when comparing complicated, 3D experimental results to
a 2D model. Overall, the PSP model performed well for most of the
experimental temperatures and gave good agreement with all of the sur-
face temperatures.

Several model applications were demonstrated with the PSP code.
These include: (1) the time to saturate locally when one SRV discharges
continuously at full steam flow, (2) the PSP temperature response to
reactor vessel blowdown through one SRV, (3) the effect of operator
rotation of SRVs, and (4) the PSP temperature response to multiple SRV
discharges.

The results of the time to saturation example are shown in Fig. 7
in the form of discharge bay subcooling versus time after SRV opening.
As shown in Fig. 7, the PSP model predicts about 35 minutes are required
for the pool surface above the T-quencher to saturate while the water at
the level of the T-quencher took approximately 15 minutes longer to
saturate.

In summary, a two dimensional model of the BWR Mark I pressure sup-
pression pool was developed based on lumoed parameter energy balances
applied to many large fluid nodes in the pool. The nodes are user
defined by a grid in the vertical and circumferential direction and are
coupled together by coefficients determined by one of four user chosen
models for the flow. The available flow models are (1) the T-quencher
thermal convection cell model, (2) the thermal stratification model, (3)
the bulk pool circulation model, and (4) the well mixed pool model.

The PSP thermal mixing model was verified by comparing temperatures
predicted by the model to temperatures that were measured during experi-
ments in an operating BWR suppression pool. Overall, each of the models
provided reasonably good agreement with the experimental temperatures.

The PSP code is currently is use by the Oak Ridge National Labora-
tory SASA program and is being used to investigate the timing of con-
tainment failure due to overpressurization, loss of condensation effec-
tiveness, and pump net positive suction head considerations for the ECCS
systems.

A detailed description of the PSP models and code is contained in
the report "Pressure Suppression Pool Thermal Mixing," NUREG/CR-3471,
ORNL/TM-8906, published in October, 1984.
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Fig. 1. Decay heat generated steam is relieved to the pressure
suppression pool when the reactor vessel is isolated.
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Fig. 2. The T-quencher produces stable condensation over a large
temperature range and reduces containment loads.



THE NEAR FIELD REPRESENTS THE DISCHARGE BAY.
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Fig. 3. The phenomena of importance during T-quencher discharge
are separated into near field and far field effects.
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Fig. 4. The far field phenomena occur away from the discharge bay
and are modeled as density current flow in a two-dimensional short hy-
draulic channel.
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Fig. 5. The two-dimensional pool model is based on lumped-
parameter energy balances applied to many large fluid nodes.
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Fig. 6. The models were verified by comparing model-predicted tem-
peratures to experimentally measured temperatures.
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Fig. 7. Several model applications were demonstrated including the
time to saturation.


