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ABSTR4CT:

TMS paper analyzes the behavior of the discharged steam jet in a light water reactor contain-
ment building after a steam blowdown event. A three step approach is used to analyze the steam
jet behavior. First analytical solutions for an idealized turbulent jet are sought. Second, rnynerical
models of the steam jet discharge in the containment are built using PHOENICS, a 3-D CFD
package; and RELAP5/Mod3.2, a system code. The analytical solutions are used to bench mark
the PHOENICS models while the RELAP5 results are compared against the steam blowdown
data measured at the Purdue University Multi-Dimensional Integrated Test Assembly, a scaled
model of the General Electric Simplified Boiling Water Reactor. It is found that the analytical
model can be improved by accounting for the intermittent nature of the jets. Additionally, the
PHOENICS k+ turbulent model compares favorably against the analytical solutions as well as the
previously published turbulent jet data. Also, RELAP5 is reasonably capable in predicting gen-
eral trends in the RPV, but fails to match the measured data in the containment. Finally, the sys-
tem code solutions cannot provide detailed thermal hydraulics to adequately analyze the steam jet
behavior inside the containment. Therefore, further work in 3-D CFD modeling of the steam jet
in the containment is needed.
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LQ INTRODUC-170N

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. In order to keep containment
temperature and pressure below the critical
points, current containment cooling technol-
ogy use active components such as fans and
sprays to enhance mixing and cooling. Con-
versely, the passive designs of the next genera-
tion reactors, such as the General Electric
~implified ~oiling water ~eactor (SBWR),
rely on natural convection to move the dis-
charged steam through a series of condensers
in the Passive Containment Cooling System
(PCCS) (Figure 1). The reactor decay heat is
ultimately rejected to the atmosphere through
the PCCS.

To study the thermal hydraulic phenomena
that exist in the containment subsequent to a
steam blowdown event and to assess the long-
term performance of the containment cooling
system, the _@rdue university ~ulti-dimen-
sional Test &sembly (PUMA), a scaled model
of GE’s SBWR, was built. PUMA was
designed to simulate both system wide
responses such as mass and energy balances as
well as
such as
flashing
and Wd]

This

local thermal hydraulic phenomena
single and two phase flow regimes,
and choked flows, steam convection
condensation (Figure 2).

paper briefly discusses the PUMA
facility fid-the resulk of the blowdown tests
performed. Additionally, RELAP5/Mod3.2
and PHOENICS numerical results will be dis-
cussed and compared with PUMA experimen-
tal results. Global and integral effects of steam
blowdowns was modeled using RELAP5, a 1-
D plant-wide accident analysis code. Local
steam jet behavior inside the containment was
modeled by PHOENICS, a 3-Dimensional

CFD code. To benchmark PHOENICS steam
jet model, a review of the similarity solutions
for turbulent round jet was also performed and
presented.

Globally, RELAP5 results compare very
favorably with PWs. Local formulation of
steam jet convection and temperature distribu-
tion inside the containment present formidable
analytical and numerical challenges. It is
found that by accounting for intermittence, the ~
similarity solution for turbulent jets can be
extended. In summary, this preliminary study
shows that more detailed containment model-
ing of steam jet convection and condensation
with non-condensables using both RELAP5
and PHOENICS is needed.

~ EmE RIMENTALFACILITY

Although PUMA’s main objectives was to
study long-term low pressure interactions and
performance of SBWR passive safety systems,
its design is versatile in that it allows for stud-
ies of both integral and separated effects of
various reactor operation and accident scenar-
ios. In other words, PUMA can be used to
assess system-wide performance by running
integral tests such as the Main Steam Line
Break (MSLB) or Bottom Drain Line Break
(BDLB) accidents. It can also be used to study
the performance and thermal hydraulic phe-
nomena of individual component such as the
Reactor Pressure Vessel (RPV) two-phase flow
instability, the Drywell (DW) steam-air con-
vection and stratification pattern, Direct Con-
tact Heat transfer (steam-water) in the
Suppression pool, or coupled components
interaction such as one-phase and two-phase
natural circulation involving the RPV and Inte-
gral Cooling System (ICS).
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2.1 pu~ SCALING
The scaling of the PUMA facility is based

on both top-down (system level), and bottom
up (local flow structure) principles. The top-
down approach preserves the integral response
functions, control volume and boundary flows.
The bottom up approach preserves local phe-
nomena such as flashing, choking, condensa-
tion, mixing and thermal stratification [6].

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 is
depressurized to less than 1.03 MPa (150 psia).
This allows PUMA experiments to be executed
at prototypical pressure and ensures that the
most important thermal hydraulic phenomena
within the reactor as well as those in the con-
tainment and other systems at the PUMA facil-
ity are similar to the prototypes. From these
scaling requirements, the pressure, time,
height, power, volume and other geometric
scaling ratios are determined as follows
(PUMA/Prototype):

● Pressure: 1/1
● Volume: 1/400
“ Height: 1/4
● Powen 1/200
c Time: 2/1
“ Area 1/100
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Figure 2: PUMA System Layout

2.2 DRYWELLBLOWDOWNEXPERIMENTS

PUMA steam blowdown event is 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 decreases to approximately 1
meter above top-of-active-fiel, the Automatic
Depressurization System (ADS) activates and
sequentially opens the Depressurization Valves
(DPV’S) and Safety Relief Vidves (SRVS) to
rapidly reduce RPV pressure. The DPV’S dis-
charge steam into the Drywell (DW) while the
SRV lines dump steam directly into the Sup-
pression Pool (SP). Once the RPV pressure is
below the Gravity Driven Condensate System
(GDCS) pressure, gravity drains cool water
(=20°C) from the GDCS into the RPV. The
sequence of ADS events can be followed from
Figure 3.

Immediately following ADS activation,
steam is discharged to the ICS and the contain-

ment. Steam in the DW is vented to the SP
through a series of horizontal vents, and to the
PCCS. The PCCS is situated above the con-
tainment (external to the DW) and draws steam
from the top of the DW dome (see Figure 1).
Since the containment is initially filled with
inert gas, the initial high-pressure steam
entrains most of the inert gas and traps it in the
SP [6].

The SBWR Emergency Safety design phi-
losophy is that once ADS is activated, all of
the reactor decay heat is rejected to the con-
tainment and ultimately expelled to the atmo-
sphere through the ICS and PCCS condensers.
Since the heat removal capacity of the ICS and
PCCS are designed to be greater than the reac-
tor decay heat, it is expected that steady state
containment temperature and pressure are
either at a plateau or decreasing.
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Figure 3: PUMA ADS Sequence of Events

~ THEORETICALMODEL

Once the blowdown begins, high energy
steam forced into the containment through
either the break or the DPV’S can be modeled
as turbulent jets. Initially, the steam jet den-
sity, pressure and temperature are different
from the ambient containment atmosphere. As
it rises, the jet entrains the surrounding air and
slowly transitions to a buoyant plume. The
buoyant steam-air jet mixture interacts with the
surrounding walls and condenses. The PUMA
DW wall condensation phenomena is fhrther
complicated by the presence of non-condens-
ables whose composition varies continuously
as steam condenses. This process affects the
local heat transfer and natural convection flow
characteristics and presents additional model-
ing challenges.

3.1 PHYSICALMODELOFASw JETINAN
IDEALIZEDDRYWELL

The PUMA Drywell is modeled as a two-
dimensional axisymmetric cylinder with diam-

eter, D, and height, H. The DW k initially

filled with inert gas and steam is discharged
ffom a nozzle with initial jet velocity of Wj,
diameter dj, tem~rature and density of Tj and
~j respectively. For this analysis, the steam jet
is assumed to be incompressible and the
Boussinesq approximation is valid. That is, all
thermophysical properties (p, k...) are assumed
to be constant while allowing the density to
vary with temperature. Furthermore, it is
assumed that diffusion is negligible compared
to forced or natural convection. The conserva-
tion equations for the idealized DW can be
written as follows:

Conservation of Mass

a$+;:(Prv)+~(pw) = o (1)

Conservation of r-Momentum

D(pv) =
-~+vo(veff

Dt
Vv) (2)

5
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Conse rvation of z-Mome ntu~

D(pw) = *+ VO(pe~#W) + gAp (3)
Dt ‘z

Thermal Exmnsion Relations

gAp = pag(PT– T.a)

P
1ap-.—

= paT p

(4)

where I.Leff= p + PT and those with subscript
“a” denote ambient properties.

3.2 SIMPLETURBULENTJm SIMILARITY
MODEL

It is difficult to soIve the above set of equa-
tions directly. However, it is widely known
that turbulent jets behave similarly to thin
shear layers. Therefore, applying the thin
shear layer approximations to equations (l)-
(3), one can simpli@ the above equations to
get the following:

~(prv) +~(prw)

– +w~
aw

‘ar

where Vefi = v + VT

= %(r’a“)
Since turbulent shear

stress is order of magnitude larger than laminar
viscosity, one can replace Veffby VT Further-

more, it is required that the turbulent viscosity,
VT,be finite at r =OZlrldVT+O~r+~. The

boundary conditions for the above set of equa-
tions are:

w(z, o) = We(z)

W(z, -) = o

V(z, o) = o (6)

d-z
fZ.

wrdr=O

where WO(Z)is the vertical centerline velocity

to be determined experimentally.

ASME/JSh4EPVPConference,SanDiegoJuly 1998

Many researchers suggested different simil-
arity solutions for equations (5) in terms of the

similarity parameter q = ~
3(Z) ‘

with 8(z)

being the jet width at the point where the axial
velocity is half that of the centerline velocity
(wO). The Gaussian error function correlates
well with the Corrsin’s measured data [3]:

w(q) = WO(z)e-q2h2 (7) “

Cm-sinHeatedAirktExpcximmt

Figure 4: Velocity and Temperature
Similarity Profiles

MODEL

Wygnanski [13] reported an intermittence
region between the turbulent core of the jet and
the laminar region beyond the jet edge. The
intermittence factor, y, is defined to be unity
where the flow is fully turbulent and zero
where the flow is laminar. From this set of
data and to remain consistent with the use of
the Gaussian error function, the intermittence
factor can be defined as follows:

l’(n) = e-lnc’(”-lP (8)

where CY= 2.5 provides the best fit of Wygn-

anski’s intermittence data (Figure 5).

6
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Figure 5: Velocity and Interrnittency Profiles

Since intermittence is not directly
accounted for in Equation (7), the resulting
veloci~ profile and turbulent shear stress are
slightly off at the jet edge (see Figure 4 and
Figure 6). By accounting for y, one can predict
the velocity profiles and the turbulent shear
stress with greater accuracy. The modified tur-
bulent shear stress, q can be defied as:

(9)

The dashed line in Figure 6 is the modified
turbulent shear stress. It is clear that modified
intermittence model improves the turbulent
shear stress prediction significantly.

Remolds Stress

0.0175

0.015

0.0125

0.01

0.5 1 1.5 2 2.5 3

0

Figure 6: Intermittence Modified Turbulent
Shear Stress

W bJUME~CALMODEL

Besides the similarity solutions model of
the turbulent jets given above, the discharged
steam jet problem is also modeled using two
different computational fluid dynamics pack-
ages, RELAP5/Mod3.2 and PHOENICS.
RELAP5 is a l-Dimensional plant-wide simu-
lation and safety analysis code. Its outputs
were used to set PUMA initial test conditions
and to predict the overall trends of the experi- .
ment. PHOENICS is a 3-Dimensional two-
phase CFD code. It is used for detailed model-
ing of the Drywell and turbulent steam jet flow.

4.1 RELAP5/MoD3.2 MODEL

RELAP5 is a l-Dimensional, non-homo-
geneous, non-equilibrium two phase nuclear
plant analyzer program developed by the Idaho
National Engineering Laboratory. As such,
RELAP5 is designed to analyze system com-
ponent interactions and has limited capability
in modeling multi-dimensional effects. This
software package is especially adapted for
nuclear reactor transient and accident analyses.

The RELAP5 model of PUMA consists of
a series of nodes, or control volumes con-
nected together via junctions. The area of
interest for this paper is the RELAP5 model of
the Upper Drywell (UDW). The UDW is mod-
eled as two volumes, one upper thin layer rep-
resents the connection between the top of the
DW to the GDCS. A much larger volume rep-
resent the entire UDW. The steam outlets to
the PCCS and the Horizontal vents to the SP
are connected to this node. Therefore, strictly
speaking, the UDW is represented as a single
node. Thus, complete mixing in the UDW is
assumed [7]. This is a necessary assumption
since prior to the PUMA blowdown experi-
ments, the mixing and distribution pattern of
the UDW was not understood. Therefore, if
more than one node were used to represent the
UDW, it would be impossible to estimate the
interactions between these nodes. In the end,
this is an acceptable assumption since

7
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RELAP5was not designed to predict muki-
dimensional effects within a vessel but only
system average temperature and pressure.

Figure 7 and Figure 8 compare the PUMA
measured data versus the RELAP5 predictions.
RELAP5 was able to predict RPV pressure
well but it is not nearly as capable in predicting
DW pressure. The discrepancy can be attrib-
uted to different causes, but most obvious is
the complete mixing and one node model of
the Upper Drywell. Even though the pressure
trends appear to be similar between predicted
and measured, the RELAP5 responses lag that
of the measured data significantly. On tie
other hand, the pressure drop from the two
experiments match each other extremely
closely, thus showing that these blowdown
experiments are very consistent and repeat-
able.

PUMA Blowdown Expehents

ud@.2Gmnmnulmm
IZo.o, I

Woo.o
—Rc4%

--- FlluA7-z?-2d

Moo -

CcO.o

400.0 .

m.o - —.——

0.0I I
0,0 %0.0 5C0.O ?no lomo

n- [s)

Figure 7: RELAP5/Mod3.2 lWV Pressure

PUMA Blowdown Eqetiments
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Figure 8: RELAP5/Mod3.2 DW Pressure

4.2 PHOENICS MODEL

PHOENICS (by CHAM Ltd.) is a full 3-
Dimensional two-phase and two fluids CFD
package. For this experiment, PHOENICS
was used to model the steam jet behavior
within the containment. Th.iS study dSO

assesses the capability, accuracy and appropri-
ateness of PHOENICS k-s turbulence model in
modeling the DW steam jet.

The turbulent jet modeled by PHOENICS “
is an idealized axisymmetric jet in a cylindrical
containment. Taking advantage of symmetry,
the problem is modeled as a 2-Dimensional jet
(r-z geometry). The first objective of this
study was to determine whether the standard k-
& model is adequate in predicting turbulent
steam jet behavior. Pope [8] and Hanjalic &
Launder [5] suggested a number of modificat-
ions to the standard k-E model, such as chang-
ing the epsilon constants, and adjusting the k-E
model to account for irrotational strain. How-
ever, it is found that for the this study, only CP
and Cel need to be changed.

Table 1: k-e Model Constants

Cp CE* cd

Standard 0.09 1.44 1.92

Modified 0.548 1.65 1.92

Consequently, Figures 9 to 12 show that
PHOENICS was able to match-the previously
published experimental data on radial and
axial velocity profiles, jet spread and center-
line velocity decay rates very well. However,
fiu-ther work is required to model the effects of
wall condensation, stratification, and natural
convection on these parameters.
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~ FUTURERESEARCH

To better simulate the UDW under reactor
blowdown conditions, improvements in both
RELAP5 and PHOENICS numerical models
are needed. For RELAP5, though the code’s
capability in modeling multidimensional phe-
nomena is limited, it is possible to devise a
methodology to model inter-node difkion to
simulate the steam stratification pattern as
measured in the PUMA DW.

For PHOENICS, though the PUMA blow-
down experiments have shown that throughout
the entire test, homogeneous condensation was
not possible, it would be prudent to consider
the effects of droplet formations on turbulence
mixing, jet spread and decay rates. Baskaya
et. al. [1] show that though the condensation
effect does not significantly change the nor-
malized velocity profiles, it does affect the
temperature profiles, jet spread and decay rates
substantially.

Additionally, further studies on the effects
and interactions of turbulence and gravitational
forces are 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 these data to
model the DW phenomena.
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$iQ CONCLUSIONSI

The preliminary results of PHOENICS and
RELAP5 show that the current numerical
models are adequate in predicting steam flow
and stratification patterns in the upper Drywell
of a BWR containment subsequent to a blow-
down event. However, additional modeling is
required in order to study detailed local phe-
nomena such as condensation with non-con-
densables, natural convection, and
stratification effects. Analytically, the inter-
mittence modified similarity solutions show
great promise. Once y is accounted for, the
jet’s turbulent shear stress can be determined
with excellent accuracy.

Table 2: Nomenclature

gravitational constant
pressure
radius
local radial velocity
local axial velocity
centerline axial velocity

thermal expansion coefilcient
intermittence factor
jet half-width
similarity variable
dynamic viscocity
kinematic viscocity
density
shear stress

1.

2.
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