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ABSTRACT

An MSIV Closure ATWS calculation for a typical
BWR/4 (Browns Ferry, Unit 1) was performed using
the RAMONA-3B code which 1s a BWR systems tran—
sient code combining three~dimensional neutromic
core representation with multi-channel one-dimen-
sional thermal hydraulics. The main objective of
the study was to perform a best-estimate evalua-
tion of the recently proposed Emergency Procedure
Guidelines for Anticipated Transients Without
Scram (ATWS), Emphasis was placed on evaluating
the effects of lowering the downcomer water level
to the Top of Active Fuel {TAF) and vessel depres-
surization.

The calculation was tun up to approximately 1200
seconds. Both actions, namely, lowering the water
level and vessel depressurization, lowered the
reactor power to some extent., However, the pres-
sure suppression pool water temperature still
reached approximately 90°C (poteéntial High Pres~
sure Coolant Injection {(HPCI) pump seal faillure
temperature) in tweaty minutes. Thus, other ac—
tions such as boron injection and/or manual con—

trol rod insertion are necessary to mitigate a

BWR/4 Main Steam Isolation Valve (MSIV) closure
ATUS .

INTRODUCTION

Anticipated transient without scram (ATWS) is
known to be a dominant accident sequence for pos—
sible core melt iIn a Boiling Water Reactor (EWR).
A tecent Probabilistic Risk Assessment (PRA) anal-
ysis (1) for the Browns Ferry, Unit 1, nuclear
power plant indicates that ATWS is the second most
dominant transient for core melt in a BWR/4 with
Mark I containment, the most dominant sequence
being the failure of long term decay heat removal
function of the Residual Heat Removal (RHR) sys—
tem. Therefore, a great deal of analysis has al-
ready been performed to understand the BWR beha-
vior during an ATWS. References (2 - 5) provide
some examples of earlier work.

Much work has also been done to prevent and miti-
gate any adverse consequences of an ATWS. Recir-
culation pump trip and boron injection are two
prominent mitigative actions. In addition, the
BWR owner's group has recently suggested that in
the event of an ATWS, the operator should reduce
the safety injection flow rate so that the down-
comer water level drops from the normal level to
the top of active fuel (TAF) and remalns there.
This new emergency procedure guideline (EPG) would
lower the core flow rate, resulting in an in-
creased core-average vold fraction and a decreased
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reactor power. A lower reactor power would re~
duce the steam generation in the core and would
eventually reduce the heat~up rate of the pressure
suppression pooi (PSP). Even then, the reactor
vessel may have to be depressurized by manual con-
trol of the safety/relie” valves as the PSP water
temperature starts to inctease beyond a certain
limit. This action should also increase the core
void fraction and help lowering the reactor power.

4nalyses (6 — 11) have been performed to determine
the reactor power assuming that the operator main-—
tains the water level at TAF and depressurizes the
reactor vessel in accordance with the new EPGs.
However, the results of these analyses are very
sensitive to the methodology used; sometimes the
predicted power levels differ from one another by
a factor of two. The objective of this study is,
therefore, to perform a best-estimate calculation
using ,one of the most sophisticated ATWS analysis
tools presently available.

In" a BWR, the vapor void fraction varies signifi-
cantly in space, particularly in the vertical (or
axial) direction. Because of strong vold-reacti=-
vity feedback, a vpace~time neutron kinetics
coupled with an adequate thermal hydraulic model
1s necessary for ATWS-type analysis where the
axlal power distributlion 1s expected to vary sig-
nificantly with time. Therefore, the RAMONA3B
code (12) with three~dimensional neutron kinetics
and one-dimensional, multi-channel, four—equation,
thermal-hydraulics was chosen for the present
study. It 1is expected that this study will pro-
vide the benchmark-type calculations which may be
used to adjust the "simpler” amalytical tools such
as the BWR-LACP code (10).

BRIEF DESCRIPTION OF RAMONA-3B

RAMONA-3B has been developed at Brookhaven
National Laboratory under the sponsorship of the
U.S. Nuclear Regulatory Commission for amalyzing
BWR core and systems transients. The code employs
a three-dimensional neutron kinetics model coupled
with one-dimensional, four—equation, nonhomogen—
eous, nonequilibrium thermal hydraulics. To be
compatible with 3-D neutron kinetics, the code
uses parallel coolant channels in the core. It
also includes a boron transport model and all
necessary BWR components such as jet pump, recir-
culation pump, steam separator, steam line with
safety and relief valves, wmain steam isolation
valve, turbine stop valve and turbine bypass
valve. An additional condensation model pertinent
to condensation on cold safety injection water in
the dowmcomer region has recently been implemented
into the code, and is discussed in the Appendix.

*Work done under the auspices of the U.S. Nuclear Regulatory Commission.
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The Appendix also includes a brief description of
the RAMONA-3B- neutronics and thermal-hydraulics
modeling.

TRANSIENT SCENARIO

The transient presented in the paper was assumed
to be iInitiated by an iInadverteat closure of all
M5IVs in the Browns Ferry plant starting at the
full power corresponding to the end of Cycle 5
(Table 1). As a result, pressure in the reactor
vessel rapidly increased causing a collapse of
voids In the core with simultaneous increase in
reactor power. The SRVs were assumed to operate
as designed and the recirculation pumps were trip-
ped upon reaching the high pressure set point
(7.83 MPa with 0.53 sec delay). The feedwater was
lost by 8 seconds and the plant was left in an au~
tomatic mode of operation until 150 seconds. At
this time, operator recognized that an MSIV clo~-
sure ATWS was in progress and started to act ac—
cording to the Emergency Procedure Guidelines,
i.e., the downcomer water level was gradually
lowered to the TAF level. At the same time, the
reactor vessel was depressurized to avoid exces—
sive SRVs cycling.

Lowering the water level was accomplished by re-
ducing the HPCI and RCIC flow rates. The safety
injection systems were activated by a low water
level signal earlier in the transient. This level
was approximately 2,7 meters above the TAF eleva-
tion. Thereafter, the downcomer water level was
kept at TAF by controlling the HPCI and RCIC in—
jection flow rates until the end of the transient
calculation. Along with the level control, an—
other safety feature exercized by the plant opera-
tor was modeled in the calculation: the reactor
pressure vessel was depressurized according to the
PSP heat capacity temperature 1limit curve. It
should be noted that the present traansieat scena-
rio did not include such mitigating measures as
boron injection or manual rod 1insertion. The
sequence of events including some important system
parameters is shown in Table 2.

INPUT MODEL

Neutronics Data and Core Modeling

The neutronic data used to model the core was gen—
erated from the state of Cycle 5 of Browns Ferry
reactor at a core average burnup of B876 MWD/MT.
Tennessee Valley Authority (TVA) supplied a com
plete description of the core.

The analysis showed that 5 basic fuel types had to
be calculated by CASMO (13) (a 2-D transport code)
to supply the macroscopic crass sections required
for the calculation of the state of the core as a
function of exposure and void history. The grid
used for each fuel type for each CASMO calculation
set can be seen in Figure 1.

The overall scheme to process the cross sections
is shown in Figure 2. After the macroscopic cross
sections are defined by CASMO, the BLEND? code
(which has been developed at BNL) takes the expo-
sures and void histories obtalned from the TVA
process computer for each node and determines the
corresponding cross section set in the BNL-TWIGL
format (14):

£ (@7 Ty F|E,V) = F (atba + ca®) +

(1~F) (a'+bh+c's?) + ¢)!

P(Tm-‘l‘;)*'R(/ TF"/T{,’).
Once each node is assigned its cross section set,
BLEND2 performs a constrained minimization process
using the exposure and void history of each node

- to group members of a fuel type (a group is called

a chain) using the criteria
- §E
IE:I. Ejl <
,vi - vj' < &V,

where E;, Vi, are the characteristics of a
node arbitrarily chosen as a chain head and Ey,
Vi are the properties of an element or chain
head of another group to determine whether the
j-node falls within the acceptance criteria deter—
mined by SE and §V. Several sweeps are made with
increasing values of SE and &V until BLEND2 ar—
rives at a predetermined total number of cross
section sets. The cross section set number and
its corresponding node location are printed out by
BLEND2 (the cross sections are automatically
created in the RAMONA-3B format) to create a
RAMONA~3B core model.

In order to test the RAMONA-3B performance in
simulating the reactor steady state condition, the
TVA-supplied axial power distribution st the end
of fuel cycle 5 along with the corresponding oper—
ating conditions was used. This EOC-5 condition
at E = 8876 MWD/MT was chosen because it corres—
ponds to the most reactive state of the core dur-
ing an ATWS as the control rods are almost com
pletely withdrawn.

The BLEND2 code was run twice: once to get a set
of 13 cross sections which had the final selection
criteria of 6E = 5291 MWD/MT and &V = 0.39, and
second, to produce a 20 cross section set with the
final selection criteria of SE = 4233 MWD/MT and
SV = 0.31. The two different cross section sets
were generated to perform a sensitivity study on
the effects of exposure and vold history on the
cross sections sets.

The RAMONA-~3B steady state calculations were per—
formed using a 1/B core representation with 101
neutronic and 9 hydraulic channels with 24 axial
levels (2424 neutronic and 216 hydraulic nodes).
The results obtained by using the two above-men-
tioned cross section sets, i.e., 13 and 20 cross
section sets in each, to predict the TVA steady
state operating condition can be seen in Figure
3. Both predictions are in pgood agreement with
the data which indicates that the two cross sec—
tion gets developed for EOC-5 are not overly
sensitive to the exposure and volid history selec—
tion criteria (6E and &V). Therefore, the cross
sections with 13 sets were selected for use in the
present calculation.

To determine the optimum number of nodes
sufficient Eor accurate wodeling of the core, a
study was performed with the following Eour core
nodalization options (all with 101 neutronic
channels):



9 hydraulic channels and 24 axial levels - refer—
ence case, 9 channels with 12 levels, 7 channels
with 12 levels, and 7 .channels with 10 levels.
All calculations were run up to 70 seconds for an,
MSIV closure ATWS scenarlo. Based on the results
of this study, the 7 hydraulic channels with the
10 axial level nodalization scheme was chosen for
the AIWS calculation presented in this paper.

Plant Modeling (Thermal Hydraulics)

The RAMONA-3B representation of a BWR pressure
vessel (Fig. 4) includes a downcomer, lower ple~
num, core, rilser, steam separator and the steam
dome with steam lines. Each steam line is equip~
ped with the MSIV, SRVs and TBVs. The feedwater
spargers are located in the upper part of the
downcomer, whereas the jet pumps and the recircu—
lation loops are associated w'th the lower part of
the downcomer region. Eleven hydraulic cells were
used to model the one-dimensional thermal-hydrau-
lics of the downcomer.

The lower plenum was modeled with five hydraulic
cells and was coupled with seven parallel hydrau—
lic channels representing the reactor care region.
Six of them were heated channels (in—bundle re~
gion) and the seventh was the core integral by
pass channel. All channels were modeled with 10
hydraulic cells and the 1/8 symmetry core option
was used in the calculation assuming that an 1/8
slice of the core was representative of the whole
core. The assumption was based on evaluations of
the Browns Ferry Cycle 5 core map obtained from
TVA. .

The one-dimensional rise? "(including the upper
plenum) was connected with the core exit and was
modeled wusing five hydraulic cells. Finally,
based on a nodalization study, six hydraulic cells
were used in the steam line between the steam dome
and the MSIV.

Four banks of SRVs were modeled (each having
specific pressure set poiats (Table 3)) in the
steam lines. It should be noted that the vessel
depressurization curve (pressure as a function of
the PSP bulk water temperature) was imposed on che
calculation by appropriate continuous adjustment
of the SRV set points.

CALCULATION RESULTS

Selected results of the calculation are shown in
Figures 5 through 13. Since the objective of the
paper 1is evaluation of the Emergency Procedure
Guidelines, we will start the discussion from the
calculation results associated with the plant con—
ditions imposed by the EPGs. As mentioned in the
introduction, the major procedure is lowering and
keeping the downcomer water level at the top of
active fuel (TAF). As a result of this action, a
drop in the reactor power was expected due to de—
crease in the core flow rate (because of decvease
in the driving head) followed by an facrease in
the core void fraction (negative void reactivity
feedback).

It can be seen in Figure 5 that the water level is
dropping from the beginning of the transient due.
to loss of water inventory (SRVs are open and
combined HPCI and RCIC capacity is not sufficient
to replenish the water inventory). The rate of

the level drop considerably increases when the
operator assumes control of the plant and reduces
the safety water injection rate. The water level
reaches the TAF elevation at about 240 seconds and
is kept there till the end of the transient.

The operator actions are more clearly depicted in
Figure 6 showing the SRV flow rate (mass leaving
the vessel) and the feedwater or HPCI and RCIC
flow rate (mass entering the system), thus
reflecting the vessel inventory as well as the
water level histories. {Note that the anticipated
reduction of S/RV cycling resulting from the
vessel depressurization was predicted very well
between 150 and 400 seconds). Results shown on
this figure suggest that matching the SRV and ECC
flow rates would be an ideal way of maintaining
the water level at a desired elevation.

It is worthwhile at this point to mention that
RAMONA-3B has a model to specifically represent
condensation of steam on cold safety iajection
water (see Appendix).- Since this water -1is
injected through the feedwater spargers, the
condensation starts as soon as the downcomer water
level drops below the sparger elevation. The
condensation model takes into account condensation
on cold water jets (96 jets each of 4% mm diameter
in the present calculation) and on the downflowing
water film that is composed of the water exiting
from the steam separators and injected ECC water.
The f£1lm may bhe either subcooled or saturated
depending on the condensation rate on the cold
water jets.

An important system parameter affected by the
condensation In the upper downcomer reglon is the -
water subcooling at the core entrance. The
reactor power is sensitive to the core 1inlet .
subcooling through the moderator temperature and
void reactivity feedbacks. As seen from Figure 5,
after approximately 50 seconds from the initiation
of the transient, the highly subcooled water was
being injected into the pure steam environment.
So the core inletsubcooling as shown in Figure 7
becomes a function of the steam separator
water rteturn flow, ECC water temperature and
injection flow rate and the condensation rate. By
20 minutes of the transient, the subcooling of the
core inlet was approximately 10°C (18°F).

As expected, immediately after the MSIV closure
initiation, the reactor vessel
experienced a rapid increase (Figure 8) followed
by a void collapse in the core (Figure 9) (the
large time scale in the figures does not allow for
adequate resolution in this time domain). The
latter introduced a positive reactivity insertion
and a rapid increase in the power in the first
four seconds of the transient. By approximately
35 seconds, the system pressure dropped to the
level of the relief valves set points and started
€6-ascillate following the SRV cyclings. At 170
seconds, the vessel was manually depressurized,
and from then on, the pressure was kept below the
limit imposed by the PSP heat capacity temperature
limit curve.

The reactor core response to the initial pressure
increase was a power spike with the total power
reaching about 2562 of the nominal value at 2.6
seconds. Subsequent core voiding caused by the
combination of the SRV openings and a drop in the

pressure *



.. clently low value.

core flow rate caused by the recirculation pump
trip, brought the power to approximately 30% level
(Figure 10). From then on, until the operator
assumed control of the plant at 150 seconds, the
power was oscillating concurrently with oscilla-
tions in the system pressure (and voids in the
core) produced by actions of the SRVs,

The core flow rate shown in Figure 1l is one of
the major power controlling parameters in the
transient. The early drop in the core flow rate
was due to the recirculation pump trip. There-
after, the objective of the EPG was to further de—
crease the core flow rate during the natural cir—
culation mode by lowering the downcomer water
level to TAF. The effect of this operator action,
started at 150 seconds, can be seen until approxi-~
mately 250 seconds when a quasi-steady state flow
rate was reached. Since then the core flow rate
remained in the viciaity of 162 of the nominal
steady state value. As it was expected, the reac—
tor power (Figure 10) also dropped following the
reduction in the core flow rate.

The slight increase in power which started at
about 270 seconds can be explained in terms of the
core inlet subcooling (Figure 7). By that time
the cold water injected by the ECC system arrived
at the core inlet causing a positive reactivity
insertion in the core. From that time on, the
reactor power, governed primarily by the core flow
rate, inlet subcooling, and system pressure, was
gradually decreasing. By 1160 s, the power
reached approximately 17% of the steady-state
value. The combined effect of the governing para—
meters is shown in Figure 12 where different com-
ponents of the core reactivity are plotted as a
function of time. It is seen that the positive
reactivity insertion due to the Doppler and moder-
ator temperature effects (system pressure is de-
creasing so that the fuel and moderator tempera-
tures decrease also) is balanced by the negative
void reactivity feedback due to void Increase (see
the corresponding plot of the core average void
history in Figure 9). It can also be seen from
the reactor pressure and power plots (Figures 8
and 10) that with the water level at TAF, a con—
tinucus vessel depressurization produced roughly
1Z drop in power per every 100 psi (7 bar) drop in
pressure.

Since the main objective of the EPGs 1s to main—
tain the containment integrity while bringing the
reactor to a hot shutdown, condition of the PSP is
an ioportant safety parameter. Because of the
steam discharged through the SRVs into the PSP,
the pool water temperature starts to rise. To
maintain the containment iantegrity, it is impor—
tant to keep the PSP water temperature at a suffi-
In the present study this tem—
perature was calculated by a simple, stand-alone
computer program written to solve the mass and
energy conservation equations for the suppression
pool water. Steam flow rates and enthalpies cal-
culated by RAMONA-3B were used as input to this
program. Complete condensation of steam in the
pool water was assumed and no credit for the pool
cooling by the RHR system was taken.

The result produced in the latter calculation 1is
shown in Figure 13. It can be seen that the PSP
temperature does reach =~190°F (88°C) at the end
of the predicted transient (dashed line indicates

the potential HPCIL failure temperature; HECI pumps
are cooled by the PSP water). Consequently, the
HPCI pumps failure would lead to a loss of inven—
tory and potential core uncovery. Thus, the ef-
fects of other mitigative features such as manual
rod insertion and use of Standby Liquid Control
System (SLCS or boron injection) must also be con-
sidered for ATWS analysis.

DISCUSSION AND CONCLUSIONS

The results presented above show that the eveants
governing the total reactor power, which is the
main global safety parameter, are the changes in
the system pressure, core inlet subcooling and the
core flow rate. Combined effect of these three
thermal hydraulic parameters controlled the reac
tor power mainly through the wmechanism of void
reactivity feedback. On the other side, the Dop-
pler effect and lower moderator temperature were
the main contributors into the total core reacti~
vity balance.

Results obtained in this stidy are quite close to
those obtained by EPRIL and its contractors (6-8)
using space-time neutron kinetiecs. The present
study also showed significant changes in the axial
core power distribution with time which affect the
void distribution, core flow rate, core-average
void fraction, and, cocnsequently, the reactor
power. Thus, a point-kinetics wodel, which is un-~
able to capture the changes in the power distribu—
tion, is not reliable for predicting the reactor
tpower during an ATWS event. However, recent BNL
studies [15] showed that a one-dimensional (axial)
neutron kinetics can be successfully used in ATWS
calculations if the core's radial symmetry is pre—
served with time.

The following conclusions are drawn from the pre~
sent study on MSIV closure ATWS for Browas Ferry,

Unit 1, plant:

1. Lowering the water level to the top of
active fuel (TAF) during a BWR AIWS event
would help in reducing the reactor power
to some extent (e.g., to =20 of
steady-state power). However, this bene-
fit 1is significantly less than what was
perceived during the formulation of the
new Enmergency Procedure Guidelines
(EPGs).

2. Vessel depressurization according to the
pressure suppression pool (PSP) heat ca-
pacity temperature limit curve also helps
lovering the reactor power to some extent
(e.gs, ~1X reduction in power for every
100 psi drop in pressure, as seen from
Figures 8 and 10). However, even with
the combination of level and pressure
control, the PSP bulk water temperature
could reach =~190°F (88°C) 1in twenty
wminutes. Thus, other mitigative actions
such as boron injection and/or manual rod
insertion must be used to prevent any
core or containment damage.



3. RAMONA-3B with space-time neutron kin-
tics 1is very useful in predicting the
best-estimate behavior of BWRs during an
ATUS event where the core power distribu-—
tion significantly varies with time. If
desired, these RAMONA-3B results can be
used to benchmark point-kinetics codes
for scoping calculations.
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NOMENCLATURE

a,b,c coeffiz-:ients used In rod controlled

vold feedback

a',b',c' coefficients used in rod uncontrolled
vold feedback
Sy delayed neutron precursor
concentration, @~
D diffusion coefficlent, m
E exposure
F control fraction
£ friction factor
G, mixture mass flux, kg/mzs
g acceleration due to gravity, o/s?
j volumetric flux density, m/s
p pressure (Pa)
P 62/6Tm

g! linear wall keatiag rate, W/m
M 3

''' gamma_heating rate, W/m
R ST/&/T

S slip ratio
St Stanton number
T[-‘ fuel temperature



'1‘m moderator temperature

u specific intecnal energy, J/kg

v void history

v velocity

v, bubble rise velocity, m/s

Greek

[ void fraction

B total delayed neutron_fraction

I‘v evaporation rate,kg/m°s

A deciy constant for delayed neutrons,

s

z macroscopic neutron cross section, o!
¢ neutron flux, m 2 s~}
0: two phase mixture friction multiplier
p density, kg/m®

v mean number of neutrons in fast or

thermal group

Subscripts
fast-group neutrons

thermal-group neutrons
absorption

fission

vapor {(saturated)

index for delayed precursor
liguid

mixture

8 o rm e B~

Abbreviations

HPCI High Pressure Coolant Injection
MSIV Main Steawmline Isolation Valve
PSP Pressure Suppression Pool

RCIC Reactor Core Isolation Cooling
SRV Safety Relief Valve

TAF Top of Active Fuel

VA Tennessee Valley Authority

APPENDIX

Neutron kineties and thermal hydraulics are the
two major parts of the RAMONA-3B code. Heat
generation and conduction in the fuel rod 1link
them together. Figure 14 shows the coupling and
interaction among these parts as employed 1in
RAMCNA-3B.,

Neutron Kinetics
The neutron kinetics model of RAMONA~3B starts
from the following two-group, three—dimensional,

time-dependent diffusion equations:

Fast Neutrons:

1 3
20 TR A R T S LU S Lo T
(a-1)
1
(I-B)‘lefl"1+v2:f2¢2’ +1£1 ey

Thermal Neutrons:

9¢
2
o3t T DTt Indy T Ind (+2)

<l~

Delayed Precursors:
3ci

Tt "B IViTey e F vaTety]l - e (a-3)

where £ =1 to I (I < 6).

However, in RAMONA-3B, it is assumed that the
thermal neutron leakage term, i.e., V « D2Vdz,
can be either neglected or assumed to be constant.
Thus, RAMONA~3B uses the well-known 1-1/2 grouo,
coarse mesh diffusion madel (16). The boundary
conditions at the core periphery are specified
with parameters related to the extrapolation
length for the fast flux and the albedo for the
thermal Elux.

The three~dimensional power generation 1s the sum
of prompt and delayed energy deposition rates.The
prompt component is proportional to the instantan—
eous fission rate, whereas the delayed energy de-
position rate is calculated from the 1979 ANS
Standard 5.1 for decay heat. The cross section
dependence on fuel and moderator temperatures,
void fraction, boron concentration and control rod
positions s taken into account in the neutron
kinetics calculation. .

Heat Conduction in Fuel Rod

Thermal energy storage and heat conduction in the
fuel elements (pellet, gas gap and cladding) are
computed using the following discrete~parameter
model:

aT

pe 5= V> k9T + g'"! (4=4)

No axial conduction is allowed; heat capacities
{pc) in the pellet and cladding, along with the
thermal conductivity in the cladding, are assumed
to be constants. The gas gap conductance is a
function of pellet temperature.

Thermal Hydraulies

The reactor vessel thermal-hydraulics model of
RAMONA-3B starts from the following one-dimen—
sional, four-equation model:

Vapor Mass:

3 N - -
5C (ung) + Ve (Jng) r, (4-5)

Mixture Mass or Volumetric Flux:

Py, = P
Ve j = £ 2p -
D PePg v
(&6)
Dp ]
(o g8, (oa) % |
pg Dt pl Dt



Mixture Momentum
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Two further simplifications are made before the
above set of equations is solved in RAMONA-3B.
First, the mass and energy equations for the en-—
tire reactor vessel are combined (along with equa-
tions of state) to yield an equation for the aver-
age vessel pressure. Second, the momentum equa—
tions are--integrated through each of the parallel
channels in the core to obtain a number of closed-
contour integral womentum equations. These equa-
tions along with the volumetric flux equations,
i.e., Equation (A~6), are solved first to calcu~
late the flow field in the entire vessel. The
vapor mass and mixture energy equations, 1l.e.,
Equations (A-5) and (A~8), are then solved to cal-
culate the void fractions and liquid tewperatures
in the vessel. These simplifications reduce the
computation burden of RAMONA-3B without signific-
ant loss in accuracy.

The code uses a slip model of the form:

vi=Sv, +v (A-9)
g o

L

to calculate the relative velocity between the
vapor and liquid phases. Non-equilibrium vapor
generation and condensation are accounted for
through appropriate correlations. However, the
vapor phase is assumed to be at saturation, while
the liquid phase can be either subcooled, satu—
rated or superheated. Appropriate correlations
are also used for wall friction, form losses and
wall heat transfer, including the post—CHF regime.
The recently developed and implemented additional
condenstion model is designed to predict the con-
densation rate when the subcooled water (either
feedwater or ECCS water), injected through the
feedwater sparger, enters the steam envirooment in

the upper part of the downcomer region of a BWR/4

type reactor. The injected water enters the down-
comer in the form of horizontal jets produced by
the feedwater sparger nozzles, and then mixes with
the saturated water exiting from the steam Separa-
tors. The mixed water flows downward along the
standpipes and along the upper plenum znd core
shroud in the form of a film. The condensation
rate is calculated both on the liquid jets and on
the liquid film.

The condenstion heat transfer, on a single sub-
cooled liquid jet of diameter D, can be calculated
using the correlation for the Stanton number fol-
lowing (17):

sty = 0.02 wm03, (A-10)

The second part of the present model accounts for
condensation on the downflowing mixture composed
of the original jet water, the newly formed con—
densate carried by the juts, and the saturated
liquid exiting from the steam separators. The
film veloecity is assumed to be equal to the free~
fall velocity, and the average film thickness is
calculated through the flow rate and film velo-
city. A constant value of 0,0073 is used for the
Stanton number following (18) for the condensation
on the liquid films.

The code also uses a boron transport equation.
However, boron is assumed to move with the liquid
velocity, and no boron stratification in the lower
pleaunm is zllowed at this time.

The code employs wmodels for typlcal BWR compo—
nents, namely, jet pump, recirculation pump, steam
separator and steam line with all necessary
valves. However, all recirculation loops and
steam lines are lumped together to one recircula~
tion loop and one steam line, respectively. The
code also tracks the two-phase mixture and col~
lapsed water levels in the reactor vessel down-~
comer. The latter is used to activate some of the
control and safety systems. For the steam line,
it uses the mass and momentum equations with the
assumption of an adiabatic process. Nate that the
steam line pressure 1s a function of both time and
space. Therefore, the acoustic effects in the
steam line due to valve closure and/or opening ares
taken into account.

Solution Method

In RAMONA-3B, all partial differential equations
are first transformed into ordinary differential
equations. The initial or steady-state conditions
are then obtained by setting the time derivatives
to zero, and iterating to calculate the eigen-
values of the system of equations. For the tran-
sient calculation, different methods are used for
the different parts of the code. Specifically,
the Gauss~Seidel iteration 1s used to integrate
the fast neutron equations, explicit integration
for delayed neutron equations, an iterative pre—
dictor-corrector method for heat conduction, the
explicit first-order Euler method for vessel ther-
mal hydraulics, and finally, the fourth-order
Runge-Kutta-Simpson method for the steam line dy~
namics. The neutron kinetics and fuel heat con~
duction equations are integrated with a master
time step, whereas the thermal-hydraulic equations
use a substep. There are several time step con~
trols to assure stability and accuracy of the cal-
culation. The details of the RAMONA-3B code can
be found in References (12 and 19).



TABLE 1. STEADY-STATE NOMINAL OPERATING CONDITIONS

Thermal Power, MWt 3198
Pressure, Pa 6,92 x 10°
Mass Flow Rate of Coolant at:

Core Entrance, kg/sec 12870

Steam Line/Feedwater, kg/sec 1592
Feedwater Temperature, °C 191.2
Core Inlet Subcooling, °C . 11.5
Core Bypass Flow/Total Core

Inlet Flow, % 10.6
Recirculation Drive Flow, kg/sec 4304

TABLE 2. SEQUENCE OF EVENTS

EVENT (sec)
MSIV closure starts 0.0
S/RVs start to open 2.54
Recirculation pumps trip 3.7
MS1Vs are completely closed 5.0
Maximum core averaged fuel temperature
is reached (773°C) ]

Maximum system pressure

(8.72 MPa) is reached 8.5
HPCI and RCIC injection activated 20.2
Operator assumes control 150.0

a) Water level dropped and maintained
at TAF

b) Reactor pressure vessel 1s depressurized
according to PSP heat capacity temperature
limit curve

e¢) HPCIL suction switched to PSP 538.0

TABLE 3. SAFETY AND RELIEF VALVES SET POINTS

Bank 1 2 3 4
# (4 Relief} (4 Relief) (3 Relief) (2 Safety),

High

Pressure 77.22 77.91 78.60 87.22
(ogening),

107Pa

Delay Time 0.0 0.0 0.0 0.0
(opening),
sec

Low
Pressure 73,77 74,46 75.15 83,77

(closing),
10°Pa

Delay

Time 0.0 0.0 0.0 0.0
(closing),

sec

Total

Rated 108,64 108,64 81,48 54,32
Flow

(kg/sec)
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, ot process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Governmert or any agency thereof.



