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ABSTRACT changes from forced circulation to natural circulation. With
the reduced flow, a significant amount of negative reactivity

The scenario following an ATWS is characterized by the is introduced as a result of void production.
necessity to reduce the power in the reactor as fast as
possible. The only means to insert a significant amount of The scenario following an ATWS is characterized by
negative reactivity in a BWR during an ATWS are the the necessity to reduce the reactor power as fast as
natural reactor negative void coefficient, and the injection possible. The only available means to insert a significant
of highly enriched boron through the SILCS. The ATWS amount of reactivity in a BWR are the natural reactor
management strategy suggested by BWR owner's group negative void coeff icient and the injection of highly enriched
contemplates an initial rapid decrease in power as a result boron through the Standby Liquid Control System (SLCS).
of the recirculation pump trip. This is followed by lowering There is an important limit which has to be met the Heat
of vessel water level and the injection of borated water into Capacity Temperature Limit (HCTL) which requires that the
the lower plenum. A recent paper of Dias, et al. reports that Suppression Pool (SP) temperature cannot exceed 93.3 C
reducing core power and lowering water level causes a (200 F). When this limit is reached, the depressurization
reduction in boron mixing efficiency and the net effect is a of the RPV is required with possibility of power-flow
longer time to shut down and an increase in Suppression oscillations occurring.

Pool (SP) temperature. The ATWS management strategy suggested by the

In the present paper, a series of analyses are made to BWR owner's group contemplates an initial rapid decrease
address this issue. The preliminary results for the water in power as a result of the recirculation pump trip. This is
level positions at TAF, TAF+11.5 m (TAF+5') and TAF+3 m followed by lowering of vessel water level and the injection
(TAF+10') support the similar findings of Dias, et al. of borated water into the lower plenum which is then

carried toward the core by natural circulation. In an ideal
1. INTRODUCTION situation, a fast and complete boron diffusion takes place

throughout the core and shutdown is achieved without RPV
Anticipated Transient Without Scram (ATWS), while of depressurization. Reducing reactor power and lowering

low probability, has received considerable attention water level is reported to reduce boron mixing efficiency,
because of its potentially serious consequences. One of and the net effect is a longer time to shutdown and an
the most serious ATWS events for the Boiling Water increase in SP temperature. Thus, the BWR owner's group
Reactor (BWR) is the postulated failure to scram following procedures require restoring water level to normal
a transient event that has caused closure of all main steam operation range once a boron quantity adequate for hot
isolation valves (MSIVs). The Reactor Pressure Vessel shutdown has been injected.

(RPV) is progressively isolated during the period of MSIV Some simplified calculations to assess the impact of
closure. Since the reactor is at power, the pressure rapidly the boron injection were made by Dias, et al.' They
increases. The pressure increase causes the collapse of concluded that the water level should be in the range of
some of the voids in the core, inserting a positive reactivity 1.5-3 m (6-110') above the top of active fuel (TAF). In the
and increasing reactor power, which in turn causes present paper, a detailed thermal-hydraulics code, TRAC-
increased steam generation and further increases pressure. BF1, is used. TRAC-BF1 uses a donor-cell finite volume
When the reactor pressure reaches the Safety Relief Valve technique for boron transport, and contains no special
(SRV) setpoints, SRVs open to reduce the rate of pressure boron mixing model. Although TRAC-13171 introduces more
increase. The recirculation pumps are automatically tripped numerical diffusion of the boron than the methods
because of the high reactor pressure. With the tripping of employed by Dias, et al., it has a more accurate
the recirculation pumps, the core flow reduces as flow

53-13-11



representation of neutron kinetics. As a result we expect A CHAN component which consists of 24 neutronic
this study to yield a better insight and more accurate cells and an inlet cell representing 624 fuel bundles is
results that can confirm and/or expand the conclusions utilized as the reactor core. Previously generated cross
given by the above mentioned authors. section polynomials did not include the boron coefficient.

These polynomials were modified by adding the coeff icient
2. MODEL DESCRIPTION for the variation of the thermal and fast absorption cross

sections due to the existence of boron. The boron
TRAC-BF1/MOD1 is the latest code release stemming coefficients are generated for each of 24 neutronic cells

3
from the TRAC-BWR code development ? rogram of Idaho utilizing the data from the study of Jensen, et al. In this
National Engineering Laboratory (INEL). The advantage study, the authors performed several sensitivity runs with
of TRAC-BF1 is that it uses a full two-fluid nonequilibrium, CASM04 for a series of exposure levels and void fractions.
nonhomogeneous thermal-hydraulic model of two phase Boron was added uniformly to both moderator and coolant
flow in all parts of the BWR system including a three- and values for the cross section corrections due to the
dimensional treatment of the BWR pressure vessel. In boron were obtained for void fractions equal to 0.0 04 and
addition it has the capability of one-dimensional neutron 0.7, and the results were tabulated. From this information,
kinetics which allows a more realistic way of representing and the void fraction distribution obtained for the channel
the spatial power variation during BWR transients. in the steady state run, an interpolation was made and a

set of 24 coefficients for each group was generated.
The TRAC-BF1 model used in this study consists of

14 components including a two-dimensional VESSEL The RPV consists of 6 axial levels and two radial
component along with 6 junctions. Only the RPV and main rings. Ring I models the core region while the downcomer
components are modeled. Velocity boundary conditions is modeled by ring 2 The reactor core extends from the
(FILL components) are used at the feedwater and the bottom of level 2 to the top of level 3 A perfect separator
SLCS lines, while pressure boundary conditions (BREAK which simulates the separator-dryer by setting axial friction
components) are utilized at the MSIVs and SRVs. Figure factors for the liquid phase and radial friction factor for the
shows the nodalization of the model. vapor phase to very large numbers in the separator region

of the vessel is located in levels 4 and 5. The MSIVs and
SRVs are connected to the vessel top. The SRVs consist
of several valve banks. The first bank has setpoint

MSIV BREAK sRV OREM pressures of 772 MPa for opening and 752 MPa for
I I J13 closing.

MSfV VALVE SRV Owk

10 I The SP temperature calculation is based on the mass

flow rate and the enthalpy of the steam flow through the
SRVs. The water mass is assumed constant in the SP

LEVEL 5 throughout the transient. This is a conservative assumption
since it does not account for the water mass going into the

LEVEL SP. The SP cooling by Residual Heat Removal (RHR)

.110 ill oedftlerf:ILL system is neglected. The SP data is given in Table 

LEV 4 VESSEL FeedWater PIPE
20

Table I - Suppression Pool Data
JETPUMP

LEVEL3 . 6 , Pressure 1 atm
Temperature 35 C 3

Water Volume 3,896 rn
CHANNEL RECIRCULAMN 06 kg

61 PUMP Water Mass 3.87xl

LEVEL 2 A J2

SUCTION PPE

I In order to control the vessel water level, a water level
LEVEL I BORON W 2 BORON RL control system based on the pressure difference between

kg 23

J23 vessel levels 3 and was constructed. The calculation of
the SP temperature is also achieved by using the control

fit R2 ZERO VEL FILL system.
24

Figure I - TRAC-13F1 model nodalization
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3. TRANSIENT DESCRIPTION Table III - Sequence of Events

The transient starts at 50 seconds with the closure of
the IVISIVs. The recirculation pump trip and SRV opening Event Time (seconds)
occur at 772 MPa. With the recirculation pump trip, a new MSIV starts closing 50
water level selpoint for the level control system becomes Recirculation Pump Trip 53.3
active and the control system starts to decrease the SRVs open 53.3
feedwater flow to reach the new level. It is assumed that 43.3 C (I 0 F) SP temperature 148.6
the amount of feedwater flow required by the control Boron injection begins 178.6
system is aailable. The boron injection starts 30 seconds SP temp. increase stops 270
after the SP temperature reaches 43.3 C (1 1 0 F). 23,800
ppm boron concentration 13% of Sodium Pentaborate in
Solution) is injected at a 43 gpm flow rate. The It is assumed that during the transient, the operator
temperature of the solution is assumed to be 21.2 C 70.2 manually controls feedwater flow to keep the water level
F). constant. The control system gain is reduced to 14 of its

steady state operation to model the operator action.
4. CALCULATION PROCEDURE

Figure 2 depicts the reactor power response for all
A total of four cases were investigated. cases. The reactor power is constant until the MSIV closure

occurs. The power peak at nearly 50 seconds is due to the
- water level at TAF+1.5 m (TAF+5') without boron injection MSIV closure and subsequent collapse of the voids. The
- water level at TAF with boron injection power level of 88 MW (% of rated power) is reached after
- water level at TAF+1.5 m (TAF+5') with boron injection the shutdown due to boron injection. For the no boron
- water level at TAF+3 m (TAF+1 0') with boron injection injection case, the reactor power oscillates around 700

MW.
It should be noted that the water level is based on the

pressure difference between the reactor levels of 3 and For the TAF+3 m (TAF+10') case, some oscillations
(8.47 and 15.84 m respectively), and is higher than the occur due to the high feedwater flow variations driven by
collapsed water level. the control system. However, the remaining cases have

some power spikes starting at approximately 210 seconds
The initial conditions of the transient are given in when the downcomer level reaches the TAF 4.24 m). The

Table 11, In all cases, the one-dimensional neutron kinetics case without boron injection has higher power spikes when
model is used. compared to TAF and TAF+1.5 m (TAF+5') cases. For this

case the behavior persists until 300 seconds. However, the
length of this period is approximately 10 seconds for the

Table 11 - Initial Reactor Conditions TAF and TAF+1.5 m (TAF+5') with boron injection cases
indicating the effectiveness of boron injection.

Reactor Power 2894 MWth
Reactor Pressure 7.13 MPa The steam dome pressures are depicted in Figure 3.
Feedwater Flow 1575 kg/s The pressure behavior is mainly affected by the feedwater
Steam Flow 1575 kg/s inlet flow and the power level. For higher flow rates or
Core Flow 1.325X104 kg/s lower power levels, the steam generation becomes smaller
Water Level 14.51 m and the reactor pressure starts to decrease. The
Collapsed Water Level 14.23 m oscillations in the pressure are due to the SRV's opening

and closing. The broad pressure drops are due to the
feedwater flow injection by the control system. The

5. RESULTS AND DISCUSSION frequency of the pressure oscillations changes as the
reactor power reaches decay heat levels since only one

All cases are run in the transient mode for 500 valve bank having the lowest setpoints is actuated. For the
seconds. Each MSIV closure begins 50 seconds into the no boron injection case, the power level stays at
transients. The plots of the reactor power, steam dome approximately 700 MW and the oscillation frequency does
pressure, boron concentrations at channel inlet, SP not change. The second SRV bank is activated as well in
temperature, peak surface temperature and downcomer this case.
level are given for each case.

The boron concentrations at the core inlet are depicted
The sequence of events for TAF+11.5 m (TAF+5') with in Figure 4. As seen from the plot, the boron injection starts

boron injection case is given in Table Ill. at nearly 180 seconds. The boron concentration in the
TAF and TAF+1.5 m (TAF+5') cases are higher than the
TAF+3 m (TAF+ 1 0') case because the water has a larger
subcooling and density for the latter case. The small
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notches in the boron concentration for cases TAF+3 rn 4. M. Edenius, et al., "CASMO-2 A Fuel Assembly Burnup
(TAF+10') and TAF+1.5 rn (TAF+5') are due to the Program", STUDSVIKINR8113, Studsvik Energiteknek AB,
differences in feedwater flow for the two cases. (March 1981).

The SP temperature for the boron injection cases are
below the HCTL. However, the SP temperature for the
case without boron injection continues to increase with
time as expected. If a linear extrapolation is made, the
HCTL will be reached at about 1050 seconds. For the
boron injection cases, the SP temperature stays nearly
constant at 47 C. If we assume that the Residual Heat
Removal (RHR) system is capable of removing 3 of the
rated power from the SP, the temperature in the SP will no
longer increase for the boron injection cases, since the
power is at a decay heat level of less than 3. The SP
temperature responses are depicted in Figure .

The peak surface temperatures are given in Figure 6.
Except for the oscillations seen between 200 and 300
seconds for the case without boron injection, the behavior
is similar for all cases.

Figure 7 shows the behavior of the clowncomer level.
The broad oscillations are due to the control system
feedback.

6. CONCULSIONS

Although all boron injection cases produced similar
results, the TAF+3 rn (TAF+10') case is superior to the
others. The predicted SP temperature is slightly higher in
the TAF+3 rn (TAF+10') case when compared to the TAF
and TAF+1.5 rn (TAF+5') with boron injection cases.
However, the core flow and reactor power response of
TAF+3 rn (TAF+10') case is smoother with no potentially
fuel damaging power spikes. It is also observed that there
is a possibility of large power oscillations when the
clowncomer level reaches the TAF as seen in all cases
except for the TAF+3 m (TAF+1 0') case.

These preliminary results support the similar findings
of Dias, et al. However, it is important to emphasize that
the results and conclusions apply to this transient only.
Other ATWS scenarios may behave differently.
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Figure 2 - ATWS Boron Injection Study Total Reactor
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