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ABSTRACT

A methodology to assess the primary feed and bleed process
in pressurized water reactors (PWRs) subject to uncertainty in
input parameters is presented. The study has three major
sections. The first part develops the modeling of PWR sub-
systems, from which a fast-running code is created. The second
part uses this code to perform a thermal hydraulic analysis of
the feed and bleed procedure. The Tlast part of the study ex-
amines how the transient calculation changes with variations in
the input parameters.

Zion-1 was the PWR chosen on which to base this study.
The scenario simulated was a loss-of-offsite power transient,
followed by the failure of the operators to start the auxiliary
feedwater pumps. The feed and bleed was assumed to be
initiated 10 minutes after the loss-of-offsite power event,.

Five parameters were then selected as significantly affect-
ing whether the feed and bleed would be successful. A response
surface was generated as a function of these input parameters.

The five parameters were then treated as continuous random
variables, and probability density functions were chosen to de-
scribe their uncertainties. A Monte Carlo simulation using the
response surface and distributions was then performed to de-
termmine the probability of successfully cooling the core using
the feed and bleed procedure.

Thesis Supervisor: Dr. Neil E. Todreas

Title: Head, Department of Nuclear Engineering
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Section 1

INTRODUCTION

After a reactor scram, there is still some energy release caused by
the decay of the fission products. This so-called "decay power"
diminishes to only a few percent of the total reactor power within a short
time after the fission process has been stopped; however, this decay power
is Tong-lived. The decay power following a sustained constant power oper-
ation of a reactor falls off only as time raised to the negative one-fifth
power. As a result, for a reactor operating in the several thousand
megawatt range, the decay power, when integrated over time, represents an
appreciable amount of energy. Systems are thus designed to remove this
decay power from the core.

In the event of a scram in a pressurized water reactor (PWR), the
steam generators are relied on to remove the decay heat from the reactor
coolant system. Heat is transferred from the primary to the secondary
side of the steam generators. The seconday side, being at lower pressure
than the primary side, will boil. The auxiliary feedwater system is
designed to replace this Tiquid boiled off so that the water level on the
secondary side remains between some pre-determined setpoints.

An accident in which both main and auxiliary feedwater systems are not
available is called a loss-of-feedwater (LOFW) accident. In this event,
secondary water inventory is boiled off and not replaced and thus the
water level decreases. As the level decreases, the primary to secondary
heat transfer is degraded, and eventually the steam generators will trans-
fer little or no heat from the primary. There now exists a situation in
which energy is added to the primary system by the core and is not re-
moved,

Feed and bleed might be initiated in this accident -as a final ef-
fort to prevent the core from melting. In this mode of cooling, liquid is
injected via the emergency core cooling system (ECCS) into the core. Fluid
is removed from the primary coolant system through the pressurizer power-



operated relief valves (PORVs), as shown in Fig. 1-1. As the fluid flows
through the core, it is heated. In this manner, the fluid flow will re-
move energy from the primary coolant system.

Currently, there is a great deal of interest in determining if the
feed and bleed process will successfully cool the core. The answer
strongly depends on plant specific parameters such as the ECCS capacity,
PORV relief capacities, and core power levels. A general statement about
the effectiveness of the feed and bleed process cannot be made.

There have been several studies on specific plants. Los Alamos has
studied LOFW transients for the Zion-1 PWR (Ref.4). The results show that
feed and bleed will successfully cool the core if initiated within 10
minutes with full ECC capacity. Babcock and Wilcox has performed a feed
and bleed analysis on a system representative of their 177-FA lowered-loop
plants (Ref.15). Their results show that the core can be successfully
cooled by using one of the two high pressure injection pumps if the ECC
injection is initiated within 20 minutes.

Things are more complicated for most Combustion Engineering plants.
These plants lack sufficient injection capacity at the setpoint pres-
sure of PORVs to cool the core. Instead, the plants must first depres-
surize to a pressure at which the ECC flow capacity can sufficiently cool
the core. This method of core cooling is referred to as "bleed and feed"
since the primary system inventory must be sufficiently bled before ade-
quate ECC flow can be injected. Since in this mode the PORVs are latched
open to depressurize the system, excessive coolant mass may be removed and
the core may uncover before the pressure decreases sufficiently for the
ECC injection to add as much coolant to the primary as is flowing out the
PORVs.

An experiment at the Loss-of-Fluid Test (LOFT) facility at Idaho
National Engineering Laboratory (experiment LP-FW-1) was conducted to
simulate a LOFW transient and recovery using bleed and feed (Ref.11). The
conclusions indicate that primary feed and bleed was highly effective in
recovering from the transient when the PORVs were latched open. ECC flow
exceeded PORV flow before the core was uncovered.
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The purpose of this study is to examine the feed and bleed process in
PWRs in a probabilistic manner. Although the best estimate calculations
performed so far have indicated that feed and bleed can successfully cool
the core, this study examines how this answer might change when the input
parameters vary from the values chosen in the best-estimate predictions.
These parameters vary either because our knowledge of the quantities is
incomplete or because the parameter is inherently uncertain. For
instance, the flow that an individual pump delivers at a given pressure
might vary from that value determined from its head-flow curve. The
variation is due to our incomplete knowledge of the environment in which
the pump operates, its maintenance schedule, age, etc. On the other hand,
a parameter that describes operator action is inherently uncertain. These
input parameters were considered to be random variables and assigned range
of values and associated probabilities. The uncertainties associated with
these input parameters were then propagated to determine how they change
our predictions of the feed and bleed scenario from the best-estimate
predictions.

Zion-1 was chosen as the plant on which to base the study. This is a
four Toop Westinghouse plant owned and operated by Commonwealth Edi-
son. The plant has two safety-grade centrifugal charging pumps (CCPs) as
part of its ECCS. As a result, depressurization would not be neces-
sary for a manual initiation of safety injection.

This study is divided into three main parts. The first consists of
the modeling of the relevant parts of a PWR system necessary for the feed
and bleed thermal hydraulic analysis. The modeling was used to develop a
fast running transient analysié code called FABREC (Feed and Bleed RE-
sponse Code).

The second part of the study examines the thermal hydraulic aspects of
the feed and bleed process. FABREC is used to predict the system response
to a loss-of-feedwater transient followed by fajlure of ECC system in one
scenario, and primary feed and bleed in another. These results are then
compared with those calculated in Ref.4, which used TRAC (Transient Re-
actor Analysis Code) for its simulation.
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The Tast part of the study examines how the transient calculation
changes with variations in the input parameters. An output variable was
first chosen with which to judge the success of the feed and bleed proc-
ess. A response surface as a function of selected input parameters was
then generated. After pdfs for the input parameters were chosen, a Monte
Carlo simulation was performed using the generated response surface. Fin-
ally, the distribution from the Monte Carlo simulation was fitted to a
two-parameter pdf using moment-matching methods.
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Section 2

MODELING OF PWR SUBSYSTEMS

2.1 Introduction

In order to simulate feed and bleed in PWRs, a computer code was
developed. The main criteria for the code was that it be fast running
(several times faster than real time) and easy to use. The result of this
effort is the Feed and Bleed Response Code (FABREC). It is written in
Fortran IV and can be compiled and run on either the CDC-6600 or CDC-7600.

Figure 2-1 shows the noding scheme used in FABREC. Six nodes are used
to model a PWR. The core, upper plenum, lower plenum, and pressurizer
each are modeled as one node. One node is also used to model the hot and
cold legs of the reactor coolant system and the primary side of the steam
generators. The remaining node models the secondary side of the steam
generators. Thus, the symmetry of a multi-loop PWR is utilized to reduce
the number of nodes necessary to model the out of core components.

Another large reduction in the running time of FABREC was accomplished
by the elimination of the momentum equation. In its place, an empirical
expression for the steady-state total loop pressure drop is used. The
reactor coolant system is assumed to be at uniform pressure equal to that
of the pressurizer. As a result, the integration scheme employed is
totally explicit. The time step size is thus monitored to prevent
numerical instabilities.

FABREC assumes instantaneous phase separation in the pressurizer
(infinite bubble rise velocity). Under accident conditions, it is
possible that the water in the reactor vessel will also start to void.

For these conditions, the code assumes homogeneous flow in the core and
phase separation in the upper plenum. The vapor and 1iquid are assumed to
be in thermal equilibrium in any node where two-phase conditions are
present.

Although the code is very simple, it can model the relevant sequences
in a feed and bleed scenario. The code can predict such phenomena as
steam generator dryout time, natural circulation flow rates, and decay
power levels. Because it is fast running, it is ideal for sensitivity
studies.
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2.2 Generalized Equations for Nodes with Pressure Boundary Conditions

There are basically two types of nodes in FABREC. Type I nodes have
their inlet flow and average pressure specified. The node outlet flow is
calculated. A Type II node has both its inlet and outlet f]ows‘specified.
In this case, the average node pressure is calculated. A1l the nodes in
FABREC are Type I except for the pressurizer and the steam generator
secondaries before the relief valves open. The Type II nodes determine
the primary and secondary pressures.

Let us first consider the nodes where the pressure is specified (Type
I). Figure 2-2 repkesents a control volume that experiences both energy
and mass transfer. Our goal is to uncouple the mass and energy equations
so that the node outlet flow and enthalpy can be calculated. Let's first
write down the mass equation for this control volume:

dm . .
= = Min - te
dt =~ ou (2.02-1)

We can also write down the energy equation for this control volume as

d(mu) . . .
= Mihin = My e + Q.
0t inin outout * Q (2.02-2)
Work is not included in (2.02-2) because the control volume is considered
rigid and thus experiences zero boundary work. Shaft work is neglected
because there are no shaft work devices present.

Our first assumption is that the rate of change of the node-averaged
internal energy, u, can be approximated by that of the node-averaged en-
thalpy, h*. This is equivalent to saying that we will neglect the rate of
change of flow work in our energy equation. Equation (2.02-2) now becomes

d(mh . . .
(mh) = Minhin - Moythgut + Q
dt (2.02-3)

*The term "enthalpy" as used in this study is synonymous with "specific
enthalpy" and has the same units as internal energy, i.e., energy per
unit mass.
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Our second assumption is that the rate of change of the outlet
enthalpy equals that of the node-averaged enthalpy. This is an assumption
common to many codes. Equation (2.02-3) can now be written as

d(mhgyt) . : 3
T = m-lnh"n - lﬂouthout + Q‘ (2.02‘4)

We can also expand the left-hand side of (2.03-4) and substitute in
(2.02-1) to obtain

L] . dhoUt Ll Ll .
hout[min-moyt] + m———= = mjzhip - Mouthout + Q.
dt (2.02-5)

dh
Rearranging (2.02-5), and making use of our second assumption about 3%t’

we can say

dh _min(hin-hoyt) + Q
dt m (2.02-6)

Remember, we set out to derive an expression for both the outlet enthalpy
and flow for a Type I node. We still do not have an expression for the
outlet flow rate.

One method to find the outlet flow rate is to consider the volume
constraint. We know that

m= pV. (2.02-7)

Differentiating (2.02-7) produces

dm pdV  Vdp

As stated previously, our control volume is rigid so that we can
eliminate the first term of (2.02-8) and write

dt dt (2.02-9)
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We know that the state of a pure substance is completely determined by
two thermodynamic properties. Thus, the density is a function of enthalpy
and pressure. Expanding the rate of change of the density using a
first-order Taylor series approximation results in

o (2) D2 &
dt  \oh/p dt \ap/h dt ° (2.02-10)
Our third assumption is that the fluid is incompressible, i.e.,(%g>h::0
P

Combining (2.02-9) and (2.02-10), and using our assumptions about fluid
incompressibility and rate of change of outlet enthalpies, produces

dm _ Viop dh
dt h)p dt (2.02-11)

which can be set equal to (2.02-1) and solved for mgyt to yield

. _ . . Vap dh )
Mout = Min - an pdt (2.02-12)

One more relation must be discussed before the number of unknowns in
the node balances the number of equations. An expression relating the
node average enthalpy to the enthalpy leaving the node is desired. If the
nodes are small, one can assume the node is well mixed such that the
enthalpy leaving the node is equal to the average node enthalpy. In
FABREC, however, the nodes are quite large. An enthalpy distribution is
thus assumed. The distribution assumed depends both on the type of node
and thermodynamic conditions present. For instance, the enthalpy Teaving
the upper plenum equals the node-averaged enthalpy for single phase
conditions, but the same statement cannot be made once the plenum
saturates and experiences phase separation.

The equations listed below are equations solved in Type I nodes to
calculate the thermodynamic conditions present as well as outlet flows and
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enthalpy. The pressure, p*, is calculated by a Type II node and input to
the Type I node.

dh — mip(hin-hgyt) + Q

— = (modified energy equation),

dt m (2.02-6)
, . o) dn (modified mass equation)
m = Mip - [—) — mo ed m u s

out =N T Gk @ ! (2.02-12)
hout = f(hjp,h) (enthalpy distribution), (2.02-13)
p = p(h,p*) (equation of state), (2.02-14)
m=pV. (volume constraint). (2.02-7)

The assumptions needed to derive these equations were:
1) Neglect flow work,

2) Rate of change of outlet enthalpy equals rate of change of node-
averaged enthalpy, and
3) Fluid is incompressible <§§>h:=0
p
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2.3 Lower Plenum

The lower plenum is represented as a Type I node in FABREC. Thus, the
inlet flow and enthalpy and pressure are specified. A1l the nodes repre-
senting the reactor coolant system are at the pressure of the pressurizer,
which is represented by a Type II node. The Type II node thus determines
the pressure for all the Type I nodes.

Table 2.1 explains what the variables used for the lower plenum
equations represent. Examining Figure 2-1, we see that flow enters the
Tower plenum from both the cold leg and from ECC injection. The water
that leaves the lower plenum enters the core region. We can assume the
Tower plenum is adiabatic so that it experiences no heat transfer. We
also assume that as water enters the plenum it is perfectly and instant-
aneously mixed with the water already present. Referencing (2.02-6, 7,
12, 13, and 14) the equations for the lower plenum can be written as

dhy Mmig(hig=hge) + mgg(hgy-hye)

at y : (2.03-1)

. . . 30 dhg

fro < hia + et (), 55 s
hec = hygs | (2.03-3)
o1 = p(hy.p*), (2.04-)

mg = pgVy (2.05-5)
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2.4 Core

The core is represented by a single Type I node in FABREC. Thus, the
inlet flow and enthalpy are known. The pressure of the core is assumed
equal to that of the pressurizer. Table 2.2 defines the variables used in
the core equations.

Unlike the lower plenum, we assume the enthalpy leaving the core does
not equal the node-average enthalpy. At steady-state conditions and
symmetric power distribution about the core mid-plane, the average
enthalpy of the water in the core is the simple arithmetic average of the
inlet and outlet enthalpies. This is the distribution we will assume for
our core. We can thus write

he = hEC + hCU
c
2 (2.04-1)
or,

hey = (2)(he)-hge - (2.04-2)

In the case of two-phase conditions in the core, this assumption implies a
homogeneous, equilibrium flow. No phase separation is assumed to occur.

We can now write down the equations for the core node as

dhe  mpelhgc=heu) + Qcore

dt Me > (2.04-3)
. . ap dhc
Moy = Mee-V (—) —_— .,

cu 2e7c \an o dt (2.04-4)
hey = (2)(hc)'h2C ’ (2.04-2)
pc = p(he,p*) (2.04-5)

mc = pcVC L] . (2- 05-6)
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2.5 Upper Plenum

The upper plenum node is connected to the core on one end and both the
pressurizer and steam generator on the other. Since a Type I node will
only calculate one outlet flow rate, the question becomes how to determine
the flow split between the steam generator and the pressurizer. For now,
Tet's assume we know the flow entering the steam generator so that the
surge entering the pressurizer can be calculated if the total outlet flow
is known. Later, the procedure for calculating the flow entering the
steam generators will be shown.

Figure 2-3 shows a schematic representation of the upper plenum.
Notice the hot leg nozzle is well below the head of the vessel. This will
become important when two-phase conditions are present in the primary
system. Table 2.3 1ists the variables used for the upper plenum
equations.

It is assumed that for single phase conditions, the upper plenum is
perfectly and instantaneously mixed such that

hys = hy . (2.05-1)

For two-phase conditions, things get a bit more complicated. The
assumption is that there is complete and instantaneous phase separation in
the upper plenum. For a mixture level that is below the hot leg nozzle,
saturated steam is assumed to exit the plenum. For a mixture level
completely above the hot leg nozzle, saturated liquid exits the plenum.
For a mixture level somewhere between the two, a two-phase flow is assumed
to exit. The two-phase flow exiting the plenum is considered to be
homogeneous and in thermal equilibrium such that the void fraction is the
cross-sectional area of the steam divided by the cross-sectional area of
the nozzle (Figure 2-4). We can write this as

i@)

(2.05-2)

p=J
=

Once we know the void fraction, we can calculate the cross-sectional
averaged enthalpy. Let's first write down expressions for the liquid and
steam mass flow rates through the nozzle.
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Me = pewAs (2.05-3)
= pfW(1-a)A, (2.05-4)
hg = pgWhq (2.05-5)
= pgWoh, ' (2.05-6)

The homogeneous equilibrium f1ow enthalpy leaving the plenum is thus

mehe + moh
hys = -~ Ta'g
—— (2.05-7)
_ pf¥(1-a)Aphs + powaAhy | (2.05-8)
pfi(1-a)An + pgWoh, ’
) ) pf(l-a)hf + pqahg
us pf(l-a) + pga (2.05-9)

Thus, for saturated conditions in the plenum, the outlet enthalpy is

calculated by first finding the void fraction of flow exiting and
substituting into (2.05-9). For single phase conditions, the enthal py
lTeaving equals the node-averaged enthalpy. The upper plenum equations
are, therefore,

dhy, _ Mey (hey-hus)

dt m, (2.05-10)

weon(2)
p dt : (2.05-11)

ﬁ‘up = mCu'mUS-VU(sﬂ



Py <=
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Single phase upper plenum

Two-phase upper plenum

(2.05-12)

(2.05-2)

(2.05-13)

(2.05-14)
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2.6  Steam Generator Primary Side

In FABREC, a single node represents the hot and cold Tegs of the
reactor coolant system, and the primary side of the steam generators. For
identification purposes, we will refer to this node as the steam generator
primary with the understanding that it also includes the hot and cold leg
piping. Although most of the important phenomena do actually occur in the
steam generators, the piping is of considerable volume so that the large
mass of water contained in the pipes becomes important under transient
conditions.

The steam generator primaries are represented by a Type I node. Table
2.4 lists the representation of variables used in the steam generator pri-

mary equations, which are

dhs  mg(hys-hs)-0gq
dt Mot ’ (2.06-1)

dmst1 _ v (22\ dhs
dt S\oh/p dt (2.06-2)
dmgt1

dt (2.06-3)

msz —ms -
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2.7  Primary-to-Secondary Heat Transfer

The steam generator heat transfer model used is FABREC is a modifica-
tion of that used in the MARCH code (Ref.22). The model assumes that the
overall heat transfer can be approximated by multiplying its full-power,
steady-state value by two correction factors. The heat transfer equation
is similar to that used to size standard heat exchangers. It can be

written as
ésg = UAATyq (2.07-1)
where
T,=-To)-(T.-T
Asz - ( u 2) ( S 2) ,
Ts-T2 (2.07-2)
Tn
Ts-Tp

where T,, Tg, and T are temperatures of the hot Teg, cold leg, and
secondary side, respectively. If one knows the fui]-power log mean tem-
Perature difference, Aszo, and the full-power heat transfer rate,

ngo (which equals the core power at full-power steady-state), the
full-power heat transfer coefficient can be solved by the equation

Q
(UA)O = sgo .

ATgmg (2.07-3)

The first correction factor in determining (UA) from (UA), accounts
for voiding of the secondary side water inventory. The simple model says
that as the water on the secondary side boils away, more of the steam
generator tube area is uncovered. Remember, phase separation is assumed
to occur on the secondary side. If we assume that the heat transfer to
the steam is negligible, then the effective heat transfer area is pro-
portional to the mass of liquid remaining on the secondary side, mgy.
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The second correction factor accounts for the change in the heat
transfer coefficient with temperature changes. For pool boiling,
researchers have proposed that

h~aTh, (2.07-2)

where n ranges from 0.25 to 2, depending on the correlation used. In
FABREC, it is assumed that his exponent equals 0.333, which is the same
value used in the MARCH code. Rewriting (2.07-1) substituting for (UA)
yields '

Qsq = (UA) (———S )( ) AT . (2.07-3)
sg 0 mStO Asz am
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2.8 Loop Flow Rate

Because all the loops of a multi-loop pressurized water reactor are
represented as a single loop in FABREC, only sequences in which all the
loops experience identical transients may be simulated. If one of four
reactor coolant pumps trips in a four loop design, for instance, there
would exist an asymmetric flow distribution. In fact, the loop that had
the pump trip would actually experience a flow reversal. The driving
force for the flow reversal would be the head developed by the other three
operating pumps. FABREC could not accurately predict such a transient.

In order to calculate the loop flow rate, FABREC divides the flow into
three separate regimes. When the pumps are operating, the loop is in the
forced convection regime. With the advent of a pump trip, the loop begins
a coastdown. After coastdown, natural circulation continues to drive the
flow.

FABREC assumes that as long as the pumps are running, the flow is
equal to that for full-power operation. This is not a bad assumption if
the primary water properties do not change significantly for different
power levels. For subcooled water, the assumption is valid.

After the pumps trip, the flow starts a coastdown. The rate of
coastdown is governed by the geometry of the loop and the inertia of the
pump. FABREC assumes an exponential coastdown which has a time constant
that is input. The time constant for a particular reactor can be obtained
~from the coastdown curves listed in its FSAR.

The natural circulation model is very simplified. The driving force
for the natural convection is the height difference between the thermal
centers of the core and steam generators, which generates a gravity head.
Flow resistance is the opposing force.

As stated previously, FABREC never solves the full momentum equation. .
Instead, a quasi-steady solution is sought. Empirical expressions are
used to calculate the flow pressure drop and gravity pressure rise. For
quasi-steady conditions, the two must balance. Thus, if we know the
relationship between friction pressure drop and lToop flow rate, we can
solve the Tatter for a given gravity head. This is the basic procedure
FABREC uses to calculate the loop flow rate.
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Let us first derive an expression for the gravity head. If the
thermal center height difference between the core and steam generators is
AZ, then the pressure rise in the Toop due to the density difference of
the water leaving the core and water leaving the steam generators is

APg = (pc-ph)9aZ, (2.08-1)

where p. is the cold leg density and ph 1s the hot leg density.

For the frictional pressure drop, we first assume it is of the form

L G2
ApfF = f ——=
De 20 (2'08-2)

where G is the mass flux, p is the average Toop density, Dg is the
equivalent loop diameter, and f is the dimensionless friction factor. We
know that the general expression for f is

ReM ’ (2.08-3)

where C and n are constants. For laminar flow, n=1, while for turbulent
flow, n approaches zero. Zvirin (Ref.24) has concluded that flow in a PWR
system under natural circulation conditions remains turbulent. For
turbulent flow in rod bundles, n=.2, so this is the number we will assume
for our flow Toop. Substituting (2.08-3) into (2.08-2) yields

e o L 62
Pt " Re-2 D, 25

From the definition of Reynolds number,

GDg
Re = — |
L (2.084)
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This can be substituted into (2.08-3) resulting in

C o2 gl.8

APf = o o715 — -
2 Dgl-2 7 (2.08-5)

Recognizing that mg=GA., where A. is the cross-sectional area and
hs is the flow rate from the upper plenum to the steam generators, we
can rewrite (2.08-5) as

Ap -[C ]_['2 L ] ms]..8
Pz o218 75 - (2.08-5A)

If we assume that the viscosity, u, is constant for water in the region of
interest, then the variables in parenthesis are constant with time and
will be Tumped together into a constant called R. The final expression
for the frictional pressure drop is thus

R mcl1-8
ApF = —— . | (2.08-6)
p

If we know the full-power flow rate, pressure drop, and average loop
density for a given reactor (from FSAR data, for instance), the constant R
can be calculated.

Setting the equation for the friction pressure drop equal to the
gravity pressure rise and solving for the Toop flow, hs, we obtain

1/1.8
. [b(pc-ph)gAZp]

Mg = R

(2.08-7)

If we represent the full-power forced convection flow rate as ﬁso’

we can write the following expression for the Toop f1ow'hs.



-29-

Mo Forced circulation
ms = ﬁ e ~t/7 Coastdown (2.08-8)
_]1/1.8 '
- Az
[(pc pg)g pl Natural circulation

For the short period time after a pump trip when both loop coastdown
and natural convection are important for determining the correct flow
rate, the natural convection and coastdown flow rates are calculated in-
dependently and the maximum of the two is used for the loop flow rate,
ﬁs. Because the time constant of the coastdown is relatively small
(r=16s typically), this simplification should have little effect on the
transient prediction capability of FABREC.
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2.9  Steam Generator Secondary Side

FABREC was designed to model a loss-of-all-feedwater transient
simultaneous with main steam 1ine isolation. When feedwater is first
Tost, no mass enters or leaves the steam generator secondaries. Because
heat continues to be transferred from the primary, energy is being added
but no energy is leaving the node. The result is a pressure increase.
Pressure will continue to increase until the setpoint pressure of the
atmospheric relief valves is reached. At this point, the valves
alternately open and closely maintain the pressure very close to this
setpoint pressure.

Remember, the pressure is specified for a Type I node but is
calculated for a Type II. Thus, before the relief valves open, we can
model this node as a Type II node. After the relief valves open, the
pressure is effectively constant. From that point on, we assume the
secondary is a Type I node.

Table 2.5 T1ists what the variables used in the steam generator
secondary equations represent. Let us first consider the period of time
befdre the relief valves open. We can write down the energy equation for
the entire secondary side of the steam generators

@ (M) = Osq (2.09-1)

Expanding the left-hand side of (2.09-1) and recognizing that

dm

—2 =0,

dt (2.09-2)
yields

duz _Osq

dt  mp © (2.09-3)

Now, we know the node-averaged density is constant before the safety
valves open because the node is of constant volume and experiences no mass
transfer. Thus,
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the pressure can be determined from the equation of state

P2 = p(uzspp). (2.094)

After the pressure on the secondary side reaches the pressure of the
relief valves, we have a Type I node. We can assume the specified
pressure is equal to the relief valve setpoint and the inlet flow equals
zero. Let us now consider the liquid in the steam generator secondaries
as our control volume, as shown in Figure 2-5. The mass, energy, and
volume equations become, respectively,

dmg .
= —mb
dt (2.09-5)
d(mstust) dVgt
= Q -Mh .= —
dt sg7MblgTP2 o (2.09-6)
Vst
e (Y .
gt - dp (MstVst) (2.09-7)

Qur first simplification is that that Tiquid in our control volume is
at constant, saturated conditions. Substituting saturated liquid
properties for our liquid properties after substituting (2.09-5) and
(2.09-7) into (2.09-6) yields

~ugiy = Qgg-mphg + povey, , (2.09-8)
which can be solved for my, the boiling rate,
05 - (2.09-9)

fy =~
hg-Uf-pr
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Recognizing that
hf = Uf+p2Vf, (2-09'10)
we can say that
Qsgq

My = ng-he (2.09-11)

Equation (2.09-11) is used by FABREC to update the 1iquid inventory on the
secondary side of the steam generator after the relief valves have opened
so that the correct primary to secondary heat transfer can be calculated.
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2.10 Pressurizer

In FABREC, the pressurizer is a Type II node. The pressure calculated
is the specified pressure for the other node representing the primary
system. The inlet and outlet flows of the pressurizer node are specified.

The model used for the pressurizer is the simple equilibrium model.
This assumes the Tiquid and steam in the pressurizer are at the same
temperature, i.e., are both saturated. This greatly simplifies the
calculation of the pressure.

Table 2.6 1ists the representation of the variables used in the
pressurizer equations. Let's begin the derivation of the pressure by
first writing down the mass and energy equations for the entire

pressurizer,

dﬁlf d_m_q . .

-t = Myp=Msry-Mpory

dt dt . UPTSTVTTP (2.10-1)

d d L] . .

— (mgug) + — (mg“g)=muphup‘msrvhsrv'mporvhporv.

dt dt (2.10-2)
Our pressurizer is of constant volume so that

d d

— (mfve) + — (mgvg) = 0.

dt dt 99 (2.10-3)

Expanding the left-hand sides of (2.10-2) and (2.10-3) yields

mef+mef+mgUg+mgUg‘muphup‘msrvhsrv'mporvhporvv (2.10-4)

ﬁfvf+mf0f+mgvg+mgvg-0 ' (2.10-5)
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The reader might have noticed that the variable for which we wish to
solve, p, does not appear in the above equations. We introduce the
pressure into our equations from the observation that the Tiquid and steam
properties, because they are saturated, can be written as

uf = us(p), (2.10-6)
ug = ug(p), (2.10-7)
ve = velp), (2.10-8)
Vg = vg(p). (2.10-9)

Differentiating both sides of the above equations with respect to. time
results in

Uf = - ba

dp (2.10-10)
.g =d_ug_’3’

dp (2.10-11)
. d
\ = _\-/.t p
f ,

dp (2.10-12)
. dv, .
Vg = _Yg. p.

dp (2.10-13)

The derivation of the rate of change of pressure, p, from these equations
is a long and tedious procedure. Those interested can refer to the
Appendix. We will only present the result here.

My phyp=Mporvipory -Msryiis ry tu (Mg py +g py=my )

. Vf
+(mup'mporv'msrv)(;“;;)(Ug'”f)
g

p = (2.10-14)
du dve, MfUq-mguU dvg, MmqUg-u

me () #mg (—3) - () (- F) (=) (Rata U
dp dp VgV dp Vg-_Vf
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de . o .

. dv .
-mf(a;-)P-mupr+(mporv+msrv)Vf-mg(agg)p
mg = ~ (2.10-15)
Vg-Vf
ME = Myp-Mpopy =g ry-Mg (2.10-16)

Because the entire pressurizer is modeled to be in thermal
equilibrium, cold insurges may actually lower the pressure. This is
because the insurge would lower the node-average internal energy. To
correct for this, when there is an insurge, mup’ that is subcooled with
enthalpy hup’ the insurge enthalpy is adjusted to a new value which is
the arithmetic average of the insurge and saturated fluid enthalpies.
This adjustment produces increasing pressurizer pressure with subcooled
insurges, which is physically correct.

As of yet, it was not mentioned how to obtain the flow or enthalpy
discharged out the valves. As was stated previously, FABREC assumes
instanteous phase separation in the pressurizer. The PORVs and SRVs are
connected to the top of the pressurizer, so the assumption is that the
flow exiting the pressurizer is liquid only if there is no steam in the
pressurizer. Otherwise, the flow out the valves is saturated steam. In
other words,

hf if mg =0

h = h = (2.10-17)
STV - Tpory { hg if mg # 0.

For the flow out the valves, different correlations are used for
Tiquid or steam upstream conditions. In both cases’though, the flow is
assumed to be critical, or choked. In general, the liquid choked flow
rate is greater than that of the steam. '

For liquid entering the valve, FABREC uses the Burnel] correlation to
predict the critical flow. This is a closed form equation based on a
homogeneous, non-equilibrium flow model. The correlation is
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6 = V20,9¢[Po- (1-C)Psat (To) 1, | | (2.10-18)

o 0:2%0 (To)
~ o(pgat=175psia) °’

where G is the mass flux, ¢ is the surface tension, and py and T, are
the 1iquid pressure and temperature.

For steam upstream of the valves, Napier's formula is used with the
Thompson and Buxton correction factor. These equations are

G =-EQ Kn
70 (2.10-20)
0.1906p,-1000

Kp = 1500<p,<3200psia.
0.2292p,-1061 (2.10-21)

Discharge coefficients and recommended choking areas were obtained
from Ref.5 for both Tiquid and steam upstream conditions. These values
are the result of the EPRI Safety and Relief Valve Test Program. For more
information on the critical flow models and testing procedures, the reader
should consult Ref.l.
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2.11 Core Heat Generation

After shutdown, FABREC calculates the decay heat rate as a function of
time. The decay heat curve is based on the 1979 ANS-5.1 Standard for The-
rmal Fission of U-235 with an Infinite Operating History (Ref.3). A cor-
rection factor of 1.02 is added to account for the decay of fission
products other than those from U-235. The decay power curve is

12.4358
( (1.02) (———)t4~0-102867 0<t4<6
200
14.0960
(1.02) (———)t4-0.171702 6<ty<40
200
16.0951
% . < (1.02) (——=——)t4~0.207240 40<t4<200 (2.11-1)
Qco 200
19.4829 ‘
(1.02) (———)t4~-2374004 200<t 4<1500
200
30.9998
\ (1.02)(—-Eaa——)td-.302264 t4>1500,

where tq is the time after shutdown in seconds and a value of 200
MeV/fission is used. ‘
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2.12 Emergency Core Cooling System

The ECCS has as its suction the refueling water tank (RWT) and
discharges into the cold legs of the reactor coolant system. The RWT is a
large tank at atmospheric pressure. The main components of ECCS are the
ECC water pumps.

The injection flow , 512, is calculated from the head-flow curves
characteristic of the pumps. The head developed is equal to the pressure
difference between the primary system and the RWT. Gravity and kinetic
energy are neglected.

In order to calculate the enthalpy of the ECC water entering the RCS,
we first write down a differential equation for the enthalpy for a pure
substance,

dh = vdp+Tds . (2.12-1)
[f we assume the pumping is isentropic (adiabatic and reversible), we can
write

dh = vdp . | (2.12-2)

Also, for subcooled water, it is nearly incompressible so that

Ah = vap . (2.12-3)

Substituting for ah and aAp, we obtain
hig-htank = v(p-p,), (2.12-4)
where hjo and hiane are the ECC and RWT water enthalpies,

respectively, p is the primary pressure, and p, is atmospheric pressure.
Solving for hj, yields -

hig = htank + v(p-p,) (2.12-5)

(2.12-5) is used to calculate the enthalpy of the ECC water injected.



-39-

2.13 Description of Code

The general flowchart of FABREC is shown in Figure 2-6. Subroutines
INIT and GEOM read the input data and set the remaining system variables
such that the PWR is at steady-state. For instance, the upper and lower
plenum temperatures and Toop flow are input by the user. From this
information, an energy balance is performed on the core to calculate the
core power specified by these temperatures and flows. The
primary-to-secondary heat transfer rate is set equal to the core power and
the steady-state steam generator heat transfer coefficient is calculated.
The result is that the system variables necessary for steady-state
operation are calculated non-iteratively.

After the steady-state calculation is made, FABREC begins the first
transient pass. One pass is made for each time step since the integration
'15 fully explicit. Subroutine ECCS first determines the ECC flow and
enthalpies. Subroutines STMGEN, LPL, CORE, UPL, and PRESS update the
conditions in the steam generator primaries, lower plenum, core, upper
plenum, and pressurizer, respectively. In addition, subroutine VALVE
calculates the PORV and SRV flow rates. Function GENMASS updates the
water inventory on the steam generator secondaries and function QC
determines the core (decay) power.

After this pass, the time is updated. The next time step size is also
calculated. The conditions for stopping the transient calculation are
tested (for example, if time exceeds a pre-determined valve), and if
satisfied, the transient calculation ends. If not, another pass is
initiated.

Thermodynamic properties of water used by FABREC are all calculated by
function subprograms. Some of these functions were fitted from steam
tables (Ref.7) and others are identical to those used by TRAC (Ref.8).
These functions calculate the properties with pressure and temperature as
their independent variables. '

‘ A detailed description of FABREC and its input will be contained in a
forthcoming BNL report.
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Figure 2-3  FABREC representation of the upper plenum. The fluid
leaving the plenum out the nozzie is liauid until the
mixture level reaches the top of the nozzle.

Figure 2-4 Cross-section of the nozzle. The flow is assumed to
be homogeneous with a void fraction equal to the area
occupied by the steam divided by the total nozzle cross-
sectional area.
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59

Figure 2-5 Control volume for the Tiquid in the steam
generator secondaries.
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Figure 2-6  Flowchart of FABREC showing principal subroutines
and functions.
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Table 2.1 Variables Used in Lower Plenum Equations

ECC injection flow
Flow from steam generator to lower plenum

Flow from Tower plenum to core

Mass of lower plenum fluid
Enthalpy of mj,
Enthalpy of ﬁsg

Enthalpy of ﬁgc
Node-averaged enthalpy of lower plenum fluid
Node-averaged density of lower plenum fluid

Volume of lower plenum fluid
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Table 2.2 Variables Used in Core Equations

Flow from Tower plenum to core

Flow from core to upper plenum

Mass of core fluid
Enthalpy of ﬁzc

Enthalpy of mg,
Node-averaged enthalpy of core fluid
Node-averaged density of core fluid

Volume of core fluid

Core power
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Table 2.3 Variables Used in Upper Plenum Equations

Flow from core to upper plenum

Flow exiting upper plenum

Mass of upper plenum fluid
Enthalpy of ﬁcu

Enthalpy of my

Node-averaged enthalpy of upper plenum fluid
Saturated fluid enthalpy

Saturated vapor enthalpy

Node-averaged density of upper plenum fluid
Saturated fluid density

Saturated vapor density

Volume of upper plenum fluid

Cross sectional area of steam in outlet nozzle
Cross sectional area of fluid in outlet nozzle
Cross sectional area of nozzle

Void fraction of nozzle flow



Table 2.4
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Variables Used in Steam Generator Primary Equations

Flow to steam generator

Flow exiting steam generators

Mass of fluid in primary piping and steam generators
Enthalpy of mg,

Enthalpy of mg

Volume of mgtq

Primary-to-secondary heat transfer rate



Mb
Mst
m2

u2

P2
Ust

uf
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Table 2.5 Variables Used in Steam Generator Secondary Equations

Rate of boiling on steam generator secondary

Mass of liquid in steam generator secondary

Mass of fluid in steam generator secondary

Average internal energy of fluid in steam generator
secondary

Pressure of steam generator secondary

Internal energy of Tliquid in steam generator secondary

Internal energy of saturated liquid

Enthalpy of saturated liquid

Specific volume of saturated liquid

Specific volume of steam generator secondary liquid

Primary-to-secondary heat transfer rate

Volume of steam generator secondary liquid
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Table 2.6 Variables Used in Pressurizer Equations

Subscripts Variables
f Saturated fluid m Mass
g Saturated Vapor h Enthalpy
up Surge u Internal energy
porv PORV v Specific volume

srv SRV p Pressure
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Section 3

" FEED_AND BLEED TRANSIENT ANALYSIS

3.1 Introduction

Two transients were chosen for the feed and bleed transient analysis
and FABREC verification. In the first, offsite power is lost at the start
of the transient. This is followed by a reactor scram and turbine trip.
Normally, the auxiliary feedwater pumps would be started since the main
feedwater pumps would be unavailable (whether they be turbine or
motor-driven). FABREC assumes auxiliary feedwater is unavailable. In
this scenario, ECC water is also assumed to be unavailable. After the
steam generators boil dry, there is no heat sink for the primary system,
which is being heated by decay heat, and thus, this sequence leads to a
core melt.

In the second transient, again the auxiliary feedwater is not
available; however, at ten minutes into the transient, the operator
manually initiates a safety injection. The PORV setpoint, which can be
changed from the control room by the operator, is assumed to be unaltered.
This is in contrast to some "bleed and feed" procedures in which the
operator either lowers the setpoint of the PORVs or latches them open.
This would be necessary in plants in which the ECC flow is insufficient at
the operating PORV setpoint (which is the case in most Combustion
Engineering plants). Thus, our scenario would be typical of plants that
have safety-grade charging (make-up) flow. For successful feed and bleed
at the PORV setpoint pressure, the capacities of both the PORVs and the
ECCS must be sufficient to cool the core. Figure 3-0 shows qualitatively
how the capacities of the PORVs and ECCs relate to the core decay power,
for an injection rate of hiz and PORV capacity of ﬁborv- As can be
seen in the figure, the ECCS capacity will determine if the feed and bleed -
is successful.

The plant chosen to analyze was Zion 1, owned and operated by
Commonwealth Edison. This is a four-loop Westinghouse PWR. Safety-grade '
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make-up flow is from two centrifugal charging pumps (CCPs). Although
these pumps are part of the chemical and volume contro] system (CVCS),
normal charging during steady-state operation is accomplished by a
positive displacement pump (PDP), which is not safety-grade. The source
of the ECC water is the refueling water tank (RWT). When the water level
in this tank falls below some pre-determined value, the RWT is isolated
and the ECC pumps take suction from the water in the containment sump. No
analysis was performed on this "recirculation" mode of core cooling.

The PORVs and SRVs were modeled as variable opening valves. The
valves start to open at their corresponding setpoint pressure and are
fully open at 0.1 MPa above their setpoint. As a result, the valves do
not flutter open and closed, but rather tend to sit at some partially open
position. Because the valves do not flutter, a large time step can be
used. Thus, the stability and economy of FABREC is increased by the
choice of this valve model.
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3.2 Case 1 - ECCS Unavailable

Table 3.1 shows the event sequence for this transient. The initiating
event for this transient was assumed to be a loss of offsite power event.
This would trip the turbines, reactor coolant pumps, main feedwater pumps,
and generate a scram signal. Under normal circumstances, this transient
would end by starting the auxiliary feedwater pumps, which would replenish
the water inventory of the steam generators boiled off by the core decay
heat. FABREC assumes auxiliary feedwater is unavailable.

Figure 3-1 shows the decay power as a function of time. After the
scram, the power rapidly falls off from its 1hit1a1 value of 3188 MW. The
decay heat generated is approximately proportional to time raised to the
negative one-fifth power. Because the decay heat is not from fission, but
rather from the decay of fission products, it is dependent only on time.

The heat sink for this transient is the water initially present in the
steam generators. As this water is boiled off, heat transfer from the
primary to the secondary is degraded. Figure 3-2 shows how the liquid
water inventory of steam generators decreases with time. The initial
inventory is approximately 1.62x10% kg. Very Tittle heat sink remains
80 minutes into the transient.

After the reactor coolant pumps are tripped at the start of the
transient, the Toop flow begins a coastdown, as shown in Figure 3-3.
After the coastdown, natural circulation is established. The natural
circulation flow is approximately 540 kg/s, or about 3% of the full power
flow. After about 2 h, the primary system has voided sufficiently to end
the natural circulation. '

Figure 3-4 shows how the primary temperature varies with time. After
the reactor coolant trip, there is an initial rise in temperature caused
by the flow coastdown. This is sometimes called a "power-to-flow
mismatch". As the temperature rises in the hot leg, the natural
circulation flow increases. Also, the higher primary temperature will
increase the primary-to-secondary heat transfer. From 10 min to about 75
min, the primary experiences a quasi-steady state condition where the
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flow, driven by natural circulation, removes the decay heat from the core
and transfers the heat to the water on the secondary side of the steam
generator. At about 75 min, the steam generator heat transfer, degraded
by the decreased water inventory, is insufficient to balance the decay
power of the core. The result is a rise in primary temperatures until the
upper plenum saturates at approximately 114 min. After the primary
saturates, the vessel inventory removes the decay heat by boiling. Figure
3-5 shows the vessel mixture level decreasing after voiding begins at 114
min. The discontinuity in the slope of the curve at about 122 min occurs
because at that point the mixture level reaches the height of the outlet
nozzles in the upper plenum. At about 128 min, the core has completely
voided. Remember, FABREC models the two-phase flow in the core as
one-dimensional homogeneous flow. FABREC cannot model counter-current
flow in the upper plenum region. If counter-current flow were to occur,
Tiquid would travel down from the upper plenum to the core. Since FABREC
predicts the core will completely void before the upper plenum does,
counter-current flow would Tengthen the time for the core to uncover.

Figures 3-6 and 3-7 illustrate the pressurizer level and pressure,
respectively. There is an initial surge into the pressurizer, caused by
the power-to-flow mismatch, which also results in a small pressure rise.
From 10 min to 75 min, the pressure and level slowly decreases as decay
power is also decreasing, lowering the primary temperature slowly and
causing the 1iquid to contract. After steam generator heat transfer is
degraded at 75 min, there is a surge into the pressurizer, raising its
Tevel and pressure. The pressurizer PORVs start to open at 16.1 MPa, and
the pressurizer goes solid at 100 min. The capacity of the PORVs is
sufficient to relieve the volumetric expansion of the primary while it is
subcooled; however, when the primary saturates at 114 min, the PORV
capacity is no Tonger able to relieve the volumetric expansion of the
primary fluid. The result is a pressure rise to the SRV setpoint of 17.13
MPa, which is reach at 119 min. Up to this time, the flow from the upper
plenum to the pressurizer has been liquid since the vessel mixture level
has been above the outlet nozzle. As the level moves down past the nozzle
at 123 min, steam leaves the plenum, and since it carries away more energy
than Tiquid, we see a pressure drop. A rapid pressure spike follows. The
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initial rise is from the rapid boiling of the water left in the vessel.
After this water has boiled, Tittle water is left in the core and thus the
volumetric expansion of the fluid is mostly due to the thermal expansion
of the steam present. Since this is small compared to the combined
SRV/PORV capacity, there is a rapid decrease in pre§sure, followed by
complete dryout of the core at 128 min.

Los Alamos has simulated several loss-of-feedwater transients for Zion
1 using the Transient Reactor Analysis Code (TRAC-PD2) (Ref.8). A
comparison between TRAC results and those of FABREC for the average core
liquid temperature can be seen in Figure 3-8. The general features of the
curves are very similar. TRAC predicts a shorter time for the steam
generators to dryout. Although the TRAC steam generator dries out
earlier, there is only a 6 min difference between the TRAC and FABREC
calculation for the time it takes for the primary fluid to saturate (108
and 114 min, respectively). On the secondary side, the codes predict
similar values for the secondary pressure (Figure 3-4). The differences
between TRAC and FABREC calculations are mainly due to differences in
modeling the steam generators. Due to the earlier dryout time on the TRAC
calculation, it is believed that there is more water inventory in contact
with the primary tubes in the FABREC steam generator model than in that
for TRAC. FABREC assumes the entire secondary water inventory is in
contact with the tubes, and thus dryout will not occur until all the water
has been depleted.
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3.3 Case 2 - ECC Injection at Ten Minutes

Table 3.2 Tists the sequence of events for this transient. The
results are identical to Case 1 untijl the operator initiates the safety
injection at 10 min into the transient (begins the feed and bleed). At
that time ECC water is injected into the cold legs of the reactor coolant
system and bled out the PORVs.

Figures 3-10 and 3-11 show how the level and pressure in the
pressurizer respond to the transient. Initially, there is an insurge due
to the power-to-flow mismatch. At 10 minutes, the safety injection is
initiated, as shown in Figure 3-13, and causes a rising level in the
pressurizer, also leading to a rising pressure. At 18 min, the pressure
has reached 16.1 MPa, and the PORVs begin to open. The pressurizer is
solid at 25 min and remained in that condition for the rest of the
transient. Ohce the pressure reached the setpoint of the PORVs, the ECCS
flow remains almost constant at 12 kg/s. The PORV capacity is more than
sufficient to remove the decay power produced by the core, and thus the
primary system is never subjected to a pressure rise once the PORVs begin
to open.

The steam generators dryout at a much later time with safety injection
at 10 min than without safety injection (Figure 3-13). This is because
once feed and bleed is started, the steam generators remove only a
fraction of the decay heat produced by the core. The remaining fraction
of the heat is removed by the ECC water entering the core and leaving out
the PORVs. The steam generators now dryout at about 145 min.

There is an initial rise in the primary water temperature caused by
the power-to-flow mismatch (Figure 3-14). After the safety injection at
10 min, the primary reaches a state of quasi-steady cooling, until about
125 min, at which time the primary-to-secondary heat transfer has degraded
sufficiently to cause a temperature rise in the primary. Although the ECC
water continues to remove decay heat from the core, the flow of 12 kg/s is
insufficient to maintain subcooling in the upper plenum. The temperature
continues to rise until the primary water saturates at 219 min. At this
time the decay power is 28.6 MW and the energy is being removed by the ECC
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flow at a rate of 29 MW, and therefore, the calculation is ended. Re-
covery will occur because the decay power is at a level that is removable
by the ECC flow.

A comparison of the core temperature cacluated in TRAC and FABREC can
be seen in Figure 3-15. TRAC predicts a shorter steam generator dryout
time and thus the primary saturates earlier than in the FABREC calculation
(192 min compared to 219 min). Again, the reason for the earlier dryout
in the TRAC simulation is due to steam generator modeling differences.
Both codes predict that recovery will occur once the primary saturates.
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Figure 3-0. Qualitative comparison of the core decay power
with the PORY capacity and the ECCS capacity.
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Figure 3-1 After the reactor has scrammed, the power rapidly falls off
from its initial value of 3188 Mw.
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Figure 3-2 The water inventory in the secondaries is depleted soon
after 80 min with no auxiliary feedwater available.
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Figure 3-3 The natural circulation ends when the primary has sufficiently
voided after about 2 h.
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Figure 3-4 There is a sharp rise in the primary temperatures after the
primary to secondary heat transfer is degraded at 75 min.
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Figure 3-5  The vessel mixture level decreases after voiding begins at

114 min.
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Figure 3-6 After dryout, the pressurizer goes solid.
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Figure 3-10

The pressurizer goes solid at 25 min wnen ECC is initiated
at 10 min.
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Figure 3-11

Primary pressure increases to PORY setpoint and remains
there while primary is subcooled.
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Figure 3-12 Safety injection is initiated manually at 10 min.
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The steam generators have little water inventory after
145 min.
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Comparison of the liquid temperature in the core predicted

by TRAC and FABREC.
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Table 3.1 Event Sequence for Loss-of-Feedwater
Transient with no ECC Injection

Time
(s) (min) Event
0.0 Loss-of-offsite power, reactor coolant pump
trip, main feedwater pump trip, scram signal
generated.
0.6 Reactor Scram.
75 Degraded primary to secondary heat transfer.
93 PORV setpoint pressure (16.1 MPa) reached.
100 Solid pressurizer.
114 Primary begins to void.
119 SRV setpoint pressure (17.13 MPa) reached.

128 End of calculation, core empty.
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Table 3.2 Event Sequence for Loss-of-Feedwater with ECC
Feed and Bleed Manually Initiated at 10 Minutes

Time
(s) (min) Event
0.0 Loss-of-offsite power, reactor coolant
pump trip, main feedwater pump trip,
scram signal generated.
0.6 Reactor Scram.
10 ECC injection manually initiated.
18 PORV setpoint pressure reached (16.1
MPa).
25 Solid pressurizer.
145 Steam generator dryout.
219 End of calculation, upper saturated,

decay power at a level that is removable
by ECC flow.
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Section 4

FEED AND BLEED ANALYZED UNDER UNCERTAINTY

4.1 Introduction and Selection of Response Variable

The modeling and analyses presented in the previous sections indicate
that it is possible to cool the core with the feed and bleed procedure
described, provided that the input and modeling exactly describe the
physical processes of the procedure. This section discusses how
uncertainties in the input parameters affect the confidence we associate
with our answer.

The first problem we have is to choose the variable, sometimes called
the "response", that determines whether the feed and bleed procedure is
successful, From a simple steady-state analysis, mass and energy balances
show that at the PORV setpoint pressure, ECC flow is inadequate to prevent
the primary water from voiding. The Case 2 analysis of the previous
section shows that once the water saturates in the primary, more energy
was removed by the ECC flow than was added by the decay heat, and thus the
core was cooled. On the basis of these facts, the response variable
chosen to judge whether or not feed and bleed is successful is the net
core heating at the time of primary saturation, Qnets which is defined
as

6net = bd-511(hg-hiz)- (4.1-1)

The first term on the right is the decay power at the time of primary
saturation, and the second term represents the energy removed from the
vessel by the ECC flow once the upper plenum has saturated. If Qnet is

greater than zero, the feed and bleed procedure is not adequately cooling

the core, and inversely, if Quet is Jess than or equal to zero, the feed

and bleed procedure is successful. A qualitative graphical representation
of Quet s shown in Figure 4-1.
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4.2 Propagation of Uncertainties

The response variable, Quet»> can be represented by a multivariate
function,

Qnet = S(X{sXpaenesxy) = S(X). (4.2-1)

If the elements of input vector X are not single valued variables, but in-
stead are random variables, then the output variable Qnet is also a ran-
dom variable. If S were a simple closed form function, the distribution
of Qnet could be analytically determined if the distribution of the

inputs were known. The function S is, however, generated by the thermal
hydraulic code FABREC and thus no closed form representation of S is
available. 1If the closed form expression is not simple enough for an an-
alytical solution, the numerical technique of the Monte Carlo simulation
can be used. In this method, a large number of trials are performed, each
trial consisting of one set of xj's. The xj's for each trial are

chosen by random sampling techniques, from the known probability dis-
tribution function (pdf) of each X

Monte Carlo simulations are possible even if a closed form expression
for the random function is not available. In the case of énets each
trial would be one run of FABREC. Although FABREC is relatively
inexpensive to run, when multiplied by the thousands of trials necessary
to obtain an accurate distribution for the output, the cost becomes
prohibitive. The need for a closed form analytical expression of Qnet
therefore remains. Such an analytical representation of S can be
generated by the "respone surface" technique.
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4.3 Response Surface Methods

In general terms, a response surface may be generated whenever the
functional relationship between the output variable and input parameters
is only known through a deterministic code (such as FABREC). In order to
reduce the cost of running expensive computer programs many times as would
be done in a Monte Carlo simulation, probabilistic response surface
techniques have been developed (Ref.21). The procedure is to first input
selected combinations of input parameters into the deterministic code.
These outputs generated are then used to generate a response surface,
which is substituted for the code in the Monte Carlo simulation.

A second degree polynomial, as presented in Ref.21, is used to

generate the response surface for Qnet, The polynomial has the following
form

(4.3-1)

wn
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If X has n elements, then the number of coefficients unknown is given by

1+2n+[n(n-1)/2] (4.3-2)
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therefore, m computer runs would be necessary.

For each input parameter, three values must first be chosen. The
three values must represent the range of the parameter of interest.
Typically, xjo 1s chosen as the mean, Xj1 as the Tower limit, and
Xj2 as the upper limit. The response surface output will exactly fit
that of the deterministic code at these points, which are known as "knot
points".

The coefficients to (4.3-1) are generated first by perturbing one
input parameter at a time and then by perturbing two at a time. The base
case is that of no perturbation, i.e., X=X =(x10sXpQs---»>Xpg)e If
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we let S, be the base case, Sl(j) be the ouput calculated by setting
X3=X415 Sz(j) determined from Xj=Xj2, and Sll(j,k) be the

output of xj=xj1, xk=xi1. then the coefficients to (4.3-1) can be
calculated from the following equations

A=30 (4.3-3)
g 23T RiKgex2) Rz (xg0-x51) (4.3-4)
Cj = Rj1+Rj2 (4.3-5)
where
So(:1-S
Rjp = —2ll) 0 , (4.3-6)
(xj1-X30) (Xj1-%52)
So(i1-S
Ryp = —2l) >0 , (4.3-7)
(Xj2-Xj0) (Xj2-%341)
and
SatS11(5 1 )=S1( =S
Dy = 0 11(3,k)-51(4)~S1(k) (4.3-8)

(Xj1-%j0) (Xk1-Xko)

The elements of X not explicitly given as arguments of S(X) are set equal
to their reference (on) value.
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4.4 Selection of Input Variables and Response Surface Generation

Theoretically, any input parameter about which there is any
uncertainty should be included in our response surface. Realistically,
the cost of generating the response surface is proportional to m, the
number of undetermined coefficients in (4.3-1). From (4.3-2), we see that
the number of computer runs necessary to correlate just 20 input variables
(n=20) is 231. It is wise to only include those variables that both
significantly affect the output variable, dnet’ and have a significant
associated uncertainty.

The initial reactor power level is a such variable since the decay
power is directly proportional to this initial level. The higher the
initial level, the higher Qneq Will be. |

Another less obvious, but important input variable is the PORV
setpoint pressure. This variable is important because once the
pressurizer goes solid, the setpoint determines the system pressure. This
directly affects the flow capability of the ECC pumps. If the setpoint
were to drift high, the ECC flow would be reduced, increasing Qnet'

The time at which the operator begins the feed and bleed is also
important. Basically, the longer the delay before initiation of the
procedure, the faster the steam generator secondary water inventory will
be depleted. After the steam genérators dry out, the primary saturates.
This means that early feed and bleed initiation results in a lTonger time
until the primary begin to void. Because the decay power decreases with
time, the longer it takes for the primary to saturate, the less the net
core heating, Qnet’ will be.

After the initial loss-of-offsite power, there is a time delay before
the reactor is scrammed. The delay is the finite amount of time it takes
to detect the event and generate a scram signal. This quantity is
important because before the reactor is scrammed, its full-power level is
boiling off the water inventory in the steam generator secondaries.
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It was already determined that the PORV setpoint pressure is important
because it determines where along the head-flow curve the ECC pumps will
operate. Another important input parameter might reflect uncertainty in
the actual head-flow curve. This would also affect the ECC flow into the
primary system and thus the feed and bleed cooling capability.

Thus, we now have five important input parameters about which there is
uncertainty. Using (4.3-2), we see that the number of computer runs
necessary to generate the coefficients for our response surface is 21.

The mean and limits of the variables are listed in Table 4.1. Using these
inputs, FABREC generated the outputs listed in Table 4.2. Table 4.3 shows
the coefficients to (4.3-1) calculated for these outputs.
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4.5 Input Distributions and Monte Carlo Simulation

The uncertainties in the input variables are quantified by considering
the latter as random variables with associated probability distributions.
Table 4.4 Tists the distribution chosen for each input and the parameters
necessary to describe the distribution. For example, the initial power
level is assumed to be normally distributed with a mean and standard de-
viation equal to that Tisted in the table. The scram delay was assumed to
be log-normally distributed since this distribution is skewed to the left,
and it has a finite lower 1limit. The time to initiate the ECC flow was
~assumed to be exponentially distributed with a time constant equal to the
mean value of 10 min. The remaining variables are assumed to be normally
distributed. The distribution parameters (with the exception of the ex-
ponential distribution) were chosen such that the lower and upper limits
listed in Table 4.1, which were obtained from engineering judgement,
represent the 1st and 99th percentiles of the pdf, i.e.,

Xj1 _

J/.f(x)dx = .01 (4.5-1)
and -

XJ?

J/ f(x)dx = .99 . (4.5-2)

Suppose we have a density distribution, f(x). What we need to do is
find a procedure to generate x's such that they are distributed according
to f(x). We do this by a one-variable transformation of a different de-
nsity distribution, h(u).

Suppose h(u) is a uniform distribution that extends from 0 to 1. For
0<ucl, h is independent of u (constant). The inverse function, h=1(u),
is thus a random number generator of range 0 to 1 since h(u)du is constant
in that range.
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If we wish to map the function h(u) onto f(x), we can use the relation
f(x)dx = h(u)du , (4.5-1)

or rearranging,

d
f(x) = h(u) EE .
X (4.5-2)

Integrating from the lower 1imit yields

X u
/f(x')dx' =/du' , (4.5-3)
Xg 0 :

where x, is the Tower Timit of the f(x) distribution. Recognizing that
the left-hand side of (4.5-3) is simply the cumulative distribution
function, we can write

F(X) = U . (4.5'4)
Solving for x yields

x = F-L(u) . (4.5-5)

Thus, to generate a sample of x's that are distributed according to F(x),
one first generates the random number u and inputs this into the inverse
cumulative function, F-1,

Figure 4-2 is a histogram of a 10,000 trial Monte Carlo simulation of
Qnet- Since the success criterion is a non-positive dneta the
probability for success is represented by the area to the left of
Qnet=0, and similarly, the failure probability the area to the right of
énet=0- For the feed and bleed scenario studied, the success
probability is .6373 and the failure probability is .3627.
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4.6  Moment Matching énet

Now that we have the histogram for 6net, we may wish to approximate
it with a probability density function for which we have an analytical
expression. The procedure that was used is called the "moment-matching
method", and is described by Papazoglou and Gyftopoulos (Ref.10).

One way to describe our histogram is through its moments. For a

discrete random variable, its rth moment is defined as

n
Mr = 2 x:7F(x5) .
i=p (4.6-1)

For a continuous random variable,

M. = J/.xrf(x)dx .
(4.6-2)

The first moment is the expected value, sometimes called the mean, and
given the symbol u.

M] = E(x) = u (4.6-3)

We can also compute moments about the mean, sometimes called "central
moments". They are defined as

Me' = Z(x-u)"f (x4) (4.6-4)
for a discrete random variable, and

M. =f(x-u)rf(x)dx
(4.6-5)

-0
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for a continuous random variable. The second central moment is called the
variance of x. The square root of the variance is called the standard
deviation of x,o. Thus, we can write

Mo' = var x = ol (4.6-6)

The procedure for approximating the distribution of énet will be to
first calculate its mean and second through fourth central moments. The
third and fourth moments will be used to determine the type of
distribution. The mean and variance will then determine the parameters
for the distribution chosen.

The third central moment is called the "skewness", and is a measure of
the asymmetry of the distribution. The fourth central moment is called
the "kurtosis", and is a measure of its peakedness. These moments are
used to define the following coefficients.

My')2
coefficent of skewness: g1 = %EQT%g (4.6-7)
2
Ml
coefficient of kurtosis: sp = ﬁ)z (4.6-8)
2

Once g1 and Bp are calculated, one looks at Figure 4-3 to determine

the appropriate distribution with which to fit the Monte Carlo simulation.
Table 4.6 compares the cumulative probabilities for the exact and fitted
results.

Based on these results, it is concluded that for the input parameter
distributions chosen, Qneta representing the net core heating of the
time the primary system water saturates, can be approximated by a normal
distribution with a mean of -.573 MW, and a standard deviation of 1.58 MW.
The probability of success (the probability that Qnetﬁp) is 64% for this
distribution.



Upper plenum temperature

Power

-86-

saturated 7

power-to-flow upper plenum
mismatch

/

steam generator
dryout

: Q .
mil(hg'hil) net

Figure 4-1 Qualitative graphical representation of Qnet’
As shown, Qnet represents the difference
between the decay power and the power removed by

the ECC flow at the time that the upper plenum
saturates.
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Figure 4-2  Histogram of éret generated by 10,000 trial Monte
Carlo simuiation.
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Figure 4-3  Region in (81,82) plane for various distributions.
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Figure 4-4  Comparison of 10,000 trial Monte Carlo histogram
with normal distribution approximation.
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Table 4.1  Coordinates of Knot Points for Response Surface of 6net

Input Parmeter Mean Lower Limit Upper
Limit
Initial power (% of nominal) 100 95 105
PORV setpoint (MPa) 16.1 16.0 16.2
ECC initiation time (min) 10 5 | 60
Scram delay (s) .6 .5 2

ECC flow curve (% of nominal) 100 95 105
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Table 4.2  FABREC Outputs for Knot Point Coordinates

Qnet (kW)
So = 436.94
'$1(1) -4373.31 Sp(1)  1561.6
$1(2) -1412.6 Sp(2)  308.88
3) -671.6 Sp(3)  2107.63
4)  449.94 Sp(4)  -280.40
5) 1520.97 Sp(5) -2443.14
S11(3,k)

(2) (3) (4) (5)
-5143.6 -4598.4  -4390.9 -2254.8

-684.51 1555.65

)

) -1420.79  5737.21 3984.0
)

) 1508.33
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Table 4.3  Coefficients for Response Surface of énet(kw)

A = -436.94
B(5) ¢(3)
(1)  5.935E4 -3.875E5
(2)  8.604E3 -1.146E-4
(3)  4.723E1 7.199E-2
(4)  1.288E2 -1.213E1
(5) -3.964E4 -9.630E3
D(j,k)
(2) (3) (4) (5)
(1) 4.10F4 3.828E1 -9.18E2 6.4 24E4
(2) 4.529E2 4.90E2 1.083E-5
(3) 1.8E-1 -3.912E2
(4) 7.2E1



-93-

Table 4.4 Distribution of Input Variables

Parameter Distribution Type Distribution Parameters
Initial power (% of nominal) Normal u=100, o =2
PORV setpoint (MPa) Normal u=16.1, o=.04
ECC initiation time (min) Exponential =1/ =.1
Scram delay (s) Log normal p=-2.303, o =1

ECC flow curve (% of nominal) Normal u=100, o=2
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Table 4.5 Calculated Moments Monte Carlo Simulation of 6net
with 10,000 Trials

Mean -.573
Variance 2.498
Third central moment -.738

Fourth central moment 21.805

B1 = .0350
3.4938

B2
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Table 4.6 Comparison of Cumulative Probabilities for
Monte Carlo (10,000 trials) and Fitted
Normal Distribution
X
F(x) =J/.f(x')dx'
x=Qnet (MH) F(x)
Monte Carlo Fitted Normal
-4 .0220 .01508
-3 .0672 .06234
-2 .1690 .1833
-1 .3769 .3936
0 .6374 .6414
1 .8506 .8401
2 .9576 .9481
3 .9897 .9880
4 .9973 .9981
5 .9992 .9998
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Section &

CONCLUSIONS

The purpose of this study was to examine the feed and bleed process in
a PWR in a probabilistic manner. Although best-estimate calculations
performed in this study and elsewhere indicate that feed and bleed can
successfully cool the core, this study explores how this answer may change
when the input parameters vary from the values chosen in the best-estimate
predictions. The input parameters were considered to be random variables
with associated probability density functions. These uncertainties as-
sociated with these input parameters were then propagated to determine the
uncertainty in the success of the feed and bleed process.,

The first part of this study developed the modeling used in a best-
estimate transient analysis code called FABREC. The code is fast running
and can predict phenomena such as steam generator dryout times, natural
circulation flow rates, and decay power levels. Because it is fast run-
ning, it is ideal for sensitivity studies.

The Zion-1 PWR was chosen as the plant to analyze. This is a four-
Toop Westinghouse reactor owned and operated by Commonwealth Edison. Be-
cause it has safety-grade charging as part of its ECCS, the feed and bleed
scenario examined did not include Tatching open the PORVs to depressurize,
or otherwise altering the PORY setpoint pressure from its normal value of
16.1 MPa. FABREC predicted that if the feed and bleed was initiated at 10
min, the primary would saturate at 219 min, at which time the ECC flow
would remove energy at a rate of 29.0 MW. Since the core power at this
time would be 28.6 MW, the core would be successfully cooled.

Uncertainties in five input parameters were considered to sign-
ificantly affect the output variable, which was chosen to be the differ-
ence between the power added by the decay heat and the power removed by
the ECC flow at the time of saturation of the primary fluid (Qnet) The
parameters varied were the initial power level, the PORV setpoint
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pressure, the ECC initiation time, the scram delay time, and the ECC flow
rate. Distributions were then chosen for these parameters such that the
Ist and 99th percentile of the distribution represented the upper and
Tower Timits of the input parameter, except for the parameter describing
the ECC initiation time. For this parameter, the pdf was the exponential
distribution with a time constant equal to the mean ECC initiation time.

A Monte Carlo simulation was performed to find the distribution of the
output variable, Qnet, based on the input parameter distribution chosen.
Although FABREC is fast running, it would still be cost prohibitive to use
it directly in a Monte Carlo simulation. Instead a response sufface was
generated and that was used for the simulation.

After the distribution of Qe Was obtained from the Monte Carlo
simulation, it was approximated by a pdf by matching its first four
moments. Based on this moment matching technique, the distribution for
énet was approximated by a normal distribution of mean equal to -.573 MW
with a standard deviation of 1.58 MW.

For successful cooling of the core using feed and bleed, the
requirement that the energy rate removed by the ECC flow exceed that of
the core decay power implies that bnet be less than zero. For the
distribution generated, the probability of adequately cooling the core
using the feed and bleed procedure is 64%.



10.

-98-

Section 6

REFERENCES

Abdollahian, P., et al., "Prediction of critical flow rates through
power-operated valves," presented at the 2nd International Topical
Meeting on Nuclear Reactor Thermal Hydraulics, Santa Barbara,
California, January 1983,

Chu, T. L., Apostolakis, G. E., "Time Dependent Accident Sequence An-
alysis," UCLA-ENG-83-15, March 1983.

"Decay Heat Power in Light Water Reactors," ANSI/ANS-5.1-1979.

DeMuth, N. S., et al, "Loss of Feedwater Transients for the Zion-1
Pressurized Water Reactor," Los Alamos National Laboratory,
NUREG/CR-2656, May 1982.

Goldstein, R., et al., "Development of Reload Safety Analysis
Methodology and Code Package Uncertainty Analysis: Amplification of
Statistical Bases," Combustion Engineering, NP-2657, Dec. 1982.

Iannello, V., Todreas, N. E., “Steady-State Analysis of Feed and
Bleed in PWR Systems," Special Problem in Nuclear Engineering, MIT,
August 1983.

Keenan, J. H., Keyes, F. G., et al., Steam Tables, John Wiley and
Sons, 1978.

Liles, D. R., et al., "TRAC-PD2, An Advanced Best-Estimate Computer
Program for Pressurized Water Reactor Loss-of-Coolant Accident An-
alysis," Los Alamos Scientific Laboratory.

Martz, H. F., et al., "A Comparison of Methods for Uncertainty An-
alysis of Nuclear Power Plant Safety System Fault Tree Models," Los
Alamos National Laboratory, NUREG/CR-3263, LA-9729-MS, April 1983.

Papazoglou, I. A., Gyftopoulos, E. P., "Markovian Reliability An-
alysis Under Uncertainty with an Application on the Shutdown System
of the Clinch River Breeder Reactor," Brookhaven National Laboratory,
NUREG/CR-0405, BNL-NUREG-50864, Sept. 1978.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

-99-

Sanchez-Pope, A. E., "Quick-Look Report on OECD LOFT Nuclear Ex-
periment LP-FW-1 (Loss of Feedwater)," Idaho National Engineering
Laboratory, OECD LOFT-T-3104, March 1983.

Sheron, B. W., "Bases and Criteria for the Selection of Response Sur-
face Parameters for the Statistical Assessment of a LOCA," ANS-ENS
Topical Meeting on Probabilistic Analysis of Nuclear Reactor Safety,
Los Angeles, 1978.

Shimeck, D. J., et al., "Analysis of Primary Feed and Bleed in PWR
Systems," Idaho National Engineering Laboratory, EGG-SEMI-6022,
September 1982.

Shooman, M. L., Probabilistic Reliability: An Engineering Approach,
McGraw-Hill, 1968. '

"System Response to Total Loss of Steam Generator Heat Sink,"
Babcock and Wilcox Document 86-1103585-00, August 1979.

Smith, L. P., et al., "Modular Modeling System (MMS): A Code for the
Dynamic Simulation of Fossil and Nuclear Power Plants," Electric
Power Research Institute, CS/NP-2989, March 1983.

Tauche, W., "Loss of Feedwater Induces Loss of Coolant Accident An-
alysis Report," Westinghouse Nuclear Energy System, WCAP-9744, May
1980.

Todreas, N. E., Kazimi, M. S., "Nuclear Analysis Class Notes-Chapter
16," to be published.

Uppuluri, V. R. R., Kuo, W., "Survey of Error Propagation in Sys-
tems," Oak Ridge National Laboratory, NUREG/CR-2839,
ORNL/CSD/TM-190.

VanTuyle, G. J., et al., "MINET-Transient Analysis of Fluid Flow and
Heat Transfer Networks," BNL-NUREG-32858, Computers in Engineering
Proceedings, Vol.l, p.289, August 1983.

Vaurio, J. K., “Response Surface Techniques Developed for
Probabilistic Analysis of Accident Consequences,™ ANS-ENS Topical
Meeting on Probabilistic Analysis of Nuclear Reactor Safety, Los An-
geles, 1978.



22.

23.

24,

-100-

Wooton, R. 0., Arci, H. I., "MARCH (Meltdown Accident Response
Characteristics) User's Manual," NUREG/CR-1711, October 1980.

"Zion Station Final Safety Analysis Report," Commonwealth Edison,
1973.

Zvirin, Y., "A Review of Natural Circulation Loops in Pressurized
Water Reactors and Other Systems," Nuclear Engineering Design, 67,
pp.203-225, 1981.



-101-

APPENDIX: Derivation of Pressurizer Equations

In this derivation, the pressurizer is assumed to be in thermal
equilibrium and thus the pressure determines the thermodynamic state of
both the saturated vapor and saturated liquid phases. The derivationis
based on the mass, energy, and volume equations for the combined vapor and
liquid, which are

Mf*Mg = Mup=Mpory=Msry (1)

MEUFIMEUEMgUgtmglg = Myphyp-Mpory -Npory-Mspryhspy (2)

ITlfo+me.f:+mng+mg Vg =

!
o
—_
w
~

Solving (1) for m¢ and substituting into (3) yields

Mf = Msurge~Mporv-Mgry=Mg (4)

mfvf+mupvf-mp0,.vv1:-msrvvf-mgvf+mgvg+mgvg =0, (5)

We can solve (5) for Mg to obtain

*_ (Mpory*Mpy JVe-meve-mypve-mgvg
o (6)
VQ"Vf

For a saturated liquid or vapor,

da da, dp
- = (") T . (7)
dt dp dt
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where A is an intensive thermodynamic property. Making use of (7) and (2)
produces

. de
mef+mf(dp )p+mg g+mgC——9) = muphup'mporvhporv‘msrvhsrv E8

We can solve (8) for p,

b= muphuD'mporvhporv'msrvhsrv'mf”f'mq”g (9)
du
m 0———)+m C—~9)
Pap 79 p

Substituting (4) and (6) into (9) results in

muphup'"‘porvhporv‘"‘srvhsrv‘mup“f+"‘porv“f+msrv“f

+(EborVVf+mserf—mef-mqu-mupr

Vg—Vf )(uf-ug)

O e
]
—
—
(]
~-

du du
f._f+m -9
dp I dp

The final result is produced by using (7) to substitute for the rate of
change of the specific volumes and then solving for p. The equation for p
is

muphup'mporvhporv‘msrvhsrv+uf(mporv+msrv‘mup)

23
+(myp- mporv‘"‘srv)(v _vf)(”g‘“f)
g

b= — (11)

e (S ) amg($18) (418 (Mgl Melr)  dvg) mglg-ur
dp g dp dp Vg-Vf dp Vg-Vf
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If we make the same substitution into (6), we obtain

. . de e . dv .
(Mpory+Mspy )Ve=me (—L)p-my ve-m, (—L)p
porv™sry/Yf f(dp up*f g(dp (12)

mg-

Vg-vf

Equations (11) and (12), together with (4), are the desired pressurizer
equations.




