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ABSTRACT

Primary feea and bleed cooling as it pertains to a pressurized water
reactor, describes an operation whereby reactor core cooling is maintained
by injecting 1iquid with pumped emergency core cooling systems and removing
the heated/vaporized fluid via the pressurizer power operated relief
valve. This report presents a systematic analysis of tne capabilities and
Jimitations of primary feed and bleeu. Firs:, the system parameters that
govern the uitimate capability of feed and bleed are examined along with
the inherent assumptions. Data from Semiscale experiments 1s analyzed.
Phenomena that influence the results are identified and analyzea with
regard to typicality. Calculations with the RELAPS computer code are then
presented tnat verify the ability of the code tu predict the phenomena
observed in Semiscale. Finally, results from RELAPS are used to predict
full-scale plant response auring selected feed and bleed scenarios.

FIN. No. A6038
Semiscale Program
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SUMMARY

This report presents results from an experimental and analytical study
of primary feed and bleed cooling in pressurized water reactor (PWR) type
systems. Primary coolant feed and bleed cooling as it pertains to a
pressurized water reactor, denotes an operation whereby reactor core
cooling is maintained by injecting coolant with pumped emergency core
cooling systems and removing the heated/vaporized fluid via the pressurizer
power operated relief valve(s) (PORVs). While a number of scenarios may be
hypothesized in which feed and bleed cooling might be called for, this
study is concerned with conditions in which a complete loss of secondary
heat sink occurs. Other assumed conditions include: the reactor has
scrammed (decay heat levels), all or some pumped injection systems and the
power operated relief valve(s) are operative, the pressurizer heaters are
off, and the primary recirculation pumps are tripped. Although limited in
scope, the study systematically examines relevant thermal-hydraulic
phenomena attendant to feed and bleed. The scope of this study encompasses
a simplified analysis of the mass and energy balances associated with feed
and bleed, examination of experimental data from the Semiscale and LOFT
systems, and RELAPS computer code analyses of both Semiscale and a
full-scale Westinghouse plant.

The parameters that govern the ultimate feasibility of feed and bleed
were first examined, and the variables and uncertainties associated with
those parameters identified. Examination of primary feed and bleed
identifies four key parameters: core decay heat, cooling water injection
capacity, PORV energy removal rate, and PORV mass removal rate. Other than
core power, the remaining parameters are functions of system pressure.
Simple operating mans may be drawn which define a steady-state feed and
bleed operating band for selected sets of these four parameters. A lower
bound pressure for steady-state operation is defined by an energy balance
between the core power and the PORV energy removal rate. An upper bound is
defined by a mass balance between the injection capacity and the PORV mass
removal rate. Steady-state operation within this band is possible by
cycling the PORV to maintain system pressure, and throttling the injection
rate to maintain a net mass balance.
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Ot the above parameters which define a primary feed and bleed
operating pressure band, the PORV mass flow rate, and therefore energy
removal rate are subject to the most uncertainty since they are strongly
inf luenced by pressurizer coolant conditions. Variations may also occur in
the injection capacity (such as assumed failure of injection trains, etc.),
and in the core decay heat power, which continually decreases with time.
Although limited in their ability to predict transient phenomena, the
operating maps provide a method for quickly calculating the influence of
variations or uncertainties on the ultimate capability of feed and bleed
cooling.

Two primary feed and bleed experiments were conducted in the Semiscale
Mod-2A facility to examine the transient thermal-hydraulic behavior
associated with feed and bleed and to provide data “or computer code
assessment. The first of these, Test S-SR-1, experienced excessive
uncontrolled primary leakage and was merely used as a data base for
examining selected phenomena. The second test used boundary conditions
simulating a decay heat level of 2% full power. The high pressure pumped
injection capacity was scaled from Zion nuclear plant high pressure
injection system flow rates, but disallowed charging pump flow. The PORV
relief capacity was approximately representative of PWR-scaled values
(actually 20% larger than that of Zion). The aggregate result of the
chosen boundary conditions was an operating map with a steady-state band
between 7 and 8.2 MPa when saturated steam PORV discharge is assumed.

Results from the experiments showed that when PORV was latched open
the pressurizer filled and the PORV discharge appeared to be directly
affected by hot leg coolant quality. In the second of the two Semiscale
experiments the resulting high mass discharge rate was far in excess of the
injection rate and resulted in a rapid system mass depletion. Once
sufficient mass inventory had been lost such that the hot leg had voided,
the PORV flow closely reflected the predicted saturated steam flow rate.

At that point the core was still adequately covered, but a small deficit
still existed in the inflow/outflow rates and eventually the core uncovered
and heated up. The deficit in the mass balance was small enough that it
was within the range of experimental uncertainties, and therefore makes no



direct statement as to the viability of primary feed and bleed. However,
the excessive PORV discharge prior to hot leg voiding and tne phenomena
which caused it are well outside the range of experimental uncertainty.
Irrespective of experimental uncertainties, the mass inventory in the
Semiscale experiment could not have been maintained with the PORV latched
open, until the hot leg voided.

Two factors were identified which directly influence mass flow out the
PORV. The first involves differences observed when the PORV was cycled
open and shut, versus when it vas latched open. Periodic closing of the
PORV in Semiscale promoted pbase separation and resulted in an average PORV
flow rate (when the PORV wes open) close to the predicted saturated steam
flow rate. Secondly, analysis of Semiscale and LOFT data and analysis of
code calculations indicated that the orientation of the surge line
connection to the hot leg influences phase separation at the hot leg.
Substantial hot leg voiding was necessary to reduce the PORV flow in the
Semiscale experiments with a horizontal centerline connection, while
minimal voiding was required in a LOFT test with a vertical top
connection. Both orientations, and some intermediate angles, are used in
current PWR designs.

Posttest calculations were performed with the RELAPS computer code to
predict the Semiscale experimental results. The RELAP5 calculations
correctly predicted the filling of the pressurizer and showed excellent
quantitative agreement with the two-phase PORV mass discharge rate. The
mass loss rate of the system was closely matched. However the calculation
used the specified HPIS injection rate (as opposed to the actual rate
injected during the test which was lower than specified). The results
showed that once the hot leg had been voided the mass depletion trend
toward core uncovery may have been arrested in the experiment had the
specified injection rate been achieved. Until sufficient mass inventory
had been lost to void the hot leg, however, the PORV discharge rate still
far exceeded the calculated HPIS injection rate.

The RELAPS code was next used to perform a calculation for a
full-scale plant. The Westinghouse RESAR plant design was selected. A
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complete loss of feedwater transient was chosen as a convenient scenario
leading to primary feed and bleed cooling. The boundary conditions for
this calculation were best estimate and included an ANS decay heat curve
and full capacity HPIS and charging pump injection rates. Consistent with
the low core power levels at the time feed and bleed was initiated (more
than 1 hr after shutdown), and the full injection capability, the injection
rate far exceeded the PORV discharge rate and the system was returned to a
subcooled condition. This result was consistent with a simple analysis of
the operating map for the RESAR plant design, which indicated a wide
pressure band within which primary feed and bleed was theoretically
possible. Moreover, the RELAPS analysis of the RESAR plant gained
significant credibility by virtue of the success of the Semiscale
calculation, which employed the same modeling techniques.

While limited in its overall scope the present study, consisting of
both experimental and analytica! investigations, has shed considerable
light on the subject of primary feed and bleed. A simple analytical
approach to determining the feasibility of feed and bleed has been
developed and corroborated by experimental data and computer code
calculations. The Semiscale experiments have identified the factors
influencing PORV discharge, which is the most variable of the boundary
conditions influencing feed and bleed. The RELAP5 computer code has been
shown capable of predicting the Semiscale experiments, and when applied to
a full-scale plant has indicated .hat primary feed and bleed is a viable

co |ing mechanism.

Based on the results of this study it seems safe to assume that
primary feed and bleed would be a successful recovery procedure in the
Westinghouse-type plant designs examined (i.e., RESAR, ZION), assuming
undegradec injection capability. Further analysis appears warranted to
predict the probablc response in Combustion Engineering and Babcock and
Wilcox plant designs. In addition, the current NSSS emergency operating
procedures relevant to complete loss of secondary heat sink should be
reviewed to determine if they adequately reflect an understanding of
anticipated plant behavior in light of the results reported herein.
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FOREWOKD

At the request of the Nuclear Regulatory Commission the Semiscale
Program conducted experiments designed to investigate the feasibility of
primary coolant system (PCS) feed and bleed as a means of rejecting decay
heat in the absence of steam generator heat removal. The results and
preliminary analysis of the experiments suggested that a reasonable
uncertainty may exist in the ability to effect stable PCS feed and bleed.
Since current pressurized water reactor emergency operating guidelines call
for primary feed and bleed under certain abnormal conditions, it was
considered of some importance that the general subject of feed and bleed be
studied in some depth and that the Semiscale results be carefully analyzed
so that they might be interpreted in the proper perspective. To this end,
the Semiscale Program has conducted an analysis effort involving both
experimental results (i.e., Semiscale and LOFT) and full-scale plants.
westinghouse design plants were chosen for the study due to the
availability ot information and existing computer decks at the INEL. The
purpose of this report is to present the results of the analysis of feed
and bleed, including the recent Semiscale results.
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ANALYSIS OF PRIMARY FEED AND
BLEED COOLING IN PWR SYSTEMS

1. INTRODUCTION

Certain transient scenarios may t2 postulated for pressurized water
reactor plants wherein the capability for delivering water to the secondary
of the steam generators is lost. Once the remaining water stored in the
seconjaries is depleted as a result of being boiled off by the decay heat
generated in the core, the loss of heat sink will result in pressurization
of the primary system. Should this occur, one method that the operator has
available to maintain adequate core cooling and to control primary couolant
system pressure is to open the power operated relief valve (PORV) on top of
the pressurizer and use high pressure pumped emergency core cooling (ECC)
injection to maintain inventcry. This procedure is commonly referred to as
primary feed and bleed. Feed and bleed commences wnen the PORV(s) are
opened (bleed) and high pressure injection begins (feed). The passage of
steam out the PORV(s) provides for the rejection of decay heat while the
introduction of ECCS coolant provides makeup for the resultant coolant loss.

A number of concerns arise when examining the feasibility of primary
feed and bleed. There is the general question as to which parameters
ultimately govern the ability of a given plant to maintain a steady-state
feed and bleed operation; from what range of initial conditions is it
possible to depressurize a system while retaining sufficient mass inventory
to keep the core cooled?; what effects do geometry and, in the case of
experimental systems scale, induce on integral systen behavior? While a
multitude of variables and scenarios exist that could lead to this
situation, the focus of this present analysis is on primary feed and bleed
cooling in a multi-loop pressurized water reactor system typical of a
4-loop Westinghouse design. It will examine the feasibility of achieving a
favorable coolant and energy balance under conditions in which:

[ The reactor has scrammed

2. The steam generator secondaries are completely depleted of coolant



3. The high pressure injection system (ECCS) is operative

4. The pressurizer heaters are inactive

5. The pressure-operated relief valve(s) (PORVs) are operative
6. Primary recirculation pumps are off.

The next section of this report will examine the theoretical
feasibility of maintaining steady-state feed and bleed cooling by examining
the parameters which govern it. The variables and uncertainties that
affect feed and bleed operation are identified and briefly discussed. The
following section will present an analysis of experiments conducted in the
Semiscale Mod-2A experimental facility which involved feed and bleed with
scaled PORV and ECC flows. The typicality of the results will then be
discussed by reviewing the experimental uncertainties and variables. The
last two sections will present results from RELAPS code predictions of the
Semiscale experiments and a best estimate calculation of a scenario
involving primary feed and bleed in a full-scale PWR. Finally, conclusions
will be summarized from the analysis as a whole.



2. PRINCIPLES OF FEED AND BLEED OPERATION

2.1 Theoretical Feed and Bleed Operation

The objective of primary feed and bleed is to remove core decay heat
in the absence of heat transfer in the steam generators while maintaining a
favorable coolant inventory. Figure | shows the important parameters for
determining the feasibility of primary feed and bleed operation and
indicates the possibility of a steady-state operating band. The governing
parameters which determine this operating "and are decay heat level, HPIS
flow rate, and PORV flow rate (and enthalpy flow rate). Except for the
core decay heat level the remaining parameters are functions of primary
system pressure. Tne lower bound of the operating band represents tne
minimum pressure at which the PORV can pass enough steam® (with tne
coolant replaced by ambient temperature water) to remove sufficient energy
from the system. Steady-state operation'below this pressure without
adaitional energy removal paths is not possible. Operation at a pressure
above the lower bound may be theoretically accomplished by cycling the PURV
open anu closea within a desired pressure band.

The upper pressure bound to the steady-state operating band is defined
by a balance between the PORV average coolant removal rate and the HPIS
coolant injection rate. The average PORV coolant removal rate is simply
defined as the core power divided by the difference between inlet and
outlet enthalpies:

Mave ~ Qcore/(hout = N

(Tnis relationsnip assumes that tne coolant removed through tne PURV is
replaced with ambient temperature water at the same flow rate. Actually a
coolant deficit exists at pressures higher than the upper bound and a
steady-state condition cannot exist due to a continual loss of system

a. It is assumed here that 1U0% quality steam is discharged through tne
PORV. The effect of reduced gquality is examined later.
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coolant inventory.) Below the upper bound the system mass inventory can
theoretically be maintained within a desired operating range by either
tnrottliing the HPIS or cycling it on and off.

A number of studies have been conducted to predict PWR system behavior
under feed and bleed operation following loss of secondary heat sink (e.g.,
References | and 2). However, these studies have made use of large
thermal-hydraulic computer codes to examine limited numbers of scenarios.
The simplifiea approach presented here, although lacking in its ability to
predict the influence of transient phenomena, allows examination of the

factors that determine the ultimate capability of feed and bleed for given
plant parameters. It presents a starting point for examining the

sensitivity of any variations or uncertainties with minimal expenditure of
time. Such a study is presented below.

2.2 Uncertainties Associated with Steady-State Operating Pressure Band

In practice the curves discussed above are not well defined due to
several uncertainties. Subject to the greatest uncertainty are the PORV
mass removal and energy removal curves. The mass flow through the POrV is
dependent on the fluid conditions at the top of the pressurizer. If the
pressurizer is nearly liquid full the flow through the PORV will be a
mixture of liguid and vapor. At a given system pressure this results in
greater mass flow than for saturated steam f low througn the PORV. The
result of having two-phase flow through the PORV is therefore to lower the
upper bound pressure.

Uncertainties also arise in the PORV energy removal curve due to
two-phase flow. With decreasing quality the energy removal per unit mass
decreases while the mass discharge rate increases. Depending upon the

quality the enersy removal rate at a given pressure may be less than or
greater than that for saturated steam. The lower bound of the operating
band will vary accordingly.

Another significant variable that atfects the width of the operating
band is the actua' heat load that must be rejected through the PORV. The



energy that must be rejected by the PORV is reduced as core decay heat
decreases with time after shutdown and also if additional heat sinks

exist. These additional heat sinks may be such things as environmental
heat loss or residual water in the steam generator secondaries. The result
of aduitional heat removal paths and/or lower core power is to lower the
bottom end of the operating band. Coincident with this is the reduction of
PORV average mass flow which raises the upper bound pressure.

Another factor which affects the operating band width is the HPIS
injection flow rate. As Figure 1 indicates, the lower the HPIS injection
capacity the lower the upper bound of the operating band will be.

The guantitative effects of the uncertainties and/or variances
discussed above are illustrated in Figures 2 through 6. For these examples
the curves were generateu using available data obtained from the Zion I
nuc lear generating plant,3’4 a 3411 MW(t) pressurized water reactor.

Figure 2 shows a primary feed and bleea map for a 2% decay heat power
levei. A steady-state operating band is seen to exist between 7.5 and

14 MPa. A decay heat level of 2% of full power is typical of the time
period from about 10 min to 20 min after shutdown®. Figure 3 is a

similar curve, but here no makeup pump injection is assumed; only the HPIS
pumps were assumed to be operating. The HPIS pumps are shown to deadhead
at about 10.3 MPa. For this case no steady-state operating band exists,
since at the minimum pressure where the PORV can remove the energy there is
a mass deficit between the PORV coolant removal and the HPIS injection
capacity.

Figure 4 shows the primary feed and bleed map for 1-1/2% full power, a
decay heat level typical of the period from 1/2 to 1 hr after shutdown, and
for only HPIS injection. Comparison to Figure 3 shows that the reduction
in core power and corresponaing PORV average mass flow both act to
establish a steady-state operating band.

a. Assuming end-of-life reactor fuel conditions
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The above curves are based upon the assumption tnat 100% quality steam
exists at the PORV. Fiqure 5 shows the sensitivity of the PORV energy
removal curve to lower qualities as determined with the HEM flow model.
Since the enerygy removal per unit mass decieases while tne mass flow rate
increases the energy removal rate initially decreases with decreasing
guality. However, since the mass flow rate increases substantially with
decreasing quality the energy removal rate eventually increases. The
effect on the lower operating bound pressure is not large; however, the
large increase in PORV mass flow with increased quality rapidly lowers the
upper end of the band. As an example, for the conditions used in Figure 4
the operating band does not exist at qualities below approximately 75% (see
Figure 6).

The foregoing analysis is useful, in that it provides a basis for
examining the feasibility of feed and bleed and for quantitatively
assessing the effects of uncertainties or variations in the bounding
parameters. However, it does not address transient behavior that may have
an important bearing on the ultimate viability of primary feed and bleed.
In particular, it should be evident that there exists some uncertainty
regarding the ability to safely bring the primary coolant system to within
the "feasible" operating pressure band without sustaining unacceptable
coolant loss in the process. Factors which bear on this transient process
include the primary coolant system state at the initiation of an attempt to
feed and bleed, and the nature of the coolant discharged througn the
PORV(s) in depressurizing the system to within the operating band. These
guestions can only be addressed through experimentation and the use of
computer code analyses.

2.3 Factors Affecting PORV Discharge

Of the factors previously discussed the largest uncertainty affecting
the feed and bleed operating band arises from the influence of two-phase
PORV flow. The mass flow througn tne PORV is dependent on upstream fluid
conditions at the top of the pressurizer. Several factors contribute to
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establishing pressurizer fluid conditions. The ones discussed here
are: pressurizer coolant conditions, prinary coolant system conditions,
pressurizer/surge line geometry, and surge line orientation.

2.3.1 Pressurizer Coolant Conditions and Primary Inventory

If feed and bleed is not initiated soon after losing the secondary
heat sink and pressurizer heaters, the primary liquid swell will fill the
pressurizer and collapse the steam bubble. Several conditions may form or
sustain a vapor bubble at the top of the pressurizer. A vapor bubble can
be produced by loss of pressurizer liquid inventory, heating of the fluid
to saturation, and/or depressurization. In the present study the
pressurizer heaters are assumed to be nonoperational and direct heating is
therefore precluded. In a transient depressurization, liquid flashing in
the pressurizer will tend to create a hign quality region near the top as
long as the fluid in the pressurizer is the hottest in the system.

However, the liguid swell that accompanies bulk flashing will tenu to
decrease the quality at the top of the pressurizer. For either a
quasi-steady-state situation, or in a transient once the original
pressurizer inventory nas been replaced with coolant from the hot leg, the
PORV fluid conditions are dependent upon the conditions in the hot leg. If
the coolant lost through the PORV is replaced by low quality fluid the mass
discharge out the PORV will remain fairly hign. This will occur until the
primary system inventory is reduced enough to cause significant veiding in
the hot leg. Once significant hot leg voiding occurs pressurizer/surge
line geometry and orientation become important as described below.

2.3.2 Pressurizer/Surge Line Geometry

For a given vapor volume a pressurizer with a large length-to-diameter
ratio would have a "tall" void height relative to a pressurizer with a
smaller ratio, in addition to also having a smaller cross-section. A steam
bubble of greater height would tend to enhance separation from the vapor of
liquid droplets created by bubbles breakirg through the liguiu surface, due
to the greater wall surface area and reduced potential for droplets being
thrown upwara into the high vapor velocity area near the PURV line

13



entrance.a However, since vapor must by necessity pass through the
pressurizer ligquid from the surge line to the PORV, a large L/D would tend
to promote liquid swell and droplet entrainment due to the smaller
cross-sectional area.

In any case, the influence of pressurizer geometry is probably
overshadowed by the preclusion of counter-current flow in the surge line.
Even if a liquid/vapor separa-ion mechanism did exist in the pressurizer,
typical surge line velocities are well above flooding limits.?

Therefore, pressurizer liquid could not arain back to the loop and would
continue to be stcred in the pressurizer until the POKV discharge quality
self-adjusted to accommodate removal of the mass. It therefore appears
necessary to have high guality steam supplied from the hot leg in order to
have nigh guality PORV discharge.

2.3.3 Surge Line Orientation

If hot leg voiding does occur, the orientation of the surge line would
influence the primary system inventory at which high quality steam entered
the pressurizer. Surge line to hot leg connections of various
orientations, from horizontal side entrance to vertical top entrance, are
used in current PWRs. With tre top entrance line, and quiescent hot leg
conditions, minimal hot leg voiding is necessary te allow high quality
surge line flow. With a side entrance line the hot leg pipe liquid level
must drop much lower before high guality flow begins. In either case the
surge line flow may still be varied signiticantly if nonquiescent
conditions exist that disrupt stratified flow, such as when primary
recirculation pumps are turned on, or a transient depressurization is

occurring.

a. For typical PWR pressurizer dimensions, the vapor velocity (due to an
open PORV{ in a vapor filled cross-section is on the order of 1 ft/s which
presents little chance of droplet entrainment.

b. Discussed in Section 4.2
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2.4 Summary Observations

Based on the foregoing discussicn it is concluded that a simplifieu
approach to determining tne feasibility of primary feed and bleed in 4
pressurized water reactor lies in the mapping of energy and mass flows.
Moreover, this technique can be used to quantitatively assess the
sensitivity of the cperating pressure band to variations in the boundary
conditions of ECCS flow, PORV flow, and decay heat. The operating map
represents an ultimate statement as to whether feed and bleed is possible,
and is the starting point for examining specific design features that bear
on the operating bounds. It is evident that plausible variations and
uncertainties in these parameters can lead to the elimination of a
steady-state operating pressure range. Principal among these uncertainties
is the coolant discharge through the PORV. The predictability of this
single parameter is subject to much greater uncertainty than either decay
heat or ECCS flow.

Irrespective of the existence of a theoretically feasible operating
pressure band, there remains the question as to whether the reactor system
can be safely maneuvered into this pressure range. In tnis rejyard it is
clear that a dependence must be placed on computer code analyses (with
suitable verification) and adequate supporting experimental data. Such
analyses and/or experiments should examine the plausible scenarios which
lead the operator to commence primary feed and bleed, since the initial
condition of the primary coolant system (particularly inventory) will have
a significant effect on the outcome.

15



3. RESULTS FROM SEMISCALE EXPERIMENTS

Experiments were conducted in the Semiscale MOD-2A facility to
evaluate system behavior during primary feed and bleed operations. The
boundary conditions of HPIS injection rate were scaled from Westinghouse
plants with either "high head" (injection capacity up to the safety valve
setpoint) or "low head" (pump deadnead at typically 10.3 MPa) HPIS pumps.
The PORV discharge capacity was scaled close to the value for a full-size
plant, but was slightly larger. This was consistent with the use of core
powes levels that were on tne high end of typical decay heat vslues, so as
to allow more positive observation of system performance with less
distortion from environmental heat losses. Consistent with the analysis of
section ¢ regarding the ultimate feasiblity of primary feed and bleed
cooling, the boundary conditions selected for the Semiscale experiments
provided for a steady-state operating band. As described below, the
experimental results therefore allowed for examining the influence of the
assumptions implicit in those simplified analyses on the true feasilibity
of feed and bleed cooling.

3.1 System Configuration

For Semiscale Mod-2A Tests S-SR-1 and 2, the Mod-2A system was
configured as shown in Figure 7 The major components of the system were
the vessel with electrically heated core and external downcomer, intact and
broken loop steam generators, broken loop recirculation pump, and loop
piping. The vessel core consists of a 5 x 5 array of internaily heated
electric rods, 23 of which were powered. The rods are geometrically
similar to nuclear rods with a heated length of 3.66 m and an outside
diameter of 2.072 cm. The power was distributed such that the center nine
rods were powered at 1.25 times the average rod power. The primary system
also incorporated the use of external heaters on loop piping and on the
pressure vessel to mitigate the effects of heat less te the environment. A
more detailed description of the Mod-2A systen may be found in Reference 5.

Since the recirculation pumps were not used during this test, the
intact loop recirculation pump was replaced with a section of pipe to
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preclude a relatively large primary leak. This section of pipe was
orificed to represent the scaled hydraulic resistance of a pressurized
water reactor primary pump in a locked rotor (stopped) configuration.

Other important configuration details were as follows:

l.  Tne HPIS fluiu entered the primary system through both the intact
and broken loop cold legs during Test S-SR-1. During Test S-SR-2
ail of tne HPIS entered through the intact loop cold leg. The
broken loop HPIS was used for leakage makeup only.

2. A square edged o~ifice of 0.1549 cm ID was placed upstream of a
remotely controlled valve to simulate two PORVs. The critical
flow rate provided by this orifice was typical of the scaled
relief rate of PORVs in a full-size PWR. Relative to the
published Zion plant PORV capacities the orifice used in the
Semiscale experiments had a flow area 20% greater than the
correctly scalea value.

3. The outlet line from the pressurizer PORV was connected to the
condensing and measurement system. This system was used to
conuense PURV effluent and measure it so an accurate
determination of PORV mass flow rate could be made.

4. For these tests tne secondary sides of the intact and broken loop
steam generators were arained and isolated.

3.2 Test Procedures and Conditions

3.2.1 Pre-Feed and Bleea Operation Activities

Prior to initiating each experiment the primary was brougnt to the
desired equilibrium temperature (minimal temperature gradients around the
primary). The external heaters were powered at the lev2is indicated in
Table 1. Once the desired temperature was obtained the core power was
adjusted to maintain steady-state. Thus, the core power compensated for
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TABLE 1.

EXTERNAL HEATER PUWER LEVELS

Location

Vessel

Hot legs

Cold legs

I.L. pump suction
B.L. pump suction

Total




the remaining primary environmental neat losses and also heat transfer to
the seconuary side of the steam generators. Leak rate checks were also
made. For Test S-SR-1 the coolant loss was uncompensated. For Test S-SR-2
the leakaye was made up by cold water injection into the broken loop cold

leg. Results of the leak rate tests are given in Table 2.
3.3 Test Result

Test results are presented in this section for Tests S-SR-1 and 2.
Fach of these tests was performed with a constant net core power of
40 kW.? For Semiscale this represents 2% of full power. This level of
heat is representative of decay heat approximately 10 to 20 minutes after a
scram and is high enough above Semiscale enviroruental hect losses to have
a measureable effect on systein response.

The orifice used to simulate the pressurizer PORVs in a full-size PWR
was sized to provide a representative steam relief capacity. The ECC
systems of importance for primary feed and bleed are those capable of
injecting water at relatively high pressure. The injection rates used for
these experiments were typical of the HPl systems in PWRs. As discussed
below, two different injection rate versus system pressure curves were used
in the tests performed. The aggregate result of the selected boundary
conditions on the theoretical primary feed and bleed behavior addressed in
Section 2 is discussed for each experiment. An analysis of actual system

behavior is then presented.
3.3.1 Test S-SR-1

3.3.1.1 S-SR-1 Predicted Response and Objectives. Test S-SR-1 was
performed using a "high head" pumped HPIS injection capacity. The HPIS
flow was powered scaled based on HP1S flow information for the North Anna
p]ant.6 The feed and bleed operating map for Semiscale based on this

a. Core power was augmented to compensate for measured environmental heat
losses and heat transfer to the secondaries.
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TABLE 2. INITIAL TEST CONDITIONS
Test Test Test
Test S-SR-2 S-SR-¢ S-SR-2

Parameter S=-5R-1 Point | Point 2 Point 3
Pressurizer pressure 12.43 MPa 8.16 MPa 6.30 MPa 15.2 MPa
Pressurizer level 80 cm 125 cm 143 cm 108 cm
Core power 76 kW 78 kW 78 kW 78 kW
Net core power 40 kW 4U kW 40 kw 40 kw

(beyond that neeaed for

environmental heat loss)
Radial power peaking 1.32 1.33 1.33 1.33
Cold leg fluid temperature

Intact loop 575 K 520 K 540 K 547 K

Broken loop 551 K 502 K 500 K 517 K
Time of initiation 1300 s 3750 s 8700 s 14,940 s
ECC injection

HPIS type high head Tow head low head Tow head

Temperature ambient ambient ambient ambient
Leakage? 0.006 kg/s ©.007 kg/s 0.007 kg/s 0.007 kg/s
Environmental heat loss 72 kW 72 kW 72 kW 72 KW

a. Total primary coolant system inventory was approximately 150 kg at

typical initial conditions.
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scaled HPIS flow ¢ .. ~city and 40 kW core power is shown in Figure 8.
Figure 8 indicates tha*t steady-state feed and cleea is theoretically
possible between 7.6 and 15.4 MPa assuming 100% quality steam flow through
the PORV.

The specific objective of S-SR-1 was to determine the feasibility of
operating within the predicted operating band and to examine the
thermal-hydraulic effects accompanying rapid depressurizations to lower
operating pressures when significant primary mass depletion had occurred.
As will be shown below, cperational problems with uncontrolled coolant
leakage from the system precluded the use of results from Test S-SR-1 for
direct interpretation as to the viability of feed and bleea cooling.
Rather, the test furnished data that is useful for identifying and
examining phenomena that influence feed and bleed operation.

3.3.1.2 Test S-SR-1 Results. The transient was initiated at
1300 seconds into the test. (The first 1300 seconds were used to determine

primary leakage and environmental heat losses.) Table 3 indicates the
sequence of major events for Lhis test. The initial conditions of
important parameters prior to feed and bleed initiation are given in
Table 2.

The first part of the transient simulated a “hands off" situation
where the system was allowed to establish conditions at the safety relief
pressure in response to a loss of feed water and loss of offsite power.
Figure 9 shows the re:onse of the pressurizer pressure and collapsed
liquid level. At the .1itiation of the transient (1300 seconds) the
pressurizer liguid level is seen to rise. This resulted from terminating
pressurizer heater power with the resultant cooling of the pressurizera
causing collapse of the vapor space. The vapor bubble in the pressurizer
continues to collapse until the pressurizer is full of liquid.

a. The pressurizer environmental heat loss was determined to be
approximately 4.5 kW at 585 K.
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TABLE 3. SEQUENCE OF EVENTS FOR TEST S-SR-1
Time
(seconds)
0-700 Determine environmental heat loss and leakage
Pressurizer isolated from primary
Steam generator secondaries empty
700-1300 Pressurizer and primary equilibrated and brought to initial
conditions
1300 Transient initiated
Pressurizer heaters off
Core power increased by 40 kW
Pressure = 17 MPa
Leakage makeup terminated
3450 Primary system pressure reaches 15.17 MPa--setpoint of PORV
3700 HPIS enabled
6050 Depressurization to 12.41 MPa
©300 Cepressurization to 11.03 MPa
6550 Termination of test
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Figure 9 also shows the system pressure initially dropping at the
onset of the test. This is also a result of the vapor bubble in the
pressurizer collapsing due to the termination of power to the pressurizer
heaters. As Figure 10 siows, the system pressure begins to rise when the
upper head temperature reaches saturation. The system pressure continues
to rise to the set pressure of the PORV (15.17 MPa). At this time

(3450 seconds) the bleed portion of the operation begins. Several minutes

later (at 3700 seconds) HPIS was enabled which began the feed portion of
the operation.

Figure 11 shows the PORV and total HPIS mass flow rates. The PORV
flow curve is not smooth due to the cycling of the PORV to maintain the
system pressure at 15.17 MPa. Figure 12 shows the integrated PORV, HPIS
and estimated leakage flow and the net effect on mass inventory. Beginning
at 1300 seconds the mass inventory is reducing due to redistribution of
mass intc the preSSuriZera (vapor bubble collapsing) and from leakage.
At 3450 seconds the rate of change of inventory loss can be seen to
increase due to latching open the PORV. At 3700 seconds the HPIS was
enabled and the mass inventory held relatively constant, until tne PORV
mass flow increased. The PORV mass flow increased due to changing fluid
conditions in the pressurizer. This condition continued until the
collapsed liquid level in the core was just above the heated length. At
that time (6050 seconds) the PORV setpoint was readjusted and the system
pressure was reduced to 12.7 MPa in an attempt to recover primary mass
inventory by obtaining larger HPIS flows.

Tne analysis of Test S-SR-2 described in tne following section will
show a distinct relationship between tne PORV flow rate and the hot leg
density (near the surge line entrance) for a situation in which the PORV is
latched open. In Test S-SR-1 the PORV was cycled (with a 70 kPa hysteresis
between the opening and closing pressures) to maintain selected prescures.
Figure 13 shows the measured PORV flow, predicted 100%-quality steam fiow

a. For the mass calculation shown, coolant which entered the pressurizer
was subtracted from the "primary" system mass.
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rate, and the steam flow rate weighted by the valve cycle time required to
remove the core heat, compared to the hot leg density. It is seen here
that even with a low void fraction in the hot leg the fiow out the PORV'
reflected a high quality discharge. Referring to the pressurizer liguid
level of Figure 9, it appears that a vapor space existed in the pressurizer
that would allow this.

At 6050 s the PORV setpoint was lowerea from 15.7 to 12.41 MPa, and
further lowered to 11.03 MPa at 6300 s (Figure 14). Immediately following
these changes the PORV was effectively latched open until the new pressure
was reached. Referring to Figures 9 and 15 at these times it is observed
that the mass fiow rate increased even though tnere was littie change in
pressurizer level. Also, referring to the hot leg density curve of
Figure 15, the PRV flow rate was strongly dependent on the hot leg
density, as is apparent by the difference in flow rates from 6100 to
6400 s. It is surmised from this behavior that closing the PORV for
periods of time in the cycling process allowed a phase separation mechanism
to occur in the pressurizer whicn maintained a steam flow discharge.

At 12.7 MPa the mass balance was still unfavorable so the pressure was
reduced to 11.1 MPa in another attempt to recover primary mass inventory Dy
increasing the HPIS injection rate. Although HPIS injection was large
enough to begin to recover mass inventory, core uncovery was too extensive
to prevent excessive rod temperatures. The test was terminated at
6550 seconds.

3.3.2 Test S-SR-2

3.3.2.1 S$-Sk-2 Predicted Response and Ubjectives. Test S-5R-Z was
performed using a "low head" pumped HPIS injection capacity. The injection
rate was powered-scaled based on HPIS flow information from the Zion
p]ant.7 Only the combined injection capacity of the HPIS pumps, which
deadhead at 10.34 MPa, was considered. No contribution was assumed from
the charging pumps, which are capable of injecting up to the safety relief
pressure. The feed and bleed operating map for Semiscale based on this
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scaled HPIS flow capacity and 40 kW core power is shown in Figure 16.
Figure 16 indicates that steady-state feed and bleed is theoretically
possible between 7.0 and 8.2 MPa assuming 1004 quality steam flow through
the PORV.

The specific objectives of S-SR-¢ were to determine the feasibility of
operatir; within the predicted operating band using a representative Tow
head pumped HPIS ana to determine the feasibility of initiating a
steaay-state feed and bleed operation by depressurizing from a
representative cperating pressure.

3.3.2.2 Test 5-SR-Z Results. A significant operational change for

Test S-SR-2 was that the primary leakage was made up with cold water
injection. This resulted in minimizing the effects of leaking mass from
the primary.

Test 5-SR-2 consisted of three separate feed and bleed operations.
Tne first attempt was to try and find the upper steady-state operating
limt tor favorable eneryy removal anu coolant inventory. The second
operating point was below the precicted operating band for PORV stean
discharge as shown by Figure 16. 1he third operation was a
depressurization from a representative operating pressure into the
pregicted operating band. This operation was performed by enabling the
HPIS and latching open the PORV. This maneuver is representative of feed
ana bleed emerygency procedures specified for PWRs. Table 4 indicates the
sequence of major events and the times at which the three feed and bleed
operations were conducted.

The first test point consisted of operating at several pressures in an
attempt to obtain a constant mass inventory. Pressure control was
accomplished by setting the PORV to open and close at selected pressures.
The HPIS was allowed to inject at a rate governed by the system pressure.

Figure 1/ indicates tne system pressures and pressurizer liquid level
during the first test point. As indicated, liquid level in the pressurizer

34



13
Energy (kW)

30

=
/, [
; N 122
’/\
% A x
o)/
A AN 420
o
\\ \x’
PORV Average -
- R Mass Flow 415 2
\ o
’ | .
___ _Core Power _,<::[__:\_ _________________ |
///’ =:
\
&5“5}‘? \ 5
p g T 1 3
L i 1 1 | \ L i
0 2 4 6 H 10 12 14 16

System pressure (MPa) e

Figure 16. Predicted primary feed and bleed operating map for Test S-SR-2.



TABLE 4. SEQUENCE OF EVENTS FOR TEST S-SR-2

0-2750 seconas

2750-4190 seconds
2750-3330

3330-3750
3750-4000
4000-4190

4190-8700 seconds
8700-9390 seconds

8700-8930
8930-9390

4390-15,000 seconds

15,000-17,500 seconcs

Determined environmental heat loss from

pressurizer and primary. Determined primar
leak rate. Steam generator secondaries emply.

First test point

PORV open at 8.70. PORV closed at 8.13
PORV oper at 8.01. PORV closed at 7.94
PORV open at 7.93. PORV closed at 7.86
PORV open at 8.19. PORV closed at 7.84

Reinitialize system for second test point

Second test point

PORV cpen at 6.38. PORV closed at ©.03
PORV open at 6.55. PORV closed at 6.2

Reinitialize system for depressurization test
point

Depressurization from representative operating
pressure

PORV latched open

HPIS enabled
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remained full and did not change substantialiy during the test. Figure 18
shows PORV and HPIS flow &nd mass inventory. As Figure 18 indicates,
initially PURV flow was approximately equal to HPIS flow resulting in no
mass inventory reduction. During this time the PORV flow was approximately
equal to calculated steam flows through the PORV as shown in Figure 19.

The upstream conditions of the PORV then changed to a lower quality fluid

as evidenced by increased mass flow through the PORV. Tne result of tnis

increased PORV mass flow was to decrease the mass inventory in the system.

Once this decrease was iuentified, the system pressure was reduced at *
3325 seconds to 8.0 MPa by resetting the FORV. This pressure reduction is

shown in Figure 17. The reduction in system pressure had very little

effect on mass inventory loss as seen in Figure 18.

The system pressure was then further reduced te 7.58 MPa at
3750 seconds. Mass inventory was still continually lost. The PORV set
point was then increaseu to 8.10 MPa, but as évidenced by Figure 17, the
cystem pressure began vo rise beyond tnis set point. As discussed in
Section 2, tnis is an indication that insufficient energy is being removed
from the system. Figure 17 indicates that the liquid level in the
pressurizer did nct change substantially during this time and Figure 19
indicates the PORV mass flow rate also remained unchanged. Figure 20 shows
the ligquid levels in the steam generator tubes were falling. It was
surmised that this reduced the primary heat loss to the steam generator
resulting in the pressure increase.

The second test point was an attempt to estabiisn a steady feea and
bleed operation at pressures lower than those attempted in test point Vs
Figure 21 shows the system pressure and liquid level in the pressurizer
during the test point. As indicated, the collapsed liguid level in the
pressurizer remained full during the test. Figure 22 shows PORV and HPIS
flows and corresponding mass inventory. The PORV flows are much higher .
than HPIS flows which results in the continuous gepletion of coolant
inventory. As indicated in Figure 21 several PORV pressures were attempted
with continued loss of mass inventory. The last pressure range attempted
was 6.2)1 to 6.55 MPa. Figure 21 indicates the pressure never dropped below
6.4 MPa at which time the pressure began to rise slightly. This is an
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indication that the energy being removed from the primary system is being
reduced. Since PORV mass flow ana pressurizer liquid level remain constant
during the same period it is assumed that the energy removal rate of the
PUKV 1s also unchanged. Another possible energy path is to the
environment. Figure 23 shows that liguid level in the intact loop steam
generator is falling at the same time the pressure increases even with an
open PORV valve. The falling liquid level in the steam generator tubes may
have causeu reduced heat transfer to the empty secondaries causing the
system pressure to rise.

Figure 24 shows actual and calculated PORV flows (assuming 100%
quality steam) and hot leg coolant density in the intact loop. The
reduction in hot leg coolant density indicates minor voiding occurring in
the hot leg due to loss of mass in the primary. The minor voiding had
little efrect on PORV mass flow rate as shown in Figure 22.

The objective of the last test point was to determine the feasibility
of obtaining a steady state feed and bleed operation (using a low head
pumped HPIS) initiated from a representative operating pressure. The
procedure for this test point cunsisted of depressurizing the primary by
latching open the PORV. Immediately prior o the depressurization the
pressurizer heaters were turned off and the HPIS enabled.

Figure 25 indicates the pressurizer pressure ana collapsed Tiquic
level response during this test point. As can be seen, the pressurizer
level initially dropped and then recovered to a level indicating a liquid
full pressurizer. The initial level reduction is a result of flashing of
the pressurizer liguid. Initially the pressurizer is the hottest volume in
the primary and this fluid flashes first when the PORV is opened. As tne
steam bubble is vented through the PORV the pressurizer inventory depletes,
and cooler hot leg liquid flows into the pressurizer filling the
pressurizer. After the initial drop and rise the indicated level remained
ronstant at a near full value. The system pressure dropped rapidly from
the initial pressure of (15.17 MPa) to 8.0 MPa which was approximately the
saturatioun pressure of the hot leg fluid. The pressure then slowly
uvecreased to 6.8 MPa.
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Figure 26 shows both the actual and the calculated (assuming 100%
quality steam) PORV flow compared to the hot leg density. An interesting
point observed here is that the PORV mass flow rate remains high
(indicating low quality fluid upstream of the PORV) until the hot leg
substantially voids. After the not leg had voided the PORV flow rate
indicated that high guality steam was being discharged. Referring back to
Figure 25 it is seen that the pressurizer still remained nearly full of
ligquia at that time. Flooding calculations presented in Section 4.2
preuict that the steam velocities 1n the surge line were high enough to
prevent countercurrent draining of pressurizer liquid into the voided hot
]eg.a It 1s apparent trom these behaviors that there is a close coupling
between the conditions in the hot leg and the quality of fluid that enters
the PORV, irrespective of pressurizer inventory. Oue to tnis coupling,
unti1l there was substantial voiding of tne hot leg the PORV mass discharge
rate remained much higner than values typical of 100% quality steam flow.
Since the HPIS injection capacity was on the order of the PORV steam
discherge rate, the higher discharge resulted in a net geficit in the
inflow/outflow mass balance. Fiaure 27 compares the measured PORV flow
rate to the HPIS ingection rate anc shows the net influence on system mass
inventory.

The primary system fluia distribution resulting from the mass
depletion was aenerally characterized by a drairing of fluid from the upper
elevations. Figures 28 and 29 show the collapsed liquid levels in the loop
components; the steam generator tubes and the pump suction piping.

Figure 30 snhows tne collapseu liguid levels for different regions of the
vessel. The upper head and upper plenum regions of the vessel voided
rapialy. ODrainage of the steam generator tubes exhibiteu a delay that was
most likely caused by the residual heat transfer discussed earlier. This
acted to promote condensation in the tubes and kept voius from forming.
Once the inventory has decreased to about 60 to 50% the intact loop steam

a. Section 4 will address particular hydraulic phenomena that bear on the
typicality of the Mod-2A pressurizer behavior.
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generator tubes haa emptied. As seen in Figure 28 there appears to have
been sufficient heat loss to the broken loop generator to cause a slow,
larye amplitude fill and dump behavior out to 1630U s. Temperature
fluctuations from this phenomena were observed around the system.

Tne overall liquid level in the system dropped to about cold leg
elevation. Due to heat losses in the loop piping and lack of a driving
mecnanism to force water from the loops, a stagnant volume of subcooled
water remained in the pump suctions. Further depletion of fluid was at the
expense of the saturatea liquid in the vessel. As seen by examining
Figure 27, even after the hot leg had voided there was a small deficit in
the PORV/HPIS mass balance. This resulted in a slow depletion of vessel
inventory and eventual dryout of the core. Incipient core dryout for this
feed and bleed transient occurred at a system mass inventory of 554 as
opposed to inventories of typically 35% for small cold leg break
experiments., The reason for this higher value is that a substantial
quantity of water remained in the lcop pump suction piping, and also
levitated in the pressurizer, where it did not contribute to core cooling.
Comparison of the core dryout behavior versus vessel inventory response
found that the inventory et which inciprent dryouL cccurred was consistent
with tng two-phase level swell pehavior reported for small cold leg break
LOCA's.

Figure 21 snhows tne response of selected fluid temperatures relative
to a rod temperature and the collapsea liquid level in the core. Note that
the temperatures remain near saturation until the core begins to uncover.
These fluid temperatures do therefore not provide an accurate reflection of
vessel liquid levels other than indicating superneated vapor following

dryout of the core.

3.3.3 Conclusions from Semiscale Experiments

The inability of the Mod-2A experiments to attain steady-state feed
and bleed operation once hot leg voiding had occurred is subject to
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numerous experimental uncertainties. The results will be examined in terms
of system typicality in the following section. The conclusions that can be
directly drawn from these experiments are as follows:

1,

PORV discharge rates dominate primary feed and bleed capability,
and are more variable than the ability to select either a given
core power or representative HPIS injection capacity.

PORV flow rates are very dependent on upstream fluid conditions
which in turn may be directly affected by the conditions in the
hot leg, particularly in a situation where the PORV is
continuously latched open for an extended period. However,
cycling of the PORV to maintain a constant system pressure
appeared to promote phase separation and allow high quality steam
flow even with low quality hot ley conaitions.

Temperature response in the hot leg, upper plenum, and upper nead
do not appear to be good indicators for determining liguia level
in the vessel. As evidenced by test data, the hot leg, upper
plenum, and upper head temperatures did not respond to local
liquid levels.
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4. TYPICALITY OF SEMISCALE RESULTS

In and of themselves, the results from the Semiscale experiments do
not indicate the existence of a problem regarding primary feed and oleed.
The importance of the results trom the Semiscale experiments lies in
gemonstrating tne dominance of the PORV discharge rate on primary feed aund
bleed capability and the dependence of the PORV aischarge on hut leg
conditions, and consequently system coolant 1nventory.

4.]1 Experimental Uncertainties

The inability to maintain system inventory in Semiscale during periods
when the PORV flow was in near agreement with the predicted steam flow rate
is subject to experimental uncertainties. Uncertainties exist in the
actual PORV orifice characteristics, HPIS injection rate and measurement
thereof, system heat losses, and fluid leakage.

Each of the parameters that create the operating maps of Figures 8
and 16 are subject to experimental uncertainties. Taking tte cuncitions of
Test S-SR-2 (Figure 15) as an examgle, cue to the narrow steacy-state
operating band, the uncertainty in almst 3Iny individual parameter can
eiiminate the opereting band. (Or, likewi-e, expand the band., Tre
calculated or estimated uncertainty in each parameter is listed in Tabie 5
and plottea in Figure 32. it is seen Dy examing the figure thatl the
uncertainties in eitner the net core power or P75 dujeccion rate cuuld
have acted to eliminate the steady-state operating band.

However, the observed PORV mass discharge relationsnip to hot ieg
conditions during the transient depressurization, with a factor of 5
increase 2bove the predicted steam flow rate, lies outside the effects of
the uncertainties mentioned above. Given that all the other parameters
could nave been accurately imposed, then, this phenomena would still have
acted to eliminate the steady-state band until such time as the hot leg had
voided. It is therefore concluded that with the PORV latcned open a
steady-state mass inventory could not have been established until after
sufficient primary coolant inventory had been lost so as to void the hot
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TABLE 5. SEMISCALE EXPERIMENTAL UNCERTAINTIES

Parameter

Net Core Power

Average PORV Mass Flow Rate

Predicted PORV Mass Flow Rate

Predictea PORV Energy Removal Rate

HPIS Injection Rate

Uncertainty

+25%

+3%

+.008 kg/sec

Basis for Uncertainty

Component heat

losses from
Reference 6,
structural neat
transfer, and
interpretation of
heat loss checks
prior to testing.

Based on uncertainty
in net core power.

Uncertainties in
flow area, discharge
coefficient and
compressibility
factors.

Based on uncertainty

in predicted PORV
mass flow rate.

Reported accuracy of

turbine meter flow
mesuremnent.
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leg, given the imposed HPIS boundary conditions. Once tne hot leg had
voilded the ability, or inability, to maintain coolant inventory is highly
subject to uncertainties in tne actual HPIS injection rate and PORV
discharge characteristics. With the relatively narrow operating band
gefined for Test S-SR-2 small changes in core power, PURV flow, or HPIS
injection rate could influence the ability to obtain a steady-state
condition. The questions remaining as to the typicality of the Semiscale
results deal with geometry and scaling and are addressed in the following

sections.

4.2 Surge Line Flooding

As discussed in Section 2.2.2, although one coula postulate some
liguia/vapor separation mechanisms that would be influenced by the
pressurizer tank geometry, the net effect could be negated if the vapor
velocity in the surge line resulted in flooding conditions. Any water thus
separated n the pressurizer tank would therefore remain in the tank until
eventually aischarged out the PORV. Figure 33 shows the velocity for 100%
guality steam flow through the Semiscale surge Tine (10=0.94 cm) as a

function of time for the transient depressurization of Test S-SR-2,
compared to the celculated flooding velocity. Also shown is the scaled

flooding veiocity for a range of typical PWR surge line sizes.? As seen
from these curves the velocities expected in the surge line are
significantly above the flooding limit. From these calculations,

supp lemented by the fact that such apparent flooding behavior has been
observed in actual reactor transients‘o it would appear that this
phenomena was not signiticantly distorted by any Semiscale geometrical

atypicalities.

4.3 Surge Line Urientation

As uiscussed in Section 2.2.3 the orientation of the surge line
connection to the hot leg may have an influence on the PORV discharge by

a. The tlooding curves were calculated with the correlation from
Reference 9 which unifies the Wallis and Kutateladze correlations and
| appears very useful tor scaling the effect of pipe size.

60




L9

n/s)

’‘
.

Velosc!itry

Ty rrrrprrr1 RANBAEBAEREE LEEBEE REE R
PWR upper bound

.
~

\\
s
\

Semiscale ' /

— - — . — . — — —— —— ———— -
e — . —— —— - ———

PWR Tower bound

Zerc penetration velocities

T T

aadaada b baalaadn
14900 15300 15700 16100 16500 16900 17300

e e

Timne (s)

Figure 33. Comparison of fiooding correlations with surge line steam
velocities for Semiscale and range of PWR geometries.

T
1

llll!lllull!l“lll

Ul

hih.llllllllll

llhllll“lllﬂj'nllllﬂilh




promoting phase separation at the hot leg. The Semiscale surge line-to-hot
leg connection geometry is shown in Figures 7 and 34. As shown, the surge
line connects to the side of the pipe on the horizontal centerline.

Results from Semiscale natural circulation experiments have shown that
minimal loss of primary inventory results in substantial voiding of the hot
leg. As an example from Reference 11, a loss of only about 5 to 10%
coolant inventory results in a void fraction of 40% in the hot leg. (This
resuit must be tempered by the fact that there was a secondary heat sink
that induced natural circulation loop flow.) Due to the horizontal side
connection of the existing Mod-2A surge line, substantial voiding of tne
not ley is necessary to uncover the surge line entrance.a This degree of
hot leg voilding must be preceeded by voiding of the steam generator tubes
and the upper regions of the vessel. Results from the experiments showed
that « coolant inventory loss on the order of 30 to 40% was required to
uncover the surge line.b Since substantial loss of primary inventory was
found to be necessar' to void the hot leg to the extent that high quality
steam entered the surge line in the feed and bleed experiments, it appears
that surge line orientation can dramatically affect the inventory and
timing at which steady-state feed and bleed becomes feasible.

A worst case for mass loss from the system when stratified flow exists
in the not leg 1s a two-phase flow until the surge line uncovers and then
continued ertrainment of liquid by the vapor flow. I[f sufficient
entrainment potential existed at typical uischarge rates it would reduce
the importance of surge line orientation. Figure 35 shows the steam flow
velocity (assuming 1U0% quality) into the surge line as a function of the
hot leg stratified liquid level measured with gamma densitometers® for

a. A void fraction ot ol% in stratified conditions will void the Semiscale
hot leg to the boi.om of the surge line.

b. The ratio of surge line diameter to hot leg pipe diameter for Semiscale
Mod-¢A is 0.17 whereas that for PWR's ranges from approximately 0.3 to 0.4.
Surge line uncovery in a PWR would therefore require even more voiding.

c. The flow regime for typical conaitions during feed and bleed is
stratified flow as uetermined with correlations of Reference 13. During
pcrtions of the experiment however, the natural circulation flow rates
induced by environmental heat losses can shift conditions close to the
intermittent (slug) flow regime.
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Test S5-SR-2, point 3. Also shown are the velocity boundaries for
entrainment for both a side and top exit (Reference 12). (Ranges indicated
are for pressures occurring during the test.) It is evident that while
there is some chance for entrainment with both geometries there is a very
broad difference between tne hot leg liquid level (void fraction) at which

phase separation is plausible for a top versus side entrance. Also,
results presented in the next section show that separation apparently

occurred during a feed and bleed operation in the LOFT facility which has a
top entrance surge line.

4.4 Supporting Analysis, Applicable LOFT Data

To examine the effects of scale on these various phenomena and to
obtain independent data to check Semiscale results, applicable data
generated in the Loss-of-Fluid Test (LOFT) pressurized water reactor were
also examined. In April 1981, a Loss-of-Feedwater Accident
(LOFW)]4’]5’]6
procedures were conaucted in LOFT, a 50 MW(t) integral nuclear experimental
facility. The LOFT configuration for these -simulations® is shown in
Figure 6 and detailed descriptions of LUFT and its scaling basis are
available in References 17 and 18. Of particular interest to this report
with respect to scaling are the following:

simulation as well as simulations of twe LOFW recovery

a. The LOFT pressurizer is of cylindrical geometry with internal
dimensions 0.85 m diameter and 2.02 m height. The L/D of 2.38
compares with 7.13 for the Zion pressurizer. Thus, the LOFT
pressurizer has a larger cross-sectional area (relative to
height) than Zion. This will affect, for example, the velocity
of steam in the pressurizer and, consequently, the amount of
carryover into the PORV line.

a. Test L9-1/L3-3.
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The LOFT pressurizer surge line is a 2 in. Schedule 160 pipe
which leads vertically upward from the horizontal hot leg which
is a 14 in. Schedule 160 pipe.

The power operated relief valve (PORV) installed for the LOFW
simulation has a relief capacity of 0.66 ky/s saturated steam at
the relief setpoint of 16.2 MPa. This corresponds to a
Westinghouse plant type with minimum PORV relief capacity

(1.32 kg/s"MW(t).

The LUFW simulation was initiated with the reactor at full power
(50 MW) by stopping all secondary feedwater flow. Reacior scram was
delayed to 65 s to maximize the depletion of secondary water inventory.
The plant was allowed to react tc tne LOFW for 3270 s (54.5 min) with no
operator intervention. ODuring this time, the primary system heat imbalance
caused the codlant to swell into the pressurizer and collapse the steam
bubble. The primary system was liquid solid by approximately 1250 s
(20.8 min) and remained solid throughout this phase with the PORV
automatically cycling to control pressure.

At 3270 s (54.5 min), the PORV was manually latched open to initiate
the first LOFW recovery simulation, a primary feed and bleed operation with
severely degraded primary to secondary heat transfer. The decay heat level
was approximately 0.53 MW or 1.1% of initial power. The PORV remained open
for 1580 s (26.3 min), dropping the primary system pressure rapidly to
saturation and then continuing to depressurize the system. In order to
obtain maximum primary system voiding for the second LOFW recovery
simulation, no primary feed was initiated. However, based on the measured

PORV mass flow and known high pressure injection capacity, it is estimated
that a steady state primary system heat and mass palance could

theoretically have been achieved.

When the PORV was latched open, the mass flow out the valve initially
transitioned from low quality to a high quality flow as the subcooled
primary system was unable to expand fast enough to keep up with the
increased volumetric flow. When the pressure reduced to saturation, voids
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started to form outside the pressurizer and this increasea the surge rate
into the pressurizer. The PORV mass flow transitioned back to a low
Quality flow whicn persisted for a while and thea continued to gradually
decreased to even lower quality. Figure 37 shows the PORV mass flow during
this time. Alsc shown in the figure are PORV mass flows for saturated
liquid and saturated steam (fluid quality = 0.0 and 1.0, respectively)_
calculated using the Homogeneous Equilibrium Model critical flow model'9

as well as fluid density in the upper part of tne hot leg. As snown, the
fluid in the hot leg started to stratify after the pumps were stopped and
primary system voiding occurred. Since the pressurizer surge 'ine is
connected vertically to the top of the hot leg, as soon as voids started to
occur there, the surge line flow quickly transitioned to a higher quality
and the PORV mass flow followed suit. This is similar to the PORV mass
flow transition in Semiscale although that transition was delayed until
more hot leg voiding occurred. This supports the conclusion that the surge
line/not leg connection geometry has a strong influence on phase separation
and PORV flow rate.

Figure 38 shows the response of the LOFT pressurizer liquia level.
The pressurizer was liguid full prior to latching open the PORV. The level
then decreased into the i1ndicating range and remained approximately
constant while the PORV was open. The rapid drop in level in 5100 s
(85 min) was a response to restoration of steam generator auxillary
feedwater injection.

An as yet unresolved question about the PORV mass flow concerns the
flow oscillations after 400C s (67 min). Apparently, there was a rapid
fluctuation of the flvid density upstream of the PORV with the density
oscillating between saturated liquid and saturated steam densities. The
cause of tnhis phenomena is as yet not clear.

To summarize, the LOFT data exhibit a correlation between the PORV
mass flow and hot leg density which is qualitatively similar to that
measured in Semiscale. The pressurizer volume itself does not appear to
significantly affect this correlation though the correlation is very
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sensitive to the surge line/hot leg geometry. PORV mass flow oscillations,
which occurred after the transition to higher quaiity flcw, are currently

not explained.
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5. RELAP5 ANALYSIS OF SEMISCALE TEST S-SR-2

A RELAPS analysis of Semiscale Test S-SR-Z was performed to
demonstrate the ability of tne code to calculate the phenomena observed in
the test. Comparisons of data and calculations establishea the ability of
RELAPS not only to accuractely predict the overall system response, but
also to predict local responses, such as PORV mass flow rate, pressurizer
liquid level, and primary system mass inventory uepletion. The conclusions
drawn from this analysis provide confidence in similar Calculations
performed for a large pressurized water reactor discussed in the next
section.

5.1 Modgel Description

The computer analysis of Semiscale Test $S-SR-2 was performed with the
RtLAPSZO computer code.? The model shown in Figure 39 was based
largely on the standard RELAPS model for Semiscale,ZI with the following
mouirfications to make it specific to Test S-SR-2:

1. The intact loop pump model was removed and replaced with piping
to represent the actual test configuration.

2. Pressurizer noding was increased from eight to sixteen nodes to
give better detail to the fluid conditions immediately upstream

of the PORV

3. Steam generator secondary sides were simplified to a single
volume riser and single volume downcomer. The steam generators
were filled with saturated steam at the measured initial primary
side outlet temperature

4, A1l primary system outer surfaces, with the exception of the
pressurizer were considered adiabatic for the baseline

a. MOD1, Cycle 18, Configuration Control No. FQ0885
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5.

calculation. This approximaticn was based on the use of piping
and vessel external heaters to supply local system heat losses.
Modifications to this boundary condition are described in the
specific analysis later in this report. Tne result of the heat
loss assumptions was the selection of 40 kW as the baseline
calculation core power.

A break junction representing the PORV was mudeled on the top of
the pressurizer. The piping leading to the flow limiting orifice
used to simulate the PORV was not modeled, but rather was
represented with a two-phase discharge coefficient of 0.84 on the
PORV junction. The selection of this value is aiscussed later
with the sensitivity studies.

Pressurizer wall heat loss was modeled mechanistically. A
separate pressurizer model was used to modify the thermal
conductivity of the insulation material! until the calculated heat
loss from the pressurizer agreed with tne measured heat loss at
test conditions.

High pressure injection system flow was set to EOS3 specified
values, rather than actual values deliverec during the test. The
smoother function with respect to pressure in the EOS
specification made the results easier to generalize.

5.2 RELAP5 Analysis of Test S-SR-2

The RELAPS analysis of Test S-SR-2 addressed the transient beginning

at 14975 s. A baseline calculation was first performed with a simplified
system mode!l to determine whetner measured test parameters and
corresponding calculated values were in qualitative agreement. The
baseline calculation used adiabatic conditions at all external primary

coolant system boundaries with the exception of the pressurizer.a The

Pressurizer heat loss, as determined in sensitivity studies with a

separate pressurizer model, was included in all three stages.

74



baseline calculation also included a two-volume secondary siue for each
steam generator, with an adiabatic boundary between the steam generator
secondaries and the environment. The success of the baseline calculation
warranted a further calculation that included heat loss from the steam
generator secondaries to the environment. C(ore power was augmentea for
this calculation by the heat loss to tne environment at initial
conditions. All otner primary system boundaries remained tne same as tnhe
baseline calculation. In neither case was primary system leakage modeled.

The following aiscussion will focus on the baseline calculation. That
calculation providea a sufficiently good representation cf the test that
the remaining calculation could be treated as a sensitivity study to
indicats the importance of modeling spatially dependent heat losses. In
that regard, the discussion of the additional calculation will be directed
toward the differences from the baseline calculation.

5.2.1 Case l--Baseline Calculation

The system transient which occurred upon opening the PORV was
essentially a continuous mass depletion in which the mass added to the
system via the high pressure injection system was less than that lost
through tne PORV. The calculated PORV mass flow rate shown in Figure 40
exhibited the same characteristics as observed in tne test. Notapbly, the
initial small decrease in mass flow was followed by a sharp rise beginning
at about 300 s and continuing until about 1000 s.? Referring to the
pressure trace in Figure 41 tne initial decrease in PORV mass flow was a
function of the decreasing system pressure. The decrease in mass flow rate
reversed, however, as the pressurizer inventory lost through ihe PURV was
replaced with liquid from the hot leg. Figure 42 shows that the increase
in pressurizer liquid level was consistent with the increase in mass flow
which became saturated liquid flow at about 300 s and remained so until
about 1000 s. The calculated mass flow was somewhat higher than observed

a. 14975 s experiment time corresponds to O s in the RELAPS calculation.
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in the test, a result of the calculated system pressure being hignher than
data. It will be shown later tnat these slighct differences from data were

quite sensitive to the assumption of adiabatic system boundaries.

As observed in the experiment, by 1000 s enough system inventory had
been lost to drain the steam generator U-tubes and begin to drain the
intact loop hot leg. At tnat time, both the PORV mass flowrate and the
pressurizer liquid level dropped abruptly. In the test when the hot leg
void fraction was great enough to drop the liguid level below the surge
line elevations, surge line flow changed from low to high quality.
RELAPS/MOD1 predicted the same phenomenon, but the transition from surge
line liguid flow to mostly vapor flow was not a function of surge line
geometry. RELAP5/MOD1 does not track a liguid level within a single
homogeneous control volume unless the flow is in a horizontal stratified
regime. Instead, the flow regime in the surge line junction with the not
leg was calculated to be in the transition region between bubbly and slug
flow, closer (o the bubbly regime, which has nigher interr.ase frictional
drag. The transition regime calculation is quite sensitive to void
fraction, and as the hot leg void fraction increased, the flow regime
proceeded rapidly to slug flow characteristics. This resulted in a rapid
reduction in tnhe interphase frictional drag coefficient by a factor of
about 3 to 10. Subsequently the vapor velocity entering the surge line was
greater than twice the liquid velocity, the effect being predominantiy
vapor flow into the surge line. Because the length of time needed to void
the hot leg was rather short, the specific mechanism causing the flow

transition in the surge line was not too important.

Transition to steam flow in the surge line caused a rapid drop 1n
pressurizer liquid level and a transition from liquid flow to steam flow at
the PCRV. Though the mass fiowrate through the POKV decreased
significantly, it was still greater than the HPIS flowrate. Therefore, the
inventory dep etion process continued, ultimately being manitested as a
decrease in the vessel collapsed liquid level. The comparison of observed
and calculated vessel ligquid levels in Figure 43 shows reasonably goou
agreement during the transient, aithough RELAP5 calculated somewnat greater
voiding in tne upper plenum early in the transient than was observed in the
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test. Analysis of the vessel liquid level comparison is confounded
somewhat by the difference in system mass invertory depletion rates.
Figures 41 and 44, PORV mass flowrates and HPIS mass flowrate, can be
compared to show that the calculated drop in vessel Tiguid level is
consistent with the difference in the mass flow rates. A higher than
actual HPIS flowrate® resuited in a more gradual reauction of system
inventory than observed in the test. The comparison of PORV mass flow rate
and HP1S mass flow rate calculated by RELAPS (Figure 45) shows that the
flow imbalance was nearly zero at the time the calculation was terminated.
One would expect, therefore, that a steady-state operating point was nearly
established. At the same time, the calculated vessel liquia level was
nearly low enough to uncover the core.

5.2.2 Case 2--Steam Generator Secondary Heat LOSS

Heat loss from the system, other than through the pressurizer walls,
was not modeled in the baseline calculation. An approximation of adiabatic
boundaries was expected to be good because of the external heaters and
augmented core power used in the experiment to offset the carefully
characterized heat loss.22 The close agreement between the test and the
baseline calculation showed the assumption to be reasonable. A second
calculation was performed to investigate the effect of the spatial
distribution of heat loss. As a first step to incorporate spatial effects,
the steam generator heat loss, based on an estimation of natural convection
heat transfer from a circular cylinder to airZ] and the initial
calculated heat transfer rates in RELAPS5, was taken as b kW initially.

Core power was augmented by this 5 kW to offset the heat loss and to
maintain a net 40 kW input to the system. No other changes were made from

the baseline calculation.b

a. As statea previously, HPIS flow was modeled accoraing to the t£OS
specified value, rather than actual values delivered in the test.

b. A minor correction was made to an internal pressurizer junction.
Sensitivity calculations showed the effect to be small.
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Figure 46 shows an improvement in tne calculated PORV mass flow rate
during the first 1000 s of the transient. This was the result of closer
agreement between the calculated ana observed pressures as shown in
Figure 47. The reduction in calculated pressure as compared to the
baseline calculation is the result of an increase in the steam generator
heat transfer rates. This reduction was increased somewhat by ar
underest imate of the initial steam generator heat loss.?

The pressurizer liquid level, Figure 48, showed the same
characteristics as the baseline calculation, the only exception being a
somewhat later drop in level due to hot leg voiding. This result was
consistent with the lower PORV mass flow rate. Similarily, the vessel
liquia level calculation, Figure 49, showed the same characteristics as the
baseline calculation.

The sensitivity of a steady-state operating point to core power can be
seen in the vessel liquid level calculation. The underestimate of
secondary system heat loss mentioned above resultea in an effective
reauction in the net power driving the transient calculation. As a result,
the PORV mass flowrate was reduced because of lower system pressure. The
imbalance between PORV and HPIS mass flowrates was therefore reduced and a
constant vessel liguid level resulted. It should be noted that the
underestimate of steam generator heat loss resulted in a slightly low net
power compared to the baseline calculation. A better estimate would have
resulted in a higher net power and probably a delay in the time at which
the constant vessel liquid level was established.

5.3 Sensitivity Studies

Analyses using a separate RELAPS pressurizer model driven by time
dependent input conditions were performed to determine the most appropriate

a. Subsequent calculations showed that 10 kW would have been a better
estimate of steam generator heat loss.
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modeling assumptions for the system calculation. The boundary conditions
used to represent the primary system were hot leg pressure and quality
determined from data taken during Test S-SR-2. The results of the
sensitivity studies are as follows:

1. Pressurizer noding had a small but noticeable effect cn discharge
mass flow and on pressurizer quality. Calculations using
8, 16, and 20 nodes® showed the finer noding to result in a
slightly higher mass flow rate through the PORV and a slightly
lower quality in tne uppermost contro: volumes. Calculations
using finer noding also showed more condensation and a higher
collapsed liquia level than the 8-node model.

2. Pressurizer wail heat transfer resulted in a PORV mass flow rate
about 20% greater than that calculated with an adiabatic boundary
condition on the outer wall surface. The adiabatic wall
calculation was noiser than that with heat transfer and gave
worse agreement with data.

3. Calculated PORV mass flow rates were compared with data for steam
flow at 8 MPa to determine a value for the discharge coefficient
in the RELAPS model. The calculated flows were a linear function
of the discharge coefficient and showed 0.82 to give the best

comparison with data.b

4. Doubling and halving the pressurizer surge line resistance, R',
produced no noticeable changes in the pressurizer response.

a. Tne 20-node model was developed by halving the top four nodes in the
16-node model.

b. The system analysis used C02 = 0.84 instead of 0.82. However, the
estimated value of 0.84 was so close to the derived value of 0.82 that no
system calculations were repeated.
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5.4 Conclusions from the RELAPS Analysis

RELAPS correctly calculated the overall system response observed in
Test S-SR-2. In addition, it gave a good representation of both the
magnitude and timing of the POKV flow, system pressure, and

pressurizer and core liquid level transients.

RELAPS showed agreement with the test result that establishment of a
steady-state feed and bleed operating point is sensitive to the exact
PORV and HPIS flow characteristics.

Modeling sensitivity studies showed that pressurizer wall heat
transfer and node size upstream of the discharge junction have small
but noticeable effects on the pressurizer response.
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6. FULL-SCALE PLANT FEED AND BLEED CALCULATIONS

Conclusions based upon the analysis in the previous section inuicated
that the RELAPY code successfully predicted the occurrence and effects of
phenomena controlling feed and bleed in the Semiscale system. The code was
next used to extend tne analysis to a full-scale system, and for a
representative transient tnat might incorporate a feed and bleed cooling
operation. A RELAPS primary feed and bleed calculation was performed with
a model of a standard, Westingnouse, four-loop, 3411 Md(t), pressurized
water reac’or (RESAK). Tne following transient scenario was assumeu whicn
eventually led to the feed and bleed operation. The plant was assumed to
be operating at 100x power at best-estimate initial conditions when a
loss-of-offsite power occurred with the coincident failure of all auxiliary
feedwater systems. The steam generator heat sink was lost after the steam
generator secondaries dried out. The loss of secondary heat sink caused
the primary coolant system to heat up and pressurize until tne PORV
setpoint was reached. The operators were then assumed to initiate a feed
and bleed operation by latching open both pressurizer POKVs and starting
both charging and both HPIS pumps.

Important differences are worth noting in boundary conditions between
the full-scale plant calculation and the Semiscale experiments covered
earlier, The Semiscale experiment used a constant core power that was
representative of decay heat levels within the first half hour after a
scram. The full-scale plant calculation used a best-estimate, continually
decreasing, decay heat curve, and the feed and bleed operation was
calculated to begin more than one nour after scram. The full-scale plant
calculations allowed charging pump injection in addition to the HPIS jumps,
thereby resulting in nigher injection rates and shutoff heads than the
corresponding values used in Semiscale. Finally, the PORV was sized for
the actual reported flow rate versus the 20% oversizing used in the
Semiscale experiments. The operating map for the RESAR calculation 1s
shown in Figure 50 and may be compared to Figure 16 to illustrate the

aggregate effect of the differences.
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6.1 Mocel Description

The RELAPS RESAR model was originally developed to perform small cold
leg break calculations. Tne model represents the primary coolant system,
ECCS, steam generator secondaries, and portions of the feeuwater and sieam
piping (Figure 51). The four reactor coolant loops in tne plant were
medeled with two coolant loops in the RELAPS model. Une loop in tne RELAPS
mode) represented a single primary coolant loop while the other loop,
designated the triple loop, represented the three remaining coolant loops
in the plant.

The RELAPS RESAR model is described in detail in Reference 23.
Modifications to the referenced model were made in order to perform the
feed and bleed analysis. The pressurizer was modeled with sixteen volumes,
rather than eight, to provide additional detail in the pressurizer and to
be consistent with the Semiscale model described in Section 5. The
pressurizer surge iine was attached to the single loop. The two PURVS in
the plant were represented with one junction attached to the top of tne
pressurizer. The PORV junction area (0.001772 mz) was sized to pass a
steam flow rate of £6.46 kg/s per valve at 16.20 MPa using the RELAPS
critical flow model. A steam mass flow rate versus pressure curve was used
to represent the five safety relief valves oun each steam generator
secondary. A curve of core puwer versus time, illustrated in Figure 2,
was useu to represent control rod insertion (scram) and decay heat. The
decay heat corresponds to the 1973 ANS standard24 plus actinide decay.

The auxiliary feedwater system was deleted. Trips were modified to
represent a loss-of-offsite power transient. Calculated steady-state
conditions which define the best-estimate state of the plant prior to the
loss-of-of fsite power are shown in Table 6.

6.2 Best Estimate Calculation Results

The times at which significant events occurred in the calculation are
given in Table 7. The thermal-hydraulic response of the system is
illustrated in Figures 53 through 55. Emphasis in the following discussion
is placed on the feed-and-bleed portion of the transient; the
loss-of-offsite power and failure of the auxiliary feedwater merely
provided a plausible scenario resulting in feed-and-bleed operation.
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TABLE 6. INITIAL CONDITIONS FOR THE RESAR CALCULATION

Parameter Initial Value

Core power, MW(t) 3411
Pressurizer pressure, MPa 15.56

Hot 1c3 fluid temperature, K
Single loop 598.6
Triple loop 598.6

Cola leg fluid temperature, K
Single loop 565.2
Triple loop 565.2

Cold leg mass flow rate, kg/s
single loop 4435,
Triple loop 13,30V

Steam generator secondary pressure, MPa
Single loop 6.474
Triple looo 938.47 psia (6.470)

Feeawater mass flow rate, kg/s
Single loop 475.9
Triple loop 1428.

Feeawater temperature, X 499.8

Steam generator secondary liquid
mass,® kg
Single loop 46,190
Triple loop 142,400

Pressurizer liquid mass,b kg 17,360

a. Includes the liguiu in the feedwater line.

b. Includes tne liquid in the surge line.




TABLE 7.

SEQUENCE OF EVENTS IN THE RESAR CALCULATION

Time

(s)

0.0

0.5
» 1.0

3.1
5.0

59
73

3875
405¢

4100
4150

4500

5260

Event

Loss-of-offsite power, reactoer coolant pumps
tripped

Control rod drop initiated
Turbine stop valves closed
Control rods fully inserted
Feedwater valves closed

Steam generator secondary relief valves
opened (single loop)

Steam generator secondary relief valves
cpened (triple loop)

Steam generator secondaries dryout

PORV setpoint pressure reached; both PORVs
latched open; charging initiated

HPIS initiated
Flashing in upper plenum and upper nead

Pressurizer 95% liquid full; subcooling
reestablished in hot legs

Calculation terminated
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Calculated pressurizer pressure during the loss-of-feedwater/feed ana
bleed transient is shown in Figure 53. The loss-of-offsite power at 0s
caused reactor scram, reactor coolant pump trip, and steam generator
isolation. The pressurizer pressure initially decreased and then increased
in response to the combination of reactor scram and pump coastdown. By
200 s, natural circulation flow was sufficient to transfer the core decay
power to the steam generators with the secondary liquid inventory providing
a heat sink. The secondary liquid was boiled to steam which exited the
steam generators through tre safety relief valves. The pressurizer
pressure remained nearly constant after 200 s until the steam generator
secondaries dried out at 3875 s. The subseguent loss of the secondary heat
sink caused the primary coolant to heat up which increased the pressure
until the PORV setpoint was reached at 4052 s. The operators were tnen
assumea to latch open both PORVs and start both charging and both HPIS
pumps. The resulting steam flow out the PORVs caused the pressure to
decrease rapidly until 4150 s when fluid in the stagnant portions of the
upper plenum and upper head began flashing. Flashing in tne vessel reduced
the depressurization rate directly through the effect of steam generation,
but more importantly by causing a liguid insurge into the pressurizer which
lowered the volumetric flow out the PORVs. The primary coolant system
depressurized relatively slowly for the remainder of the calculation.

The calculated pressurizer liguid level during the transient is shown
in Figure 54. Tne liguid level initially decreased and then increased
similar to the pressure transient shown in Figure 53. The pressurizer
level remained nearly constant between 200 s and 3875 s wnen the steam

generator secondaries dried ocut. The pressurizer level then increased

slightly as the primary coolant heated up and expanded until the PORVs were
latched open at 4052 s. The pressurizer level increased at a slightly
greater rate until 4150 s when flashiny began in the upper plenum and upper
head. Fluid expansion due to flashing in the vessel caused a rapid insurge
of fluig into the pressurizer ang a corresponding rise in pressurizer
level. The pressurizer was 95% liquid full, by volume, at 4500 s. The
pressurizer remained nearly liquid full for the remainuer of the
calculation.
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A comparison of the caliculated PORV mass flow rate and tne total ECC
flow rate is shown in Figure 55. The total ECC flow rate represents the

output of two charging and two HPIS pumps. The PORV mass flow rapidly
increased to values representative of choked steam flow after the PORVS

were latched open. The PORV mass flow rate decreasea with pressurizer
pressure until 4150 s when the pressurizer liquid level increased (see
Figure »4) and liquid was entrained out the PURVs. The mass flow rate then
increased irregularly as the fluid quality upstream cof the PORVs

decrzased. The quality in the uppermost control volume in the pressurizer,
which was the donor cell for the PORVs, decreased to 2% at 4550 s. The
quality remained less than /% for the remainder of the calculation with
mostly liguid exiting the PORVs.

Charging flow was initiated simultaneously with the opening of the
PORVs. The primary coolant pressure dropoed below HPIS shutoff head at
4100 s allowing the initiation of HPIS flow. The combined charging and
HPIS flow was greater than the PORV flow after 4100 s, which resulted in an
increasing primary coolant liguid inventory. After 4300 s, the feed and
bleed operation was removing about 25% more energy from the primary coolant
system than was being generated by core decay heat. Consequently, the feed
and bleed operation cooled the primary coolant system. Subcooling was
re-establisnea in the hot legs at 4500 s. Tne calculation was terminated
at 5260 s with the primary coolant liquid inventory and system subcooling
increasing. At tne end of the calculation, the primary coolant system was
liquid solid except for a small amount of steam in the pressurizer and
steam pockets in the single loop steam generator, the upper head, and tne
uppermost control volume in the upper plenum.

Results from the RELAPS calculation described above indicate that an
operator-initiated feed and bleed operation in a RESAR plant with full
charging and HPIS capacity could successfully mitigate the consequences of
a simultaneous loss-of-offsite power and loss of auxiliary feedwater.
RELAPS predicted that the feea and bleed operation could remove core decay
power and maintain sufficient liquid inventory to keep the core covered and
cooled. Only minor (less ihan 30%) voiding was calculated in the hot legs.

101



20l

7S
Hr—-E(,C flow-— l [4\'_____1"1
\ ) |
r\ '/ [
55 S
ey NN, N ]
- & = ~- o‘l
p-1 “. Pl o ! ol
g! II"‘ “-——— PORY flow
58 ""‘ '.-- g
- N ',
e " 4L
= ' !
° L} A ~“
- ]
e 1/ iy ¢
- [ S ‘
- B
e
* 29 —
,—PORVs opened
ECC initiated
9 ’ | 1
4606 4590 5000 55080

Figure

TIME (S)

55. A comparison of PORV and ECC flow rates during RESAR feed and

bleed.



6.3 Loss of Secondary Heat Sink With No ECC

Best-estimate RELAPS calculations indicated that a feed and bleed
operation in a RESAR plant would not result in core uncovery. A
sensitivity calculation was performed to help determine the typicality of
the Semiscale results relative to a large PWR for similar transients which
do result in core uncovery. The sensitivity calculation was restarted at
4052 s from the base case calculation cescribed previously. The
sensitivity calculation was igentical to the base case except that charging
and HPIS injection were not used.

Tre sequence of significant events is presented in Table 8. The
calculated thermal-hydraulic response of the system is illustrated by
Figures 56 through 59. The effect of ECC on pressurizer pressure is shown
in Figure 56 which compares the results of the base case calculation (with
ECC) and the sensitivity calculation (without ECC). The pressure was
similar in the two calculations until 4150 s when the upper plenum began
flasning. In the base case, the cooling associated with ECC injection
helped stablize the pressure shortly after flashing began in the upper
plenum. In the sensitivity calculation, tne cooling mechanism of ECC
injection was not present. Consequentiy, boiling occurred in the core
resulting in fluid expansion. The PORVs were incapable of relieving the
fluid expansicn after liquid reached the PORVs and reduced their volumetric
flow. Consequently, the pressure increased in Lhe sensitivity calculation
until 5300 s when the pressurizer had voided sufficiently to allow enough
steam out the PORVs to stop the pressure rise. The pressure remained at
about 14.5 MPa for the remainder of the calculation.

The effect of ECC on pressurizer level is snown in Figure 57. The ECC
added into the primary coolant system in the base case caused a slight
level increase between the time tne PORVs were latcheu open (4052 s) and
the time of upper plenum flashing (4150 s). The level decreased during the
same period in the sensitivity calculation because £ECC was not added to tne
system. Upper plenum flashing at 4150 s resulted in a rapid filling of the
pressurizer in both calculations. In tne base case, the ECC flow generally
exceeded the PORV flow (see Figure 55), thus, maintaining the liquid level
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TABLE 8. SEQUENCE OF EVENTS IN THE RESAR CALCULATION WITHOUT ECC

Time

s) - Event

4052 Both PORVs latched open, ECC failed

4150 Flashing in upper plenum; primary system
begins to repressurize

4300 . Pressurizer nearly full

4500 Pressurizer level decreasing

5300 Primary system repressurization halted

5900 Core uncovery

6025 Calculation terminated
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near the top of the pressurizer. In the calculation without ECC, the level
generally decreased along with the primary coolant inventory after 4500 s.
The pressurizer level decreased because of liquid lost out the PORVs rather

than because of draining through the surge line to the hot leg. The

collapsed liquid level continued to decrease even after the level dropped
several meters below the top of the pressurizer because mixture level swell
due to steam bubbles was sufficient to allow some liquid to exit the

PORVs. The level stopped decreasing at 6000 s when the not leg had
essentially voided. Steam then flowed from the hot ley througnh the surge
line to the pressurizer where it bubbled through the liquid and out the
PORVs.

The effect of ECC on PORV mass flow rate is shown in Figure 58. The
PORV flow rates were similar until 4300 s after which the calculation
witnout ECC had a substantially higher flow rate. The nigher mass flow
rate without ECC was due to the higher pressurizer pressure shown in
Figure 56. The higher pressurizer pressure increaseu the PORV flow rate
partially because critical mass flux increases with stagnation pressure.
The higher pressure also subcooled the pressurizer liquid which then
condensed steam bubbles resulting in a lower quality fluid, or a more
highly subcooled fluid, at the top of the pressurizer which further
increased the critical mass flux. Tne influence of hot leg fluid density
on tne PORV flow in the calculation without ECC is shown in Figure 59. Tne
density of the fluid at the top of the pressurizer, was significantly
different than the density in the hot ley, due to Storage within the
pressurizer, untii 5500 s after which the two densities were similar. At
the end of the calculation, the top of the pressurizer and the hot leg
contained nearly pure steam (void fractions 99% or above). Consequently,
the PURV mass flow dropped to values representative of choked steam flow at
1 the end of tne calculation.

Core uncovery began at 5900 s in tne calculation without ECC. The
distribution of primary coolant mass at the time of core uncovery was as
follows: 50% in the vessel, 27% in the loops, and 23% in the pressurizer.
The loop seals were nearly full of liguid while the rest of the loops were
voided. The sensitivity calculation was terminated at 6025 s.
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7. CONCLUSIONS

Primary feed and bleed cooling in a pressurized water reactor system
with no secondary heat sink has been analyzed through a study of the basic
parameters that govern feed and bleed, the interpretation of experimental
data, and finally by verification of computer codes and extrapolation of
the identified phenomena to full-scale plants. An orderly examination of
the results draws the following conclusions:

Ultimately, the capability for maintaining steady-state feed and bleed
cooling is a function of the decay heat level, and the plant specific PORV
characteristics and pumped injection capacity. These parameters may be
used to perform energy and mass balances which define {or show the
non-existence of) a steady-state operating band bounded by a minimum and
maximum system pressure.

The greatest uncertainty in the governing parameters lies in the
pressurizer PORV mass and energy discharge rates which are strong functions
of upstream quality. Semiscale experiments have highlighted the fact that
the PORV upstream conditions are strongly influenced by the hot leg fluid
conditions at the surge line connection. Until sufficient primary coolant
inventory is lost such that the hot leg is highly voided, the low quality
PORV flow rate can greatly exceed the HPIS capacity and allow continuous
coolant depletion. However, results also showed that cycling the PORV
promotes phase separation and thus reduces the dependency of PORV flow rate
on hot leg coolant conditions.

Dryout of the core was eventually observed during the Semiscale
experiments, Due to the rather narrow steady-state operating range defined
by the boundary conditions used, the energy and mass balances were highly
subject to experimental uncertainties. A small reduction in core power,
PORV mass flow, or an increase in HPIS injection rate would probably have
resulted in steady-state cooling after the hot leg had voided.

Code calculations with RELAPS were successful in predicting the
Semiscale experimental results. The phenomena observed in the experiments
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that governed pressurizer conditions and PORV flow were reproduced with
very good quantitative agreemert. This provided verification of the basic
ability of the code to calculate a feed and bleed transient prior to
performing full-scale plant predictions.

A RELAPS best-estimate calculation of a loss of feedwater transient in
a full-scale PWR that led to a primary feed and bleed operation, showed
that for the case of nondegraded HPIS and charging capacity, steady-state
cooling and eventual return to system subcooling was predicted. This is
consistent with the low decay heat levels and high charging rates (relative
to the Semiscale experiment) at which the feed and bleed operation was
calculated. For both the best estimate calculation and an additional
calculation with no ECC injection, the phenomena governing pressurizer
liquid level behavior, PORV flow and system mass distribution were in
agreement with the general behavior observed in the Semiscale experiments.
It is clear that there exists a minimum injection capacity below which feed
and bleed is not viable, assuming saturated steam flow out ths PORV. It
should be noted, however, that the Zion operating map (for 1.5% decay heat)
indicates that feed and bleed could be successfully used even without the
charging pumps. A similar result is obtained for the RESAR plant.

No notable distortions were identified as to the typicality of
phenomena observed in the Semiscale Mod-2A experiments. Analysis of
Semiscale and LOFT data, and examination of code calculations, indicates
that the orientation cf the surge line connection to the hot leg influences
phase separation and therefore the coolant inventory at which feed ana
bleed cooling becomes viable.

In summary, primary feed and bleed appears to be a feasible means of
maintaining the primary coolant system in a safe condition in the absence
of secondary heat removal, but its viability depends on plant-specific
characteristics and postulated scenarios. The present analysis indicates
that the Westinghouse RESAR plant design (and 1likewise the Zion plant) can
be successfully recovered from a complete loss of secondary heat sink.
While analysis of other plant designs (i.e., Combustion Engineering and
Babcock and Wilcox) was outside the scope of the present analysis, it is
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clear that such analysis should be undertaken. A simplified approach,
consisting of constructing the “operating map" as illustrated in this
report, for each design would be a significant step in this direction.

Finally, it should be pointed out that no attempt was made in the
present study to examine implications of the results presented herein
relative to existing emergency operator guidelines. This is an area that
needs to he explored to determine if these guidelines appear adequate and
are reflective of an understanding of the limits and dynamics of primary
feed and bleed.
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